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Souhrn

PhD. prace ,,Superparamagnetické nano- a mikrocastice s hydrofilnimi povrchy* se za-
byva pripravou a charakterizaci magneticky aktivnich ¢asticovych materiali pro znaceni
bunék a jejich nasledné zobrazeni magnetickou rezonanci a ptipravou ¢asticovych materialt
s vyhledem pouziti v magnetickych separacich biologickych materialti. Prace je rozdélena
do tfi ¢asti podle typu experimentaln¢ fesSené problematiky.

Prvni Cést popisuje vybér a optimalizaci syntézy superparamagnetickych nanocastic
oxidl zeleza s vhodnymi toxikologickymi, morfologickymi a fyzikaln¢-chemickymi vlast-
nostmi. Pro vyrobu nano- a mikroc¢asticovych materialtt zamyslenych pro diagnostiku i se-
parace byly jako vychozi material zvoleny Castice maghemitu (y-Fe,O3) pfipravované na-
slednou postsyntézni oxidaci ¢astic magnetitu (Fe3O4). Konvencni technika piipravy mag-
netitu zasaditou koprecipitaci Fe(II) a Fe(III) soli byla modifikovana tak, ze bylo dosazeno
rutinni produkce nanocastic se ztizenou distribuci velikosti ¢astic bez nutnosti pouziti povr-
chové aktivnich ¢inidel v pribéhu syntézy. Piipravené nanocastice maghemitu o velikosti
cca. 6 nm vykazovaly v porovnani s literarnimi udaji vysokou hodnotu satura¢ni magnetiza-
ce Ms ~ 70 A‘m*kg™. Tim bylo experimentalné vyvraceno tvrzeni, 7e saturaéni magnetizace
nanocasticovych materialii zavisi pouze na velikosti krystalitu a nezavisi na zplisobu jejich
pripravy. Morfologie nanocastic byla vyhodnocena obrazovou analyzou snimki
z rastrovaciho (SEM) a transmisniho elektronového mikroskopu (TEM), pomoci dynamic-
kého rozptylu svétla (DLS) byla zmétena hydrodynamicka velikost a zeta-potencial. Struk-
tura maghemitu byla potvrzena praSkovou rentgenovou difrakci (XRD). Satura¢ni magneti-
zace byla zmétena pomoci SQUID magnetometru.

Ve druhé ¢asti jsou popsany metody povrchovych modifikaci maghemitovych nanocas-
tic pomoci D-mandzy, poly(L-lysinu) a poly(N,N-dimethylakrylamidu) za ucelem znaceni
kultur kmenovych bunék a jejich nasledného zobrazovani pomoci magnetické rezonance
(MRI). Diky takto upravenym nanocasticim bylo dosazeno homogenniho ,,proznaceni vy-
sokého podilu bunék v kulturach s minimalnimi negativnimi vlivy na jejich viabilitu. Expe-
rimentalné bylo prokdzano zvyseni kontrastu bunéénych kultur kmenovych bunék pii zob-
razovani MRI jak na Zelatinovych modelech, tak na buné¢nych kulturach in vitro i in vivo
po implantaci. Povrchové upravy byly analyzovany pomoci TEM, DLS, prvkové analyzy,
ATR-FTIR a rozmérové vyluc¢ovaci chromatografii (SEC).

Treti Cast prace se zabyva pripravou hydrofilnich mikrocastic na bazi poly(N,N-
dimethylakrylamidu) plnénych nanocasticemi maghemitu. Na zékladé experimentdlniho
hodnoceni moznosti pfipravy neplnénych poly(N,N-dimethylakryl-amidovych) mikroc¢astic
pomoci suspenzni, inverzni emulzni a disperzni polymerizace byla jako vhodna metoda pro
pfipravu castic se superparamagnetickym plnivem zvolena inverzni emulzni polymerizace
s pouzitim nekonvec¢niho stabilizatoru. Byly tak pfipraveny mikrocastice s vysokym obsa-
hem magnetického nanoplniva (az 70 hm.%) a s jeho nahodnou distribuci v matrici. Byl
popsan vliv objemu a koncentrace koloidu obsahujiciho maghemitové nanocastice na mor-
fologii a vytéZzek ptipravovanych mikrocastic. Morfologie mikroc¢astic byla vyhodnocena
pomoci obrazové analyzy SEM, TEM a snimkil ze svételného mikroskopu; slozeni ¢astic
bylo staveno pomoci prvkové analyzy a analyzy obsahu Fe.



Summary

The PhD. thesis “Superparamagnetic nano- and microparticles with hydrophilic sur-
faces” deals with a preparation and characterization of superparamagnetic nano- and
microparticles with hydrophilic surfaces for cell labeling and magnetic separations of
biological materials. The wok is divided into three parts according to the experimentally
solved problem.

First part describes an optimization of synthesis of iron oxide nanoparticles with
suitable toxicological, morphological and physico-chemical properties for aplications in
biological systems. Maghemite (y-Fe,O3) particles were prepared by controlled oxida-
tion of magnetite (FesO,). Magnetite was obtained by modification of a conventional
alkaline coprecipitation of Fe(ll) and Fe(l11) salts in order to produce nanoparticles with
a rather narrow size distribution in the absence of a surfactant during the synthesis. Pre-
pared maghemite nanoparticles were ca. 6 nm in diameter and their saturation magneti-
zation was Ms ~ 70 A-m*kg™. Such value is much higher in comparison with literature
data. Generally accepted proposition that the Ms depends not on the preparation method,
but only on the nanoparticle size, was thus questioned. Morphology of maghemite na-
noparticles was determined by image analysis of SEM and TEM micrographs, hydrody-
namic size and zeta-potential was measured by DLS. The structure of the maghemite
was confirmed by X-ray diffraction (XRD) and saturation magnetization was measured
using a SQUID magnetometer.

Second part describes surface modifications of maghemite nanoparticles with D-
manose, poly(L-lysine) and poly(N,N-dimethylacrylamide) with the aim to label stem
cells in order to enable their post implantation tracking using magnetic resonance imag-
ing (MRI). High efficiency of the cell labeling was achieved with such modified nano-
particles; viability of the cells was not affected. Contrast enhancement of the stem cells
on MRI scan was proved both in gelatin models and in cell cultures in vitro before im-
plantation and in vivo after the implantation. The surface modifications were analyzed
using TEM, DLS, elemental analysis, ATR-FTIR and SEC.

Third part of the thesis deals with a preparation of hydrophilic microparticles based
on poly(N,N-dimethylacrylamide) filled with maghemite nanoparticles. First, a prepara-
tion of neat poly(N,N-dimethylacrylamide) microparticles was described. From three
investigated methods, suspension, dispersion and inverse emulsion polymerization, the
last one was chosen as a suitable technique for the preparation of magnetic composite
microparticles. Resulting composite microparticles contained high amounts of magnetic
nanofillers (up to 70 wt.%) randomly distributed in the polymer matrix. Effects of vol-
ume and concentration of maghemite colloid added into the polymerization feed on the
microparticle’s morphology and yield were described. Morphology was investigated
using SEM, TEM and light micrographs. Composition of the microparticles was deter-
mined using elemental analysis and analysis of Fe content.
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Seznam zkratek a symboli

IMAC
MRI
M

H

afinitni chromatografie na imobilizovanych iontech kovii
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magnetizace (A-m*kg™)
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Me
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signal spontanni relaxace spinovych moment po excitaci RF
¢as detekce spinového echa, echo Cas

Cas opakovani excitacniho pulsu, repeti¢ni Cas

inverzni zotaveni

cas aplikace 90° RF pulsu nasledujiciho po 180° RF pulsu pii technice RI
relaxivity (s*mol™)
1,4,7,10-tetraazacyklododekan-N,N',N",N"'-tetraoctova kyselina
diethylentriaminpentaoctova kyselina

hmotnostné vazeny primér molekulové hmotnosti
retikuloendotelidlni systém
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DMEM kultiva¢ni médium Dulbecco’s Modified Eagle Medium

FBS
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poly(L-lysin)

PDMAAmM poly(N,N-dimethylakrylamid)
ACVA 4.,4’- azobis(4-kyanovalerova kyselina)

HPLC
DLS

vysokouc¢inna kapalinova chromatografie
dynamicky rozptyl svétla

PETPTA pentaerytritolpropoxylat-triakrylat

CAB

acetat butyrat celulozy



1. UVOD

Bouflivy rozvoj biologickych, biochemickych a biomedicinskych odvétvi
Vv poslednich dvaceti letech odhalil potfebu novych ¢asticovych materidli, které by
usnadnily, zefektivnily a v mnoha ptipadech vilbec umoznily fadu specialnich i rutin-
nich tkont jak v laboratornim, tak i primyslovém meéfitku. Kombinace vlastnosti po-
lymerti, pfirodnich i syntetickych, s vlastnostmi superparamagnetickych nanocastic do
formy kompozitnich nano- a mikrocastic pak otevird paletu materialovych feseni, kte-
rymi Ize na tyto potfeby odpoveédét. Rychla a velmi levné separace magnetickych nosict
z reak¢nich smési bez nutnosti pouziti filtra¢nich nebo centrifugaénich zatizeni je ptino-
sem nejen Vv laboratorni, ale i vyrobni praxi. Podobné jako u chromatografickych sepa-
raci, 1ze 1 pomoci magnetickych ¢astic realizovat celou fadu fizenych interakci ¢astico-
vych médii s analytem: od interakci nespecifickych (iontové, hydrofobni, vodikovymi
mistky) pfes interakce zprostfedkované funkénimi skupinami (tvorba chelata a kom-
plext, afinitni chromatografie na imobilizovanych iontech kovi - IMAC) az po vysoce
specifické interakce (antigen-protilatka, avidin-biotin, enzym-substrat, enzym-
inhibitor).

Moznost kontroly pohybu magnetickych ¢astic pomoci vnéjsiho magnetického pole
lze vyuzit nejen k odstranéni (vyzvednuti) Castic z ¢asto kompozi¢né 1 fazove slozitych
systémd, ale i k dopravé ¢i zavedeni chemického, biologického, nebo fyzikalniho moti-
vu na misto zamysleného ptsobeni. Pomoci magnetickych nosi¢u lze zavadét katalytic-
ké nebo enzymatické systémy na piesné¢ definovana mista a také je v pribéhu procest
pfemist'ovat uvnitt reak¢énich prostiedi, nebo mezi nimi, napt. mezi jednotlivymi fazemi
reakéni smési. Magnetické Castice také predstavuji prostiedek k destrukci naddorovych
bunék cilenym dopravenim, nebo zadrzenim, chemoterapeutickych a biologicky aktiv-
nich latek. K zdméru zniceni zivé nadorové tkan¢, nebo patogenniho mikroorganismu,
lze vSak navic vyuZit i schopnosti samotnych magnetickych ¢astic produkovat teplo ve
stifidavém magnetickém poli, tzv. hyperthermie. Dal§i moZnost k vyuziti superparamag-
netickych ¢astic v biomedicinskych disciplinach se nabizi ve schopnostech téchto ¢astic
ovlivitovat ve vodnych prostiedich relaxacni Casy excitovanych spinti atomii vodiku.

Tyto castice lze diky této vlastnosti velmi vyhodn€ pouzit jako kontrastni latky



Vv zobrazovacich technikach magnetické rezonance (MRI — magnetic resonance ima-
ging).

Na piedchozim vyc¢tu moznych bioaplikaci superparamagnetickych castic, ktery
zdaleka neni Uplny, protoze nezahrnuje technické aplikace, jako je stinéni elektromag-
netického zateni, tésnici prvky, hydraulické tlumici systémy atd., 1ze snadno ukazat, ze
0 Uspésnosti pouziti téchto ¢astic budou ve velké mitfe rozhodovat, vedle vlastnosti ob-
jemovych, vlastnosti jejich povrchli. A praveé v této oblasti se nachazi idealni prostor pro
uplatnéni poznatkli z oboru makromolekularni chemie.

Z morfologického hlediska lze problematiku kompozitnich superparamagnetickych
¢astic rozdelit do tii urovni: a) superparamagnetické anorganické nanocastice jako za-
kladni materidl jader kompozitnich ¢astic, b) superparamagnetické nanocastice
S upravenym povrchem, kde hlavnim nositelem objemovych vlastnosti ¢astic ziistdva
anorganicky krystalit, avSak jeho povrchové vlastnosti jsou upraveny pro potieby kon-
krétni aplikace polymery nebo jinymi organickymi latkami a c¢) magnetické polymerni
mikrocastice, kde polymerni materidl tvofi hlavni objemovy podil kompozitu, v némz
jsou uloZeny superparamagnetické nanocéastice; polymerni material tak urc¢uje morfolo-

gii mikrocastic.



CILE DIZERTACNI PRACE

e Metodické zvladnuti pfipravy superparamagnetickych nanocastic oxidl zele-
Za.

e Optimalizace piipravy nanocastic oxidli zeleza s ohledem na reprodukova-
telnou morfologii produktu v mnozstvi pfevySujicim 1 g na jednu syntézu a
moznosti nasledné povrchové modifikace.

e Navrh a realizace povrchovych uprav superparamagnetickych oxidi zeleza
s ohledem na reprodukovatelnost a nizkou procesni narocnost za ucelem
znaceni kmenovych buné€k pro jejich nasledné zobrazovani MRI.

e Provéfeni moZznosti piipravy mikroc¢astic na  bazi  poly(N,N-
dimethylakrylamidu) metodami heterogennich polymerizaci.

e Provéfeni moZznosti piipravy kompozitnich mikrocastic na bazi poly(N,N-
dimethylakrylamidu) se superparamagnetickym nanoc¢asticovym plnivem

metodami heterogennich polymerizaci.



3A. SUPERPARAMAGNETICKE NANOCASTICE

K popisu magnetickych vlastnosti daného materialu je tfeba znat vztah mezi magne-
tizaci M (magnetickou polarizaci) a magnetickym polem H, které tuto magnetizaci vy-
volalo. Na zakladé chovani materialii v magnetickém poli je 1ze (s vyjimkou supravodi-
¢t) rozdélit do dvou skupin. Prvni skupinou jsou materidly magneticky slabé, jejichz
magnetizace dosahuje pouze malych hodnot (napf. Mo = -0,9:10® A-m*kg™)®. Magne-
ticky silné materialy naproti tomu dosahuji vysokych hodnot magnetizace (napt. Mmagne-
it=~90 Am?kg™?). Latky magneticky slabé rozdélujeme na latky paramagnetické a
diamagnetické. Ob¢ skupiny latek vykazuji linedrni zavislost magnetizace na vnéjSim
magnetickém poli a jejich magnetizace miizeme vyjadfit vztahem (1)

M (r) = zmH(r)M(r) 1)

kde ym je magneticka susceptibilita. Pro diamagnetika nabyva malych zapornych
hodnot (typicky -1-10° az -1-10° m*kg™), u paramagnetik pak malych kladnych hodnot
(typicky 10°az 10 m*kg™). Magneticka susceptibilita zavisi na teploté a tato zavislost
je vyjadrena Curieovym zakonem (2)

xm=CIT (2)

kde T (K) je absolutni teplota a C je Curicova konstanta charakteristicka pro dany
materidl. Latky ze skupiny para- a diamagnetik diky jejich slabé odezvé na vnéj$i mag-
netické pole nejsou vhodnymi materidly pro pfipravu kompozitnich ¢astic, kterymi za-
myslime pomoci vnéjSiho magnetického pole manipulovat.

Latky se silnym magnetickym chovanim, které je zptisobeno samovolnym uspoia-
davanim nevykompenzovanych magnetickych momenti atom do magnetickych do-
mén, klasifikujeme jako feromagnetika, ferimagnetika, antiferomagnetika, aj. Lisi se od
para- a diamagnetik nejen vys$Simi hodnotami magnetizaci a magnetickych susceptibilit
(0.01-10° m*kg™), ale také slozitou zavislosti magnetizace na intenzité vn&jiiho mag-

netického pole, kterou popisuje tzv. hysterezni kiivka magnetizace (obr. 1a).

@ A&koliv je soustavou SI jasné definovana jednotka specifické magnetizace jako M (A-m*kg™),
V praxi se vice pouziva vyjadfeni v systému CGS pomoci M (emu/g). Pfevodni vztah mezi jednotkami je
pak 1 A-m?kg™ = 1 emu/g (emu = electromagnetic unit).

10
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Obr. 1. Schematické znazornéni chovani feromagnetika (a), paramagnetika (b, kiivka 1)
a superparamagnetika (b, kiivka 2) ve vn¢j$im magnetickém poli.

Magnetické momenty se uspofadavaji do domén jen pii teplotach pod kritickou
hodnotou, tzv. Currieovou teplotou Tc pro feromagnetika a Neelovou teplotou Ty pro
ferimagnetika a antiferomagnetika. Pod touto kritickou teplotou nartista hodnota magne-
tizace s nartstajici hodnotou intenzity magnetického pole az do dosaZeni tzv. satura¢ni
magnetizace Ms (obr. 1a). Hodnota Ms je vyznamnou charakteristikou kazdého magne-
tického materialu a je zavisla na teploté. Pod T¢ (Tn) hodnota Ms klesa s rostouci teplo-
tou. Dal$i vyznamnou charakteristikou magnetického materialu je hodnota magnetizace

odpovidajici nulové intenzité vnéjSiho pole, tzv. remanentni magnetizace, t€Z remanen-
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ce (M) (obr. 1a). Nulové hodnoty (M;) Ize dosahnout bud’ ptuisobenim vné&jsiho pole
s opacnou orientaci (koercivni pole H¢), nebo zvysenim teploty nad T¢ (Ty). Material se
stava nad T¢ (Tn) paramagnetikem, ztraci své vnitini magnetické vlastnosti a i svou
magnetickou historii, ktera obecné také podminuje celkové magnetické chovani mate-
ridlu. Teplota Tc (Ty) je proto velmi diileZitou materialovou charakteristikou.*

Zavislost vnitini magnetizace superparamagnetik na vnéj$im magnetickém poli 1ze
popsat jako chovani latek magneticky silnych a je kombinaci chovani paramagnetik
(obr. 1b, kiivka 1) a feromagnetik (obr 1a). Superparamagnetické latky vykazuji mono-
tonni zavislost magnetizace na intenzit¢ vné&jsiho pole pod T¢ (Tn) podobné jako para-
magnetika, ale magnetizace zistava téméf konstantni po dosazeni saturace Mg (obr 1b,
ktivka 2). V porovnani s feromagnetickymi latkami, superparamagnetika nevykazuji
hysterezi a maji nulovou remanenci M,. Hodnoty magnetickych susceptibilit superpa-
ramagnetik se nachazeji mezi hodnotami pro paramagnetika a feromagnetika. Superpa-
ramagnetické chovani vykazuji malé krystality (typicky 1-30 nm) materiald, které ve
stavu bloku vykazuji chovani feromagnetické. Jinymi slovy, fezanim objemného kusu
feromagnetického materialu se 1ze dopracovat urcité kritické velikosti, pod kterou se jiz
puvodné feromagneticky material chova za dané teploty superparamagneticky. Takové-
to chovani bylo pozorovéano pro riizné materialy, jako jsou oxidy zeleza, ferity, slitiny
(Fe-C, Fe-Co), kovy, aj. Komplexni chovani superparamagnetik vSak nezavisi jen na
teploté, materidlovém sloZeni a rozméru krystaliti, ale je ovlivnéno i1 charakterem po-
vrchu a pfiléhajicimi ¢asticemi. Diky rozméru ¢astic v fadu jednotek nanometri, kazda
superparamagneticka Castice ovliviiuje magnetické chovani ptiléhajici (nebo sousedici)
Castice magnetickym polem, které sama generuje. Charakter a sloZeni jejich povrchu
pak hraje vyznamnou roli v chovani ¢éasticovych materiali v porovnani s chovanim
stejnych materiali ve stavu objemového bloku? 3. Zbytkové slouceniny z procesu pii-
pravy nanocastic a povrchové aktivni latky proto maji vyznamny vliv na magnetické
vlastnosti redlného souboru ¢astic.

Superparamagnetické anorganické nanocastice jako zakladni material jader kompo-
zitnich ¢astic (s majoritnim 1 minoritnim zastoupenim magneticky ,,neaktivniho* poly-
meru) tedy mohou nabidnout prakticky vyuzitelné vlastnosti, pfedurcujici do znacné

miry jejich aplika¢ni moznosti. Jsou to:
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e Silnd odpovéd’ na vnéjsi magnetické pole — ¢im silngjsi je odpoved’, tim nizsi
muze byt intenzita aplikovaného vnéjsiho pole, nebo je dosazena lepsi dynamika
procesul.
sledné dispergovatelnost ¢astic po vypnuti vnéjsiho magnetického pole. Nulova
remanence pak nezpusobuje zadné interakce magnetického charakteru mezi jed-
notlivymi ¢asticemi po vypnuti magnetického pole, které by vedly k nezadouci
agregaci ¢astic v systému.

e Maly rozmér (primér) funkcni jednotky; povrchové upravy, stejné jako vétSina
separa¢nich a transportnich procest jsou procesy heterogenni, tedy ¢im mensi
jsou ¢astice, tim veétsi specificky povreh je k dispozici pro nasledné interakce.

e Odpovidajici chemicka stabilita pii riznych pH a redoxnich podminkéach.

e Pfiméfend cena a snadny proces ptipravy (v n¢kterych ptipadech).

Superparamagnetické ¢astice jsou Casto pripravovany ve formé koloidnich disperzi

magnetickych castic ve vodé nebo nepolarnich rozpoustédlech. Tyto koloidy, nazyvané
»magnetické kapaliny®, nebo ,,ferofluidy*, byly v posledni dobé pfedmétem soubornych

/4,5 /6,7
praci a monograﬁl .

3A.1 Magnetit a maghemit

Ve skupiné latek pojmenované jako ,,oxidy Zeleza®, kterou 1ze obecné popsat vzor-
cem Fe,OyH; (ve vétsing ptipadl z = 0), vynikaji svymi vlastnostmi magnetit a maghe-
mit. Dosahuji totiz nejvyssich hodnot satura¢ni magnetizace Mg = 80-100 A-mz-kg'l, cozZ
je o dva fady vyse, nez hodnoty Ms zbyvajicich oxid eleza®. Superparamagnetické
chovani bylo objeveno u krystaliti téchto latek s primérem mensim nez 30 nm. Tyto
krystality jsou ¢asto ozna¢ovany jako SPIONs — superparamagnetic iron oxide nanopar-
ticles. Satura¢ni magnetizace SPIONs je obvykle o 20-50 % niZsi, nez pro oxidy Zeleza
ve formé objemového bloku. Dal§im vyraznym rysem SPIONS je jejich biokompatibili-
ta®. Magnetit a maghemit v superparamagnetickém stavu lze navic snadno a levné pfi-
pravit, coZ jejich praktickou pouZitelnost dale umocnuje. Ferofluidy oxida Zeleza ¢asto

obsahuji smés maghemitu a magnetitu.
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Magnetit, Fe;04 (FeO-Fe,03), je Cerny, ferimagneticky podvojny oxid se strukturou

inverzniho spinelu obsahujici Fe(Il) a Fe(III) iontyg. Je specidlnim piipadem ferritovych
materiald, jejichz slozeni lze vyjadiit jako MeO-Fe 03, kde Me je atom ptechodového
kovu. Mikrometrové krystality magnetitu (s nenulovou remanenci) se pouzivaly
k vyrobé magnetofonovych pasek a v jinych primyslovych aplikacich kvuli jeho vysoké
hodnoté M.

Maghemit, y-Fe;03, je tmavy cervenohnédy ferimagneticky material, s krystalovou

strukturou podobnou magnetitu, avSak s kationtové deficitnimi misty. Je to vyznamny
magneticky pigment s podobnymi vlastnostmi jako méa magnetit®. Diky jeho podobnosti
S magnetitem je Casto zafazovan mezi ferity, 1 kdyz nemé slozeni podvojného oxidu.
Obvykle se pfipravuje oxidaci magnetitu. Jako oxidacni €inidlo se pouziva peroxid vo-

10 o /11 . 12
diku™, dusi¢nan zeleznaty ", chlornan sodny nebo vzduch™.

3A.1.1 Priprava a vlastnosti superparamagnetickych nanocastic
magnetitu a maghemitu

V soucasnosti je jiz k dispozici mnoho metod ptipravy SPIONSs, kdy Gpravou reakc-
nich a procesnich podminek Ize vyrabét nanoc¢astice s pozadovanymi parametry, jako je
morfologie, velikost, distribuce velikosti ¢astic a magnetické vlastnosti. Realita je
ovSem takovd, Ze postupy poskytujici monodisperzni ¢astice s vynikajicimi magnetic-
kymi (i krystalovymi) vlastnostmi velmi ¢asto neumoznuji, diky nutnosti uZiti povrcho-
v¢ aktivnich latek a stabilizator(,, naslednou chemickou modifikaci (funkcionalizaci)
jejich povrchi. Proto musi byt vzdy peclivé zvolen kompromis s ohledem na zamyslené
pouziti nanocastic a dostupné (realizovatelné) podminky ptipravy.

Historicky prvni metodou ptipravy superparamagnetického magnetitu bylo mecha-
nické mleti 4 obj.% magnetitové rudy v kulovém mlyné spolu s 10-20 obj.% kyseliny
olejové v organickém rozpoustédle, typicky v kerosenu®®. Tato metoda viak byla diky
své nakladnosti a polydisperzit¢ produktu nahrazena metodami chemickymi, které lze
rozdé¢lit na tfi skupiny: tepelné rozklady organometalickych prekurzori, hydrotermalni
procesy a koprecipitace zasadami.

Tepelné rozklady organometalickych sloucenin Zeleza poskytuji zpravidla dokonale
sférické monodisperzni nanocastice o priméru 10-25 nm, s dobrymi magnetickymi
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vlastnostmi. Jednd se zejména o rozklad pentakarbonylu Zeleza® *°, acetylacetonatu
zelezitého'® a N-nitrosofenylhydroxylaminu Zelezitého'’. Viem dosud popsanym meto-
dam tepelnych rozkladua je vSak spoleény jeden rys, a to nutnost pouziti povrchové ak-
tivnich ¢inidel, napt. kyseliny olejové, ¢i funkcionalizovaného poly(oxyethylenu), které
brani dal$i nasledné modifikaci povrchli nanocastic.

Hydrotermalni procesy jsou zaloZeny na reakcich smési oxidi™ nebo hydroxida™
eleza ve vodném prostiedi (alternativné v prostredi 1,2-ethandiolu®®) za superkritic-
kych podminek, zahrnujicich teploty nad 200 °C a tlaky nad 14 MPa. Vysledné vlast-
nosti produktli vSak (dle nazoru autora) dostatecné nevyvazuji vysoké procesni naroky
metody.

Koprecipitace zasadami je metoda nejvice rozsifend, snadno realizovatelnd a nabizi
mnoho zpiisobil, jak ovlivnit vysledné vlastnosti produktu. Poskytuje krystality nejcas-
t&ji s primérem do 10 nm a s distribuci velikosti vyrazné uzsi, nez metoda mechanické-
ho mleti. Z hlediska morfologie a uzké distribuce velikosti nanocastic vsak kvalit dvou
pfedchozich procesii, zejména tepelnych rozkladl, nedosahuje. Nabizi vSak moznost
vyroby nanocastic, jejichZz povrch je snadno dostupny pro dal$i modifikace. Proces

tvorby magnetitu (oxidu Zelezito-zeleznatého) vyjadiuje nasledujici rovnice (3):

2 Fe** + Fe*" + 8 OH — Fe30, + 4 H,0 3)

Popis typické piipravy je nésledujici21: vodny roztok amoniaku se za neustalého mi-
chani ptidava k roztoku Zelezité a zeleznaté soli v molarnim pomeéru Fe(IIl)/Fe(Il) bliz-
kému 2. Metodika zavisi na typu a koncentraci soli (chloridy ptfevazuji) a baze, dale na
pfidavku chelatacnich ¢inidel, povrchové aktivnich latek, teploté, rychlosti pfidavani
baze, pomé&ru k roztoku soli a na procesu zrani. Vznikajici sraZenina je ponechéana rist a
poté promyvéana opakované destilovanou vodou pomoci magnetické separace az do
tvorby koloidu; tento proces se nazyva peptizace.

Utvareni produktu a morfologie ¢astic se da ovlivnit riznymi parametry koprecipi-
ta¢niho procesu. Rychly rist pH do rozmezi 8,5-10 je nezbytny?’. Pomalé pridavani
baze vede k tvorbé hnédé nemagnetické srazeniny, pravdépodobné hydroxidu Zeleza.
Rychlé pfidani zdsady k roztoku soli za intenzivniho michani umoZiuje soucasnou

tvorbu hydroxidl Zeleznatého a Zelezitého, které spontdnné nésledné reaguji za vzniku
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cerné srazeniny magnetitu. Proces Ize vést i obracené, tedy pomalym ptfidavanim rozto-
ku soli do roztoku baze. Pokud jsou v procesu pouzity silné baze, jako NaOH, KOH a
LiOH, miize vznikat, castecné nebo upln¢, nemagneticky produkt. Hydroxid amonny je
preferovan, protoze pii jeho pouziti tento efekt tvorby nemagnetického produktu pozo-
rovan nebyl. Srazeni a zrani precipitatu také zavisi na teploté, ¢astice mensi nez 10 nm
Ize obdrzet v teplotnim rozmezi 25-80 °C?%. Proces zrani srazeniny ovliviiuje vysledné
magnetické vlastnosti produktu.

Hlavni vyhodou koprecipita¢ni techniky je moznost ptipravy vodnych koloidit SPI-
ONis bez pouziti povrchové aktivnich latek?: %, V tomto piipads je stabilizace dosazeno
elektrostatickymi naboji na povrchu nanocastic, napf. chloristanovymi, citratovymi a
dusi¢nanovymi anionty, nebo tetramethylamoniovymi kationty; produktem je pak Kyse-
1y, nebo zasadity ferofluid® #*. Stabilita koloidu je tak dosaZena odpudivymi elektrosta-
tickymi interakcemi mezi souhlasnymi naboji na povrsich nanoc¢astic. Takto dosazena
stabilita je vSak velmi citliva na pfitomnost dalSich elektrolyti v supernatantu, proto je
tteba udrzet pH v urcitych uzkych rozmezich a zaroven pouZzit malou iontovou silu ko-
loidniho roztoku. Castice koloidniho roztoku se shlukuji do agregatli (aglomeratil) &ita-
jicich obvykle 5-100 nanocastic v zavislosti na jejich naboji a iontové sile koloidu. Vy-
srazené nanocastice mohou byt znovu stabilizovany (peptizovany) v polarnich i nepo-
larnich prostredich p¥idavkem povrchové aktivniho &inidla s odpovidajicim HLBP. Jako
povrchové aktivni latky se pouZzivaji rizné nizkomolekularni slouceniny, napt. vyssi

mastné kyseliny® a sacharidy®® %/

a tyto pak ovliviluji vysledné rozmeéry a magnetické
vlastnosti SPIONs?. Ferofluidy mohou byt také stabilizovany polymery, a to polysa-
3033 "nolyvinylal-

koholem (PVA)***°, poly(oxyethylenem) (PEO)*!, poly(oxyethylen-co-propen) disfos-

charidy®®, mezi nimiZ nejvyznamn&jsi postaveni lze pripsat dextranu

fonatem*?, kyselinou polymethakrylovou, substituovanymi polyakrylamidy, aj. Stabili-
zace polymery je dosahovano dvojim zptusobem: bud’ in situ, kdy jsou Zelezita a zelez-
natd stl koprecipitovany v alkalickém roztoku polymeru, nebo post-syntézni modifika-

ci, kdy je roztok polymeru pfidavan k pfedem pfipravenému magnetickému koloidu.

® HLB (hydrophilic-lipophilic balance) je bezrozmérné &islo pouzivané k charakterizaci povrchové
aktivnich latek; nabyva hodnot od 0 do 20. Vyjadfuje pomér mezi hydrofilni a lipofilni ¢asti molekuly
povrchovée aktivni latky. Hodnota 0 je piifazena kompletné hydrofobni molekule, hodnota 20 pak moleku-
le zcela hydrofilni. Metody stanoveni HLB byly definovany W.C. Griffinem[1949, 1945] a J. T. Davie-
sem [1957].
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Ptitomnost rozpusténé¢ho polymeru v pribéhu vzniku nanoc¢éstic vyrazné ovliviiuje pro-
ces srazeni, nukleaci a stabilitu vznikajicich koloidnich ¢astic. Polymerni stabilizatory
vSak kromé stability mohou mit i dal§i vyznam. Tim, Ze vyrazné méni charakter po-
vrchu nanocastic, prispivaji k jejich chemické odolnosti a biokompatibilité.

Pro potieby této dizertaéni prace bylo nutno piistoupit k dil¢im upravam vyse po-
psaného zékladniho koprecipita¢niho procesu piipravy magnetitu. Vychozimi vodnymi
roztoky soli Zeleza byly experimentaln¢ nalezeny jako idealni 0,1 mol-dm™ FeClz-6 H,O
a0,1 mol-dm™ FeCl,-4 H,0O v objemovém zastoupeni Veecia/Vrecrz = 2/1. Jako bazicky
roztok, do jehoZ piebytku jsou soli sraZeny, byl zvolen 0,5 mol-dm™ vodny roztok NHs.
Déle byla zohlednéna skutec¢nost, Ze magnetit ve skutecnosti vznika kvantitativni reakci
Fe(OH); a Fe(OH); (vznikajicich v zasaditém prostiedi z Zelezitych a Zeleznatych soli)
V molarnim poméru 2/1 a nutnou podrninkou22 pro prubéh reakce je udrzeni pH
vrozmezi 8,5-10. Pokud tento molarni pomér dodrzen neni a zejména dojde-li
k ptebytku Fe(OH)s, je vysledkem soubézné¢ se vznikem magnetitu i vznik nemagnetic-
kych oxida zeleza, které jsou okludovany na povrchu magnetitovych castic a zhorSuji
jak morfologické a magnetické vlastnosti ptipravovaného produktu, tak i jeho koloidni
stabilitu. S koprecipitacni reakci ovSem soub&zné probiha i oxidace Fe(OH), na
Fe(OH)s. Tento proces prakticky soutéZi s koprecipitaéni reakci a vysledkem mize byt
nestechiometricky prebytek Fe(OH); se stejnymi negativnimi disledky na kvalitu pro-
duktu. Tomuto jevu se da piedejit (vedle zamezeni pfistupu atmosférického kysliku do
reakéniho prostedi) pouzitim 1,1-1,2 ndsobku stechiometrického mnozstvi Zeleznaté
soli, jejiz okamzity reakeni prebytek prubézné oxiduje na Fe(OH); a ten reaguje s dosud
neoxidovanym Fe(OH), za vzniku magnetitu’. Vysledny produkt vykazuje, v porovnani
s reakci ve stechiometrickém poméru, lepsi magnetické vlastnosti, ale také nepfili§ za-
douct $irsi distribuci velikosti ¢astic. Toto rozsiteni distribuce velikosti ¢astic 1ze piipsat
opozdénému vzniku krystalitovych zarodkl z oxidac¢nich produkti prebytkové Zeleznaté
soli. Pozdé&ji vznikajici zarodky maji ovSem diky celkovému sniZeni koncentrace reagu-
jicich komponent vzhledem k pfedchozimu vylou€eni majoritniho podilu €astic jiné
podminky k riistu a zrani. Z divodu potlaceni rozsiteni distribuce velikosti nanoc¢astic a
zaroven kvili udrzeni hodnot Ms blizkych blokovému stavu bylo pfikroceno k rozdéleni
syntézy magnetitovych ¢astic bazickou koprecipitaci do dvou krokt. V prvnim kroku

byl roztok 0,1 mol dm? FeCl;-6 H,0 pieveden 0,9 nasobkem stechiometrického mnoz-
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stvi amoniaku na Fe(OH)s za intenzivni sonikace. V druhém kroku byl ke vzniklému
koloidnimu roztoku ptidan 0,1 mol-dm™ FeCly-4 H,O ve vySe zminéném objemovém
zastoupeni Veecia/Vreciz = 2/1 a tato smés byla jednorazové vlita do objemového piebyt-
ku 0,5 mol-dm™ vodného roztoku NH3 za michani a probublavani dusikem pii labora-
torni teploté Za stejnych podminek byl precipitat podroben zrani v trvani 45 min.
Vznikly magnetit byl promyvan demineralizovanou vodou (R = 18,2 MQ) za pouziti
magnetické separace az do dosaZeni spontanni peptizace. Nasledné byl vznikly a pepti-
zovany magnetit podroben za sonikace oxidaci na maghemit pouzitim NaClO. Oxidaci
na maghemit tak bylo zohlednéno zamyslené pouziti v biologickych systémech, protoze
magnetit diky p¥itomnosti Fe** a Fe** je klasickym oxidoredukénim katalytickym sys-
témem, ktery piedstavuje potencidlni riziko pro biochemické pochody v zivych buii-
kach, napt. katalyzou rozkladu organoperoxidickych metabolitli na volné kyslikové ra-
dikaly. Teoretickou oporu pro tento krok I1ze odvodit i ze skutecnosti, ze v obou depot-
nich lidskych bilkovinach pro Zelezo, feritinu a hemosiderinu (viz. nize), se vyskytuji
pouze kationty Fe**. Po oxidaci byly nanocastice maghemitu promyvany az do peptiza-
ce vySe popsanym zpusobem a konecn¢ sonikovany.

Pfipravené nanocastice y-Fe;O3 pouzivané v této disertacni praci jako vychozi mate-
rial vykazovaly na TEM snimku (obr. 2a) kulovitou morfologii s ¢iselnym primérem
praméra ¢astic D, = 6,3 nm a indexem polydiperzity PDI = 1,33. Struktura maghemitu
byla potvrzena praskovou RTG difraktometrii (obr. 2b). Magnetizaénim méfenim po-
moci SQUID magnetometru byla stanovena satura¢ni magnetizace maghemitovych na-
nocastic za laboratorni teploty Ms ~ 70 emu/g (obr. 3), coz piedstavuje asi 90 % hodnoty
uvadéné pro blokovy maghemit (78 emu/g)s. Tato skutecnost je tak v piikrém rozporu
S tvrzenim, Ze satura¢ni magnetizace nanoc¢asticovych materiali zavisi pouze na veli-
kosti krystalitu a nezavisi na zpiisobu jejich piip ravy®. Z publikovanych udaji vyplyva,
7e hodnoty Ms &ini cca 65, 55, 50 a 30 emu/g pro 12, 9, 8 a 4 nm &astice maghemitu®.
Interpolaci téchto hodnot se da hodnota Mg pro 6 nm castice odhadnout na Ms ~ 40
emu/g, coz predstavuje asi 57 % nami realné zjisténé hodnoty. Lze tedy vyvratit tvrzeni,

ze hodnota M; nezavisi na zplsobu piipravy nanocastic.
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Obr. 2. a) TEM fotografie nanoc¢astic maghemitu, D, = 6,3 nm, PDI = 1,33. b) praskovy
RTG d}4frakt0 gram piipravenych nanocastic y-Fe,Os. Svislé ¢ary odpovidaji standardu vy-
Fe,0s.
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Obr. 3. Hysterezni kiivky magnetizace nanocastic y-Fe;O3 méfené pomoci SQUID

magnetometru pii teplotach 300 K a 5 K*.
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3B. SUPERPARAMAGNETICKE NANOCASTICE
S UPRAVENYM POVRCHEM PRO ZNACENI
KMENOVYCH BUNEK

S rozvojem Iékaiskych technik smérem od transplantaci celych organd
k transplantacim jejich ¢asti, ¢i bunék, a v souvislosti s pokroky v oblasti manipulaci
s kmenovymi buitkami, vyvstava velmi silnd potieba neinvazivni detekce téchto implan-
tovanych bungk ¢&i jejich soubori v kompartmentech® piijemce. Monitorovani bunék
vnasenych do organismu piijemce s terapeutickym zamérem by tak umoznilo topolo-
gické zhodnoceni uspésnosti jejich vneseni po operaci a dalsi sledovani jejich osudu
v &ase po implantaci*®. Pro ucely regenerativni mediciny je velmi dualezité védét, zda
implantované builky zlstavaji na mist¢ zamysleného vneseni, zda prezivaji a ptipadné
déli-li se. Tyto dosud velmi tézko dostupné informace by vyrazné piispély k rozvoji
technik bunéénych a tkanovych terapii.

Nejpokrocilej§i metodou, vhodnou pro relativné rychlé, neinvazivni, prostoroveé
zobrazovani mékkych tkani s vysokym rozliSenim, je bezesporu zobrazovaci magnetic-
ka rezonance (MRI). Pouzitim vhodné kontrastni latky, ktera by dokazala v ¢asovém
horizontu n¢kolika tydnii az mésicii ziistat fyzicky ztotoznéna s konkrétnimi bunkami a
jejiz signal by se z hlediska intenzity v ¢ase neménil (nebo se ménil jen nevyrazng), by
bylo mozné vySe zmin€né potieby regenerativni a transplantacni mediciny a bun&tné
terapie uspokojit. Pii vybéru a vyvoji takovéto kontrastni latky pak musi byt zohlednény
fyzikalné-chemické principy tvorby kontrastu pii MRI zobrazeni spolu s chovanim lat-

ky v biologickych prostedich, zejména jeji toxicita a biodistribuce.

‘Kompartment je morfologicky definovana &ast celku, ¢aste¢né nebo tiplné oddélend, zpravidla se
zietelnou vné&jsi hranici, kterd selektivné ovlivituje vyménu latek mezi vnéjSim a vnitinim prostorem. Ve
farmakologii je pak vyznam kompartmentu rozsifen pro oblast, kterda ma z hlediska kinetiky 1é¢iva a jeho
distribuce jednotné vlastnosti.
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3B.1 Princip MRI

MRI je neinvazivni zobrazovaci lékaiska technika, ktera vyuziva interakci radi-
ofrekvenc¢nich pulst s tkanémi umisténymi v silném magnetickém poli. Jejim vysled-
kem jsou obrazy fezl (rovin) tkanového prostiedi (vnitinich organt téla). Zobrazova-
nym objektem jsou prakticky vodikova jadra (protony) molekul vody, ktera tvoti veétsi-
nu objemu tkani a jejiz molekuly maji v zévislosti na typu tkané rtiznou pohyblivost.
Jenom mala ¢ast téchto protont pfispiva k méfitelnému signalu, ktery je dan rozdilnym
usporddanim (paralelnim, nebo antiparalelnim) vzhledem k vektoru intenzity vnéjsiho
magnetického pole. Protony jsou schopny absorbovat energii kratkého radiofrekvencéni-
ho pulsu pii jejich rezonanéni frekvenci fp (pfi intenzité vnéjsiho magnetického pole By
=15T je fo = 63,86 MHz). Po absorbovani energie radiofrekven¢niho pulsu vodikova
jédra tuto energii uvoliluji a vraceji se tak zpét do stavu pivodni rovnovahy s vnéj$im
magnetickym polem. Transmise této energie vodikovymi jadry pii navratu do jejich
puvodniho stavu je nasledné pozorovana jako MRI signal. Rozdily v pohyblivosti mo-
lekul vody v zavislosti na vyskytu v konkrétnim typu tkané pak zptsobuji jemné rozdily
vV MRI signalech a tyto rozdily pak vedou k rozliSeni jednotlivych typl tkani. Intenzita
meétfeného signélu Gzce zavisi na hustoté spinli (PD — proton density) a na relaxacnich
Casech (Ty a Ty), zalezi pak na konkrétni zobrazovaci technice a vybéru mezipulsového
intervalu. ZjednoduSené¢ Ize provedeni MRI metody popsat takto: sledovany objekt je
vystaven vnéjSimu podélnému magnetickému poli, coZ vyvola paralelni i antiparalelni
uspofadani jednotlivych spinli vodikovych jader s vyslednou tkanovou magnetizaci Mg
se smérem totoZnym s Bp. Zarovent za¢nou magnetické momenty vodikovych jader vy-
tvaret precesni pohyb ureny Larmorovou frekvenci. Larmorova frekvence zavisi jed-
nak na intenzit¢ vnéjSiho magnetického pole a jednak na typu atomového jadra (pro
lékatské icely maji nejvétsi vyznam jadra vodikova 'H, pro specialni piipady se viak
vyuzivaji 1 jadra fosforu 31p a uhliku **C ). Kolmo na toto pole je vyslan radiofrekvecni
puls RF s frekvenci totoznou s Larmorovou frekvenci, ktery vychyluje precesujici vek-
tory z orientace podle vnéjsiho longitudialniho pole o 90°. Vice protoni je pak oriento-
vano antiparalelné (vEtSi energetickd naroc¢nost), ¢imz dochazi k naruSeni rovnovahy
ustavené v objemu tkan¢ vnéjSim magnetickym polem. Dochdzi tak ke zméné velikosti

podélné slozky tkanové magnetizace My (ve sméru osy pulsu). Zaroven puls sjednocuje
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faze precesnich kmitli (precesujici vektory jsou piivedeny do stavu koherence), ¢imz
vznikd pficna slozka vektoru tkanové magnetizace, ktery byl dosud nulovy. Po vypnuti
kolmého pulsu pak spiny uvoliuji piijatou energii z pulsu do okoli a vraceji se tak k
puvodni orientaci dle podélného pole a do vychozich energetickych stavii. Vyzatovana
energie je snimana civkami v ose RF pulsu. Takto ziskany signal se oznacuje zkratkou
FID (free induction decay) a mé tvar harmonického pribéhu s exponencialné klesajici
amplitudou. Navraty k vychozim hodnotam maji urcita casova zpozdéni, nazyvana rela-

xacni Casy. RozliSovany jsou dva typy téchto relaxacnich ¢asii, zminéné Ty a To.

e T (spin-mfiizkova relaxace, longitudidlni relaxaéni ¢as) je pro diagnostické uce-
ly do zna¢né miry chdpan jako biologicky parametr, nebot’ je vyuzivan
K rozliSeni mezi jednotlivymi typy tkani. Tyto tkanové specifické ¢asy vystihuji
dobu potiebnou k preusporadani orientace spini vychylenych kolmym pulsem
zpét do vychozi orientace podle podélného pole. T; relaxaéni Cas (fadové
v milisekundach) téz vystihuje, jak rychle nabude vektor podélné magnetizace
63 % své puvodni hodnoty. Tato emitovana energie tak poskytuje informaci o
okoli relaxujicich jader, napft. tukova tkan absorbuje uvoliiovanou energii proto-
nt rychleji nez tkan s vys$sim podilem vody.

e T, (téz spin-spin relaxacni Cas, transverzalni relaxacni ¢as) vyjadiuje ¢as potieb-

ny k postupné ztraté taizové jednotnosti (koherence zptiisobené radiofrekvenénim
pulsem) vlivem magnetickych poli jednotlivych ¢astic zptisobujicich drobné 1o-
kalni nehomogenity magnetického pole. T, pak udava cCas, za ktery dojde
k poklesu velikosti magnetizace kolmé slozky na 37 % svého maxima. V praxi
je pak pokles pficné slozky tkanové magnetizace ovlivnén jesté¢ drobnymi zme-
nami v nehomogenité vnéjsiho magnetického pole. Pokles je tak podstatné str-
mg¢jsi; prislusnou relaxa¢ni konstantu oznacujeme jako T, | kdyz u klasického
MR zobrazovani je tento jev vétSinou nezadoucim a je snaha jej potlacit, presto
lze i T, vyuzit ke zlep3eni kontrastu MR obrazu.

Hlavnim cilem MR zobrazovani je vytvofit snimek s kontrastem mezi jednotlivymi
typy tkani. Jas v obrazku ovlivituje mnoho faktorti. Mezi zakladni tfi patii jiz zminova-
né relaxace T; a Ty, resp. Tz* a PD. Vhodnym uspotadanim pulsni sekvence Ize dosah-
nout pozadovaného kontrastu (Ti-, To- a PD-vazeny obrazek). Kontrasty snimkd, vy-

chézejici z odliSnosti relaxacnich ¢ast riznych typt tkani, se realizuji zménou zpusobu,
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kterym jsou spiny excitovany a jejichz relaxacni signal je nasledné pozorovan. Praktic-
ky se tedy kontrasty snimkl vytvareji zménami parametrd pulsni sekvence. Zakladni
méfici sekvenci pro Tp-vdzeny obraz je sekvence spinového echa (spin echo SE), ktera
se sklada z jednoho 90° excita¢niho pulsu a jednoho, nebo vice, refokusacnich 180°
pulst. Excita¢ni 90° puls sklopi spiny do transverzalni roviny. Vzajemnou spin-
spinovou interakci a v disledku nehomogenit magnetického pole se spiny postupné
rozfazovavaji. V ¢ase Tg/2 (Te — time echo) se aplikuje 180° refokusaéni excita¢ni puls
a tento otoCi spiny zrcadlovym zptisobem. Po uplynuti dal$iho intervalu Tg/2 se spiny
sfazuji a nastdva maximum spinového echa. Amplituda spinového echa je vzdy mensi,
nez puvodni amplituda signalu FID v okamziku po ukonceni 90° RF pulsu. Smyslem
tvorby spinového echa je potlacit pokles signalu zplisobeny nehomogenitami magnetic-
kého pole. Je tieba zminit tfi hlavni parametry pulsni sekvence, které ovliviiuji kontrast.
Prvnim je energie pouzitd na radiofrekvenéni excitaéni puls, kterd se vyjadiuje jako
sklapéci uhel (sklopeni vektoru tkanové magnetizace). Cim vice energie vyzaiime do
vzorku tkané, tim vice €asu je tfeba pro plnou relaxaci. Druhy parametr je cas Tg, ktery
udava dobu, po niz opakované¢ aplikujeme jednotlivé excitacni pulsy. S krat§im Casem
Tr je i méné Casu k T; relaxaci. Poslednim parametrem je Cas spinového echa Tg. Pfi
delsim ¢asu Tg budou jadra s krat§im Casem T, pfispivat k méfenému signalu méng¢.
Zakladni méfici sekvenci pro Ti-vazeny obraz je sekvence inverzniho zotaveni (inversi-
on recovery RI) tvofend sekvenci 180° a 90° RF impulst. Prvni 180° RF puls pieklopi
vektor magnetizace o 180°, ten zméni smér, nezméni vSak velikost. Poté se zac¢ne uplat-
novat relaxace T; a magnetizace se vraci do rovnovazného stavu, coZ se projevi expo-
nencialnim rastem vektoru tkanové magnetizace ze zapornych do kladnych hodnot.
V case T, (inversion time) nasleduje 90° RF impuls, ktery pieklopi vektor magnetizace
do roviny kolmé na vné&js$i magnetické pole. V pfijimaci civce je detekovan FID signal,
jehoz amplituda zavisi na T; relaxacnim Case zobrazované tkan¢. Lékatskd 1 badatelska
praxe se vSak stale Castéji setkava s potrebami zviditelnit 1 takové patologické ¢i fyzio-
logické zmény a jevy, jejichz kontrast se nastavovanim vySe zminénych pfistrojovych
parametrl nelepSi. Vyvstava tak jedind moZnost, jak dosdhnout zlepSeni tkanového kon-
trastu, a to zménou vnitinich (tkdnovych) parametrti pouzitim kontrastni latky v zobra-

; 47,4
zovaném kompartmentu™" 8
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3B.2 Kontrastni latky pro MRI

Kontrastni latka je chemicka substance zavedena do anatomicky, nebo funkcné, de-
finované oblasti za ucelem jejiho zobrazeni. Zptsobuje zvyseni rozdilu mezi riznymi
tkanémi, nebo mezi tkdni normdlni a abnormélni, pozménénim jejich relaxacnich Cast.
Kontrastni latky pro MRI jsou tradi¢né klasifikovany podle vlivu na konkrétni relaxacni
Cas jako T; kontrastni a T, kontrastni. V soucasnosti si velmi dynamicky vyvoj novych
kontrastnich latek pro MRI vyzadal jemnéjsi klasifikaci, zohlediujici napt. chemickou
¢i morfologickou strukturu latek, nebo typ fyzikalniho pisobeni v kompartmentu. Kon-
trastni latky je mozno klasifikovat i podle kompartmentu, v némz jsou pouzity. Klasifi-
kace kontrastnich latek tak ze zjevnych diivodl neni zatim sjednocena, casto dochazi k
prolinani jednotlivych klasifika¢nich kritérii a uplné postihnuti aktudlniho stavu by pte-
kra¢ovalo ramec této prace. Proto je nutné zminit, ze zptsoby klasifikaci, pouzité nize,
byly vzhledem k aktudlnimu stavu ucelové zuzeny se zamérem vykreslit pozadi pro-

blému feseného v této praci.

e T kontrastni latky (téZ pozitivni kontrastni latky) zptsobuji zkraceni T relaxac-

niho ¢asu (zvySeni intenzity signalu u T1-vazeného zobrazeni). Na MRI skenu se
projevuji ve vztahu k okoli jako relativné svétla pole (¢i body). Mezi typické za-
stupce patfi nizkomolekularni slou¢eniny a komplexy gadolinia, manganu nebo
Zeleza.

e T, kontrastni latky (téZ negativni kontrastni latky) se projevuji na MRI skenu ja-

ko relativné€ tmava pole (¢i body) ve vztahu k okoli. Tyto latky zpisobuji lokalni
nehomogenity magnetického pole, coz ovliviiuje predevs§im spin-spin relaxacni
efekt projevujici se zkracenim T; a T, relaxacnich Casi. Mezi typické zastupce
patii fero- a superparamagnetické Castice oxidl Zeleza (a feritll) o velikostech do

cca. 300 nm.

Jak jiz vSak bylo naznaceno vyse, toto tradi¢ni déleni MRI kontrastnich latek na T a
T, kontrastni latky neni vzdy pfesné, protoZe T; kontrastni latka sniZujici ¢as Tq zaroven
zmensuje stejnou mérou i To. Naopak, T, kontrastni latka nutné také zmensuje T; , ale
efekt zkraceni T; je vyrazné mensi, nez efekt zkraceni T,. Klasifikaci dale komplikuje

fakt, ze projevy jak Ty, tak T, kontrastnich latek zaviseji na pouzité zobrazovaci pulsni
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sekvenci, intenzité¢ vnéjsiho pole, velikosti molekuly kontrastni latky a zptisobu kom-

partmentalizace latky v konkrétnim typu tkdné€. Pfesnéj$i zatazeni kontrastnich latek pak

nabizeji nasledujici klasifikace podle typu chovani latek v magnetickém poli:

Paramagnetické kontrastni latky obsahuji ionty piechodovych kovi s jednim ne-

bo vice neparovymi elektrony, které proto vykazuji permanentni magneticky
moment. Ve vodnych roztocich téchto latek pak dochazi k interakci mezi elek-
tronovym magnetickym momentem paramagnetického atomu a slabSimi magne-
tickymi momenty protonti blizkych molekul vody. Molekuldrni pohyby zpuso-
buji ndhodné fluktuace téchto dipolovych interakci a snizuji T; a T, relaxacni ¢a-
sy protonti vody. Typickymi zastupci®® *° jsou ionty Gd** a Mn®", které velmi
efektivné redukuji T; a T,. Tyto paramagnetické ionty v§ak nemohou byt pouzity
samostatné v jejich disociované formé, protoze vykazuji vysokou toxicitu a na-
vic i nezadouci biodistribuci (kumuluji se v kostech, jatrech a slezin¢). Gadoli-
niové soli pfi fyziologickém pH rychle hydrolyzuji za vzniku nerozpustné¢ho
Gd(OH)s. Proto byly (a stale jsou) studovany jejich organické chelaty s vysokou
termodynamickou a kinetickou stabilitou snizujici toxicitu a zajist'ujici odpovi-
dajici biodistribuci. Gd* chelaty snizuji T1 a T relaxacni €asy protonovych ja-
der cilové tkané a proto v zavislosti na relativni mife téchto snizeni jsou klasifi-
kovany jako Ty i T, latky. Efektivitu MRI kontrastnich latek vyjadiuji hodnoty
relaxivit ry a ry, které popisuji schopnost snizeni T; a T relaxacnich ¢ast proto-
nt vody vztazené na jednotku koncentrace (zpravidla mmol) iontl kovu. Zlep-
Sen¢ho kontrastu na MRI skenu je dosazeno tehdy, ma-li dany typ chelatu zvy-
Senou afinitu ke konkrétnimu typu tkané€, nebo je-li sledovany organ vice vasku-
larizovan ve srovnani s jeho okolim. Patologické tkan¢ (nadorové, zanétlivé)
jsou metabolicky 1 morfologicky odli$né od tkéni ve fyziologickém stavu a maji
zpravidla vyssi zadrz kontrastni latky. Pozitivita (zesvétleni) nebo negativita

(ztmaveni) signalu kontrastni latky je pak dana typem vaZeni zobrazeni.

Superparamagnetické kontrastni latky predstavuji koloidy krystalitli superpara-

magnetickych cCastic, zpravidla oxida zeleza, viz. kapitola 3A. ,,Superparamag-
netické nanocastice”. Omezené¢ lze nalézt 1 prace vyuzivajici ferity, které maji
z hlediska kontrastu pro MRI sice lepsi fyzikalni vlastnosti, ale komplikaci je

toxicita feritovych heteroatomii, jako je Co, Ni, Cu a Mn. Pro ucely MRI je tieba
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superparamagnetické ¢astice povrchove upravit tak, aby se zabranilo jejich shlu-
kovani. Nezadouci agregace by jednak zpusobovala negativni zmény v mobilité
télnimi tekutinami, opsonizaci a nasledné pohlceni makrofagy a zaroven by zvy-
Sovala riziko ucpani cévnich kapilar (embolizaci). Superparamagneticka kon-
trastni latka pro MRI se tedy sklada z jednoho nebo i vice superparamagnetic-
kych jadérek obalenych do dalsi vrstvy, napt. dextranu nebo siliky. Relaxace in-
dukovana spuperparamagnetickymi ¢asticemi se vysvétluje pomoci klasické teo-
rie spinové relaxace ve vnéjsi elektronové sféfe, doplnéné Curiovou relaxacni

teorii-t

. Tato teorie bere do uvahy ovlivnéni rychlosti relaxace protont vody di-
fundujici do blizkosti neparovych elektronti zodpovédnych za magnetické vlast-
nosti materialu Castice. Tyto Castice vykazuji silny T; relaxaéni efekt, a protoze
zaroven diky vlastni magnetické susceptibilit¢ méni homogenitu aplikovaného
vnéjsiho pole, také zlepsuji T, relaxaci. Vyznamnym zavérem teorie relaxace ve
vnéjsi sféfe je pak tvrzeni, ze pomér relaxivit ro/r; stoupa s rostouci velikosti su-
perparamagnetickych jader, proto mensi ¢astice vykazuji vyssi redukci T; nez
52-54

Castice vetsi™ . Plvodné byly superparamagnetické ¢astice vyvijeny hlavné ja-

ko T, kontrastni latky s negativnim efektem v MRI zobrazovani®>. Dalsi pokusy

se superparamagnetickymi &asticemi mensimi nez 10 nm viak ukézaly®® >* %>
jejich vyrazny vliv také na snizeni Ty. Casto lze v odborné literatufe nalézt zo-
beciiyjici tvrzeni, Ze celkovy rozmér €astice (zahrnujici obal a jadro) podminiuje
farmakokinetiku kontrastni latky, rozmér jadra pak relaxivitu ¢astice.

Susceptibilitni kontrastni latky. Z makroskopického pohledu mohou interakce

dlouhého dosahu pievladat nad vyse popsanymi vlivy na T, nebo T, relaxacni
Casy u vSech typu kontrastnich latek. Tento mechanizmus, znamy jako suscepti-
bilitou indukovana relaxace®, se vztahuje k vektoru vnitini magnetizace kon-
trastni latky. Jednotlivé vektory vnitinich magnetizaci individualnich nanocastic
se usporadavaji (u superparamagnetickych se generuji in situ) podle sméru vnéj-
Siho magnetického pole. Pokud se superparamagnetickd kontrastni latka nachazi
V zobrazovaném kompartmentu, pak se mize cely kompartment projevovat na
MRI skenu jako sekundéarni kontrastni latka. Protony vody na vzdalenéjsi strané
kompartmentu (mimo bezprostfedni blizkost ¢astice) jsou ovlivnény celkovou

magnetizaci superparamagnetického podilu v kompartmentu a proto relaxuji
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mechanizmem spinové relaxace ve vngjsi elektronové sfére. Kontrastni efekt za-
visi na magnetickém momentu, lokalni koncentraci a prostorové distribuci kon-
trastni latky, rozmérech a geometrii kompartmentu, difusni konstanté vody

Vv daném prostiedi, apod.

Kontrastni latky v soucasnosti pouzivané v klinickém a experimentalnim rezimu

1ze rozd¢lit z hlediska chemického slozeni do dvou hlavnich skupin:

e Komplexy Gd* (minoritn& i Dy**, Cr**, Fe?*, Mn?"), kde jako organické ligandy
dominuji zejména nizkomolekuldrni slouceniny na bazi rtizné substituované
DOTA (1,4,7,10-tetraazacyklododekan-N,N',N",N"'-tetraoctova kyselina) a

DTPA (diethylentriaminopentaoctové kyselina)®® — viz obr 4.

Tmf .

Obr.4. a) DOTA, b) DTPA.

e Superparamagnetické Castice, u nichZ je tfeba hledat individudlni odliSnosti

Z hlediska chemické stavby hlavné v jejich povrchové tpravé. Konvenénimi ¢as-
ticemi, které byly v dob& zacatku feSeni dizertacni prace schvaleny pro klinickou
praxi (nebo alespon dostupné na trhu jako experimentalni materiél)d, jsou castice

oxidu zeleza (Casto oznaované jako nestechiometrické oxidy) s povrchem upra-

9 0d cca. . 2004 prochazi vyvoj a vyroba superparamagnetickych kontrastnich latek v komeréni sféte Gtlumem.
Patrné prvnim preparatem, jehoz vyvoj byl pterusen po ptevzeti firmy Amersham Health firmou GE Healthcare, byl
Clariscan®. Od roku 2007 pokraduje stahovéni registraci jednotlivych p¥ipravkil (Sinerem™) na Zadost samotnych
vyrobetl z ekonomickych a licenénich divodd. Odhadovany pocet klinickych aplikaci superparamagnetickych ¢astic
se nejevi v soucasnosti farmaceutickym spolecnostem jako rentabilni. V pozadi zastavovani vyvoje (zejména v USA)
stoji patrné i rozhodnuti administrativy (9.8.2001) presidenta G.W. Bushe o omezeni podpory vyzkumu kmenovych
bunék v USA, ¢imz se aplikacni prostor pro superparamagnetické kontrastni latky zuzil. Ke konci roku 2008 fran-
couzska spole¢nost Guerbet ukonéila vyrobu preparatu Endorem™, umoznila viak doprodej vyrobenych piipravki.
V 1. 2009 pozadala spole¢nost Bayer Shering DE o staZeni registrace preparatu Resovist®. Dalsi komplikace patrng
vyvstanou i diky rozhodnuti Evropského soudniho dvora ze dne 18.10.2011 ohledné zruseni platnosti patentovych a
licenénich prav ke kulturam embryonalnich kmenovych buné€k, po kterém se tak pro evropské vyzkumné instituce
zhorsuje vyhled navratnosti investic do vyzkumu.
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venym dextranem. Pod obchodnim nazvem Endorem’ (Feridex®™) nebo Sine-
rem” jsou vyrabény firmou Guerbet; Ferrumoxtran (syn. Combidex) je pak pro-
duktem firmy Amag Pharmaceuticals. Karboxydextranem povle¢eny oxid Zeleza
je na trhu pod nadzvem Resovist® od Bayer Schering Pharma, po-
ly(oxyethylenem) modifikovany koloid Clariscan™ (syn. PEG-FERRON) pak
dodava GE Healthcare. Velikost paramagnetického jadérka, jak jiz bylo uvedeno
vySe, uréuje pievladajici vliv na vznik kontrastu, tedy zda se jedna o mechani-

zmus relaxace ve vnéjsi sféfe, nebo spiSe o susceptibilitni efekt.

Pti volbé vhodného typu MRI kontrastni latky pro znaceni kmenovych bunék je
nutné zohlednit i chovani latky v biologickém prostiedi, zejména jeji biodistribuci a
toxicitu. Doposud dostupné MRI kontrastni latky (tedy schvalené, nebo pro pouziti
Vv experimentalnim rezimu) byly vyvijeny s cilem jejich systemického podani (apli-
kace do krevniho ob&hu). Od takto podanych kontrastnich latek je pak primarné po-
zadovano zlepsSeni kontrastu bud’ intravaskularniho prostoru, nebo extracelularni te-
kutiny. Pro kontrastovani extracelularnich tekutin je tieba, aby kontrastni latka pro-
sdkla co nejdiive po injekénim podani pres cévni vystelku do intersticia (za fyziolo-
gického stavu by takovato latka neméla prochazet hematoencefalickou
bariérou®) a zarovef, aby rychlost jejtho vylu¢ovani ledvinami umoznila ¢asové
zvladnout zobrazeni pozadovanych oblasti. Tyto pozadavky dostatecné naplituji
nizkomolekularni Gd** komplexy s derivaty DTPA a DOTA ligand, které maji po-
lo¢as prosaknuti z krevniho fecisté asi 5 min. a polocas renélni eliminace asi 80 min.
Nicméné, vlastnosti téchto komplexi, které jsou velmi vyhodné pro kontrastovani
intersticia, je zaroven diskvalifikuji pro zamér kontrastovani kultivovanych bunék.
Tyto latky vykazuji v prostiedi biologickych tekutin velmi vysokou difuzivitu. Proto
by bylo velmi obtizné vytvofit koncentra¢ni rozdil mezi buiikou a jejim okolim, kte-

ry by zajistil dostatecny kontrast, zejména pak v del§Sim ¢asovém intervalu. Proti

*Hematoencefalicka bariéra je rozhrani oddélujici krevni prostor od prostoru centralniho nervového

systému (CNS) a zabezpecujici tak omezeny transport latek z krevniho fecCiste. Je tvofena predevsim
tésnym usporaddnim bunék cévniho endotelu a jeji primarni funkci je ochrana CNS pied poskozenim
xenobiotiky. Pfi nékterych patologickych stavech se prostupnost této bariéry zvySuje a proto je mozné
tyto patologie identifikovat diky kumulaci MRI kontrastni latky v mezibunééném prostoru CNS.
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Gd** chelatim stoji i jejich toxicita, ktera je sice z hlediska systemického podani
piijatelna, avsak pti pouziti do jednotlivych bun¢k predstavuje vaznou piekazku.
Pro kontrastovani intravaskularniho prostoru je vSak tieba, aby kontrastni latka ptes
cévni vystelku prosakovala co nejméné a v krevnim fecisti setrvala v potfebné kon-
centraci zajist'ujici kontrast déle, nez latky pro kontrastovani extracelularni tekutiny.
Vyrazného omezeni prosakovani do intersticia se da dosahnout zvySenim molekulo-
vé hmotnosti kontrastni latky nad hodnotu M, > 20 000. Podle zplisobu dosazeni to-
hoto parametru se daji latky pro kontrastovani krevniho fecisté rozd¢lit do t¥i sku-
pin: a) nizkomolekularni Gd** komplexy nekovalentn& se navazujici na lidsky séro-
vy albumin (nejéast&ji derivaty DOTA a DTPA komplexil) b) polymerni Gd** kom-
plexy tvotfené bud’ modifikaci nizkomolekularniho komplexu vodorozpustnym po-
lymerem, nebo hydrofilnim dendrimerem se skupinami chelatujicimi Gd** a c) cas-
ticové systémy. V piipadé pouZiti polymernich a albuminovych Gd** komplexii pro
znaceni bunék zlstava vyhrada toxicity jako u latek pro kontrastovani extracelular-
nich tekutin. Soucasn¢ pretrvava i problém s dosazenim dostatecného rozdilu kon-
trastu v konkrétni buice v del§im asovém tiseku. Casticové systémy zalozené na
oxidech Zeleza vykazuji zhlediska biodistribuce zna¢né odlisné chovani
v porovnani s nizkomolekularnimi Gd** komplexy. Pohyb nizkomolekularnich
komplexii v biologickych tekutinach je pfednostné urcovan diftizi a omezovan pie-
vazné exkluznimi limity jednotlivych tkanovych rozhrani. Vylu¢ovacimu mechani-
zmu dominuje ledvinova filtrace (renalni exkrece). Naproti tomu biodistribuce na-
nocastic je ve stejném prostredi vétSinove ovliviiovana sorpci bilkovin na povrch
&astic, tzv. opsonizaci®. Vzhledem k rozmériim bilkovinnych struktur a nanoastic
je tieba uvazovat téZ sorpci ¢astic na molekulu bilkoviny; hlavni vylucovaci cesta je
pak urcena aktivitou retikuloendotelidlniho systému (RES). Cizorody povrch nano-
¢astic (jedna se o obecny jev neomezujici se pouze na nanocastice) je bezprostiedne
po depozici do krevniho obéhu obsazovan (opsonizovan) protilatkami a je takto
»oznacen“ pro pohlceni a zneSkodnéni cirkulujicimi nebo fixnimy fagocytujicimi
bunikami. V zavislosti na typu fagocytujici buiiky jsou pak nanocastice vylucovany
Z krevniho obéhu jatry, slezinou a miznimi uzlinami®!, kde dochazi k ptechodné
akumulaci ¢astic. Proces vylouceni Castic z téla je tak vyrazné delsi, nez rendlni ex-

krece. Jak uz bylo zminéno dfive, superparamagnetické ¢astice byly vyvijeny pied-
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nostné se zamérem systemického podani za ucelem kontrastovani prostoru krevniho
kompartmentuf. Plazmovy polocas nanocéstic je urCovan predevsim aktivitou RES;
po intravenoznim podani koloidniho nosi¢e dochazi k jeho eliminaci z krevniho
kompartmentu v fadu minut a typicka findlni biodistribuce ¢astic je pak 80-90 %
v jatrech, 5-8 % ve slezind a 1-2 % v kostni dfeni®’. Aby bylo mozZno dosahnout ex-
perimentalné realizovatelného kontrastu krevniho tfecist¢ v Case, bylo potieba upra-
vit povrch nanocastic tak, aby se opsonizace omezila a eliminace ¢astic z krevniho
ob¢hu fagocytujicimi bunkami snizila®® ®. K takovéto povrchové Upravé se pouzi-
vaji uz zmifiované vodorozpustné polymery jako dextran®, karboxydextran®®, hepa-

64,68 3 pon(N-vinylpyrolidon)ﬁg. Pro pozadovanou aplikaci je

rin®’, poly(oxyethylen)
tteba nalézt optimalni kompromis mezi hustotou polymerniho obalu a jeho tloust-
kou (celkovou hydrodynamickou velikosti &astic)’. V soucasnosti je u komeréné
dostupnych preparat pouzivan k pokryti povrchu superparamagnetickych oxidu ze-
leza pro systemické podani linearni polymer dextran, ktery zvysuje plazmovy polo-

¢as inad 2 hod.™.

3B.2.1 Povrchové tdpravy nanocastic pro znaceni kmenovych
bunék

Spolupracujici medicinska pracovisté se raciondlné snazila nejprve vyuZit pii
experimentech s kulturami mezenchymovych kmenovych bunék (MSC) dostupny
material, konkrétng preparat Endorem™ firmy Guerbet, coZ jsou &astice oxidi Zele-
za o pruméru 5,5 nm s povrchem pokrytym dextranem a celkovym hydrodynamic-
kym primérem asi 100 nm. Superparamagnetické ¢astice oxidu Zeleza predstavuji
vhodny zdroj MRI kontrastu vzhledem k tvorb¢ relativné velké nehomogenity mag-
netického pole. Jejich endocytovanim by doSlo ke ztotoznéni signdlu s konkrétni
bunkou, ktery by byl staly v relativné dlouhém ¢asovém utseku (v fadu dni az tyd-
ni). Zaroven se u Castice oxidu zeleza predpokladal jen maly toxicky Gcinek castic

na endocytujici buiiku. Pfirozenou soucasti nékterych typli mékkych tkéani je totiz

f Systemické podéani superparamagnetickych nanocéstic se postupné vyvinulo také v cilené kontras-
tovani miznich uzlin a jater diky aktivité¢ RES, a také plic, v nichz dochazi k pfechodné kumulaci ¢astic v
krevnich kapilarach diky jejich specifické anatomii.
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bilkovino-anorganickd kompozitni struktura zvana feritin, coz je superparamagne-
ticky fosfatovany krystalit ferihydritu (FEOOH-0,4 H,0, star$i zptisob zéapisu 5
Fe203:9 H,0) s primérem cca. 5-10 nm obaleny kulovitou vrstvou proteinovych fe-
tézcu apoferitinu, ktery velikost navysi na 13 nm®. Pfi kultivaci mezenchymovych
kmenovych bun¢k za tcelem vytvoreni experimentalni terapeutické kultury tak byl
do kultivaéniho média ptidavan kvili kontrastovani bun¢k vysSe zminény preparat
Endorem™ s &astecnd uspokojivymi vysledky. Spolupracujici pracovisté pozadova-
la oproti komercnimu preparatu, slouzicimu déle jako referenc¢ni vzorek, zmény

Vv téchto sledovanych parametrech:

e zvySeni procenta oznacenych bungk in vitro,

e _rovnomérné proznaceni‘ bunééné kultury,

e zvySeni mnozstvi Castic internalizovanych buiikou, tzn. zlepSeni kontrastu
kultury po implantaci,

e snizeni mnozstvi nanocastic adherovanych k vnéjsi stran¢ buné¢né membra-
ny a

e stejnou, nebo vysii viabilitu oznaenych bungk, neZ poskytuje Endorem ™.

Jako hlavni strategie naplnéni vySe uvedenych byla zvolena cesta vytvofeni no-
vého zplisobu pokryti povrchu SPIONSs. Stavajici dextranova obalka nanocastic totiz
byla vyvijena s ohledem na potlaceni opsonizace jejich povrchu. Tim se sniZila
nejen schopnost adhezni vazby mezi ¢asticemi a cirkulujicimi proteiny, ale i vazby
mezi ¢asticemi a proteiny fixnimi, napt. receptory bunécnych membran indukujici-
mi adhezi nebo endocytdzu. Tato snizend adheze k bilkovinnym strukturam bunéc-
nych membran pak s nejvétsi pravdépodobnosti zptisobovala maly podil ¢asticemi

oznacenych buné€k v kultufe, spolu s malym poc¢tem ¢astic internalizovanych jednot-

9 Vedle feritinu, ktery slouzi jako zasobni bilkovina pro Zelezo s oboustrannym transferem Fe iont,

Ize v lidském organizmu nalézt je$t€ hemosiderin. Ten je v organizmu ukladan vyhradné intracelularné
odpoveéd’ na piehlceni Zzelezem. Hemosiderin vznika ve formé nerozpustnych granulek s tvrdym jadrem
a bilkovinnou slupkou. Pomoci XRD byla potvrzena existence hemosiderinu ve dvou formach: (i) pri-
marn{ hemosiderin (s ferihydritovym jadrem) vznikajici jako odpovéd’ na piehlceni organizmu zelezem ze
stravy a (ii) sekundarni hemosiderin (s jadrem goethitu) jako nasledek opakovanych transfuzi pii 1é¢eni
thallasemie. Hemosiderin vznika také nasledkem krvaceni do mékkych tkani.
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livymi bunikami. Moznost chemické modifikace dextranového povrchu komerénich
¢astic nebyla rozvijena v této praci na zakladé predpokladu, ze zvétSovanim celko-
vého hydrodynamického rozméru by se pravdépodobnost endocytdzy snizovala ze
sterickych davodi.

Vhodnym piistupem ke zlepSeni kvantitativnich parametrt internalizace, tj. zvy-
Seni poctu ¢astic pohlcenych burikou a podilu ozna¢enych bunék v kultufe, se uka-
zala byt pfima modifikace povrchit SPIONs latkami, u kterych existoval teoreticky
¢1 prakticky podlozeny predpoklad specifické, ¢i nespecifické, indukce endocytdzy
(transportu bunéénou membranou). K zajisténi kvalitativnich parametrt internaliza-
ce, tj. zlepSeni rovnomérnosti proznaceni kultury a minimalnimu sniZeni viability
bunck, bylo nutné zohlednit toxicky vliv pouzitych latek na bunécnou kulturu. Di-
lezitou roli hral 1 vliv modifikace povrchii SPIONs na potlaceni tvorby ndhodnych
shluki (agregatii) Castic v Casovém intervalu od kontaktu ¢astic s kultiva¢nim médi-

em do okamziku tspé$né internalizace buiikou.

3B.2.1.1 D-manoza

D-manoza byla zvolena k povlékani nanocastic pro svou schopnost zprostfedko-

vat vysoce specificky kontakt SPIONs s bunikami prostfednictvim vazby

ke konkrétnim receptorim bunéénych membran. Zamérem bylo vyuzit interakce ty-
pu oligosacharid-lektin" s mandzovymi receptory buiiky, jejichz piitomnost, prvotng
pfisuzovana pouze buitkdm imunitniho systému (makrofagiim a dendritickym bun-
kam) byla potvrzena i u endotelovych bunék. Mysi a lidské lektiny s vazebnou akti-
vitou pro mandzu zahrnuji transmembranové proteiny makrofagi, lymfatického a ja-
terniho endotelu (MMR skupiny IV); Endol 180 fibroblastl, makrofagh a endotelo-
vych bunék; dendritickou neintegrinovou bunééné specifickou intercelularni adhezni
molekulu-3 (DC-SIGN) dendritickych buné¢k, alveolarnich a peritonealnich makro-
fagi; ji pribuzny L-SIGN (skupiny II, receptory typu 2), nebo jejich mySi homologa
(SIGNR), Langerin Langerhansovych bun¢k a povrchové proteiny A a D (skupiny

111)"#77. Vsechny tyto receptory jsou oznacovany souhrnné jako lektinové receptory

h Lektiny jsou cukry vazajici proteiny, které jsou velmi specifické diky motiviim podobnym sachari-
dovym strukturam. Hraji diilezitou biologickou roli v rozeznavani bunék a proteinti. Vyskyt urcitych typa
lektinti podminiuje naptiklad typ krevni skupiny jedince.
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typu C (CLRs) se schopnosti vazat cukry prostfednictvim jedné, nebo vice, sacharid
rozeznavajici domény (CRD) v procesu fizeném koncentraci vapniku’"’. Specific-
ka vazba k manoze je zprostiedkovana sekvenci aminokyselin tvotici CRD. Navic,
jejich trojrozmérna konformace a multimerizujici uspofadani umoznuji 1 vazbu
ke slozitéj$im strukturam nesoucim mandzové motivy. Linedrni uspofadani tii
CRDs v jednom polypeptidu mandzového receptoru je vhodné pro rozeznani jednot-
livych koncovych mandézovych motivii. CRDs jsou tak schopny vazby i s povrchy
s vysokou hustotou koncovych manoézovych jednotek78. Transmembranovy mano-
zovy receptor zprostiedkovava endocytozu a funguje tak jako antigen-pohlcujici re-
ceptor’*®. MMR-IV receptory takto rozeznavaji patogeny jako Pneumocystis cari-
nii, Candida albicans, Leishmania donovani, Trypanosome cruzi a piislusniky rodu
Mycobacterium. DC-SIGN pak rozeznava virové patogeny jako HIV, virus hepatiti-
dy typu C, cytomegalovirus, Dengue, nebo Ebola. Dalsi podrobné informace o sou-
Casném stavu terapeutického cilového smeérovani pomoci manodzy lze nalézt

v literatuie®,

CH,OH

O
OH O

OH OH

Obr. 5. Vzorec D-manézy; a-D-Manopyrandza

Lze ptedpokladat, ze mandza se k povrchu maghemitu vaze diky synperiplanar-
nimu uspofadani hydroxylovych skupin v poloze 2 a 3 ve své molekule. Navic je
znamo, ze aromatické 1,2-di- a 1,2,3-trihydroxylové slouceniny (napt. dopamin a
kyselina gallovd) poskytuji s Zelezitymi ionty barevné komplexy. Tento predpoklad
se potvrdil, nebot’ po modifikaci nanocastic D-mandzou a nasledném opakovaném
promyti produktu demineralizovanou vodou a odstfedéni byl vypocten obsah mano-
zy z vysledkt elementarni analyzy ve vysuseném vzorku 19 hm.%. Tento vysledek
byl potvrzen opakovang i po elu¢nim testu 0,15 mol-dm™ NaCl. Z takto vysokého
obsahu mandzy v konjugatu lze odvodit, Ze mandza pokryva povrch maghemito-

vvvvvv

navrzen model pokryti, ktery zahrnuje tvorbu vodikovych vazeb mezi ortho-
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dihydroxylovymi skupinami D-mandzy v polohach 2 a 3 s hydroxylovymi skupina-
mi v poloze 1 a 4 (obr. 6). Obr. 7 popisuje adsorpci D-mandzy na povrch ¢astic. Pii
nizkych pomérech D-manodza/y-Fe;O3 se vétS§ina D-mandzy sorbovala na povrch
¢astic; s rostoucim pomérem podil adsorbované manodzy postupné klesal az do dosa-
zeni konstantni hodnoty. Z obr. 7 tak lze usuzovat, Ze mnozstvi adsorbované D-
manozy na povrchu nanocastic je do dosazeni hmotnostniho poméru D-manéza/y-
Fe,O3 ~ 1 nezavislé na celkové koncentraci D-mandzy v roztoku a je vysledkem
chemisorpce. Pritomnost D-mandzy na povrchu nanocastic maghemitu potvrzuje i
ATR-FTIR analyza suchého promytého vzorku (obr. 8).
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Obr. 6. Schématicky navrh uspofadani molekul D-man6zy na povrchu nanocastice
v-Fe;03.

D-mandézou modifikované ¢astice vykazovaly odolnost vici agregaci
Vv kultivatnim DMEM médiu obohaceném 10 hm.% FBS (fetal bovine serum). Se
zvySujicim se obsahem D-manédzy vzhledem k maghemitu se mnozstvi adherova-
nych FBS bilkovin na povrch ¢astic snizovalo (obr. 9). Byl nalezen optimalni hmot-
nostni pomér D-manoza/y-Fe;O3 = 2,6 z hlediska internalizace ¢astic bunkami (tab.
1). Pfi vy$§im poméru jiz dochézelo vedle internalizace 1 k nezadouci adhezi nano-

¢astic na vnéjsi sténu bunééné membrany, coz se zaroven projevilo zhor§enim viabi-
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lity MSC patrné z divodu omezeni transportnich funkci bunééné membrany. Pii op-
timalnim poméru byla pozorovana (obr. 10) vyssi internalizace Castic potkanimi
(57£6 %) a lidskymi (8445 %) mezenchymovymi kmenovymi buikami® neZ u ko-
meréniho Endoremu™ (37+6 % pro potkani a 6245 % pro lidské buiiky). Viabilita

bun&né kultury®® dosahovala 80-95 %.

80

60

Adsorbovana manoéza (%)

O 1 1 1 1
0 1 2 3 4 5

D-mandzaly-Fe,0z (m/m)

Obr. 7. Zavislost mnozstvi adsorbované D-mandzy na povrch nanocastic z roztoku
na poméru D-manéza/y-Fe,Os.
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Obr. 8. ATR FTIR spektrum maghemitovych nanocastic (a) pted a (b) po modifikaci
povrchu D-manozou (vzorek €. 4, tab. 1); (c) spektrum ¢isté D-mandzy.
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Obr. 9. Vliv poméru D-mandza/y-Fe,Os na pokles koncentrace sérového proteinu v
kultivacnim médiu, vztazenému k standardu (vychozi DMEM médium zfedéno vo-
dou v obj. poméru 1/1) po sorpci proteinu D-mandzou modifikovanymi nanocasti-
cemi. Stanoveno UV spektrofotometrii pfi 274 nm.
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Tab. 1. Znaceni bun¢k nemodifikovanymi a D-man6zou modifikovanymi nano¢asti-
cemi a jejich charakteristiky.

Vzorek ¢. D-manéza/y- Dy (nm)? PDI Podil oznade-
Fe,03 (W/w) nych bunék® (%)
Endorem™ - 5,6 1,45 58,6
2 0 6,05 1,46 27,9
3 13 59 1,39 49,1
4 2,6 6,6 1,33 80,6
5 41 6,4 1,26 51,3

2D, — &iselny pramér velikosti Eastic stanoveny obrazovou analyzou TEM fotografii; ° PDI —

index polydisperzity; © ptimér z 10 méfent;
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Obr. 10. Mikroskopické snimky mezenchymovych kmenovych bunék kostni dfené
potkana znacenych (a) Endoremem™ (kontrolni experiment), (b) primarnimi nemo-
difikovanymi nanocasticemi maghemitu a (¢) D-mandzou modifikovanymi maghe-
mitovymi nanocasticemi (vzorek €. 4, tab 1). Métitko 50 um. (f) Histogram znéazor-
nujici distribuci intenzity obarveni nanocastic Berlinskou modii v potkanich stro-
malnich buiikdch znaenych Endoremem™ nebo D-mandzou modifikovanymi
maghemitovymi nanocasticemi.
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Podrobnosti Ize nalézt v piiloze &. 1 a 4 této prace®* ®.

3B.2.1.2 Poly(L-lysin)

Poly(L-lysin) (PLL) ma jako polykation schopnost indukovat endocytozu nespe-
cificky prostiednictvim elektrostatickych interakci se zaporné nabitym povrchem
bunéénych membran (klidovy potencial sav¢ich bunéénych membran dosahuje dle
typu buiiky -50 az -100 mV)®. PLL je také vyuZivan v mikrobiologii jako &inidlo
zajistujici adhezi buné¢nych kultur ke sténam kultiva¢nich nadob. Dale je pouzivan

. NV o . .87
1 jako transfekéni €inidlo v genovém inzenyrstvi a genové terapii- .

Obr. 11. Vzorec poly(L-lysinu).

K modifikaci povrchu zaporné nabitych nanocastic y-Fe,O3 jsme zamysleli vyu-
zit predevsim elektrostatickych interakci s kladné¢ nabitym PLL v kombinaci
s minoritni komplexaci koncovych karboxylovych skupin PLL s elektrondeficitnimi
povrchovymi atomy Fe. Sledovanim zavislosti zeta potencidlu na hmotnostnim po-
méru PLL/y-Fe;O3 jsme dle ocekavani zjistili, ze srostoucim pomérem zeta
potencial roste (obr. 12). Pii poméru vy$$im nez 0,009 zeta potencial jiz nabyval ta-
kovych hodnot (> -42 mV), ze nebyl schopen zajistit dostateénou elektrostatickou

repulsi Castic a tyto agregovaly.
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Obr. 12. Zavislost zeta potencidlu na poméru PLL/y-Fe,Os.

Pomoci DLS byl popsan vliv poméru PLL/y-Fe,O3 na hydrodynamickou velikost
modifikovanych nanocastic a jejich polydisperzitu v ¢asovém rozsahu do 152 dnt od
ptipravy materialu (obr. 13). Zjistili jsme, Ze od poméru PLL/y-Fe,O; = 0,02 wiw
dochazi s dalsim zvySenim mnozstvi PLL (M, = 93 800) k vyraznému nartstu jak
hydrodynamického primeéru, tak i polydisperzity, coz nas vedlo k zavéru, ze nad
pomérem > 0,02 w/w dochazi k vzajemnému spojovani nanocastic pomoci fetézctu PLL
(tzv. bridging). Efekt spojovani ¢astic fetézci PLL narGsta s ¢asem, proto byla doba
pouzitelnosti vzorkli ke znaceni bunéénych kultur stanovena na 90 dnl od piipravy

materialu.
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Obr. 13. Zavislost (a) hydrodynamického primeéru ¢astic Dy, a (b) polydisperzity,
métenych pomoci DLS, na poméru PLL/y-Fe,Os (m) 1 den a (0) 152 dnti po ptipra-
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Testem na bunéénych kulturach (obr. 14) bylo zjisténo, ze jiz pii nizkych pomé-

rech PLL/y-Fe,O3, konkrétné 0,002 w/w, doslo kcca. zdvojnasobeni procenta

potkanich mezenchymovych kmenovych bunék oznacenych nanoc¢ésticemi

V porovnani s pouzitim nemodifikovanych castic. Jako optimalni byl stanoven

pomér PLL/ y-Fe;,O3 = 0,009 w/w, kdy bylo dosazeno 92 % proznaceni bunééné

Kultury, v porovnani s 28 % pro nemodifikované Castice. Komer¢ni preparat za

identickych podminek proznacil 60 % bun¢k v populaci (tab. 2).
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Obr. 14. Mikroskopické snimky rMSCs znac¢enych maghemitovymi nanocasticemi
modifikovanymi PLL — vliv molekulové hmotnosti PLL. My, = (a) 146, (b) 9 200,
(c) 58 900, (d) 93 800 a (e) 579 000. Métitko 50 um. (f) Histogram ukazuje zavislost
intenzity vybarveni nanoc¢astic modifikovanych PLL a standardu Endorem ™™ Berlin-
skou modii - molekulové hmotnosti PLL. Sedé sloupce reprezentuji podil ozna-
cenych buné¢k ¢asticemi v kultute a ¢erné sloupce pak podil intenzivné oznacenych
bunék v kulture.

Tab. 2. In vitro znaCeni mezenchymovych bun¢k kostni dfené¢ (MSC) nanocasticemi
maghemitu s povrchem upravenym PLL
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Koncentrace PLL/y- Oznagené buiiky® (%)

Vzorek Modifikace “pr [ v-Fe,05 Fe,04 (nm) pDI’ MSC MSC
(mg/ml) (mg/ml) (wiw) (potkani)  (lidské)
1 0 - 2.2 0 6.05 1.46 27.9 -
2 PLL! 0.005 2.2 0.002 6.2 1.32 48.6 -
3 PLL¢ 0.01 22 0.005 6.2 1.37 65.5 -
4 PLL® 0.02 2.2 0.009 5.5 1.30 92.2 87.5
Endorem™ Dextran 11.2° ) 5.4 1.43 60.0 65.2

* D, — &iselny pramér velikosti &stic stanoveny obrazovou analyzou TEM fotografii; ® PDI —index po-
lydisperzity; ¢ pimér z 10 méfeni; ¢ M,, = 388 100; ¢ mg Fe/ml.

Dale bylo k modifikaci povrchu nanoc¢astic pouzito Sest riznych molekulovych
hmotnosti PLL, konkrétné 9 200; 58 900; 93 800; 388 100; 579 000 a 146 (samotny
L-lysin). Pii My, = 579000 bylo pozorovano oznaceni 90 % buné&tné populace (tab.
3), avsak na vngjSich stranach bunéénych membran byly ptitomny i neodmyvatelné
shluky okludovanych ¢astic. Jako optimalni z hlediska procenta oznacenych bunék
Vv kultuie byl stanoven rozsah molekulovych hmotnosti PLL 90 000-400 000. Pii
ovéfovani vysledkil na kultufe lidskych stromalnich bunék bylo dosazeno prakticky

stejnych vysledk.

Tab. 3. Vliv molekulové hmotnosti PLL na procento oznaceni potkanich MSCs modifi-
kovanymi maghemitovymi nano¢asticemi®.

M, Endorem™® 146 9,200 58,900 93,800 388,100 579,000
Oznacené 58.6 80.6 87.6 84.7 90.4 92.2 90.5
bunky® (%)

@ yzorek &.3 z predchozi tabulky; ° kontrolni vzorek; ¢ pramér 15 méfen.

S rostoucim pomérem PLL/y-Fe;O3 se mirné zvysovala adsorbce proteint
z zivného DMEM média obohaceného 10 % FBS na povrch PLL modifikovanych
castic (obr. 13). Lze tak piedpokladat synergické ptsobeni PLL a adsorbovanych

proteintt FBS na internalizaci Castic buikami. Mnozstvi adsorbovanych proteina
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FBS vsak nezaviselo na molekulové hmotnosti PLL pouzitého k pokryti nanoc¢éstic
(obr. 14).
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Obr. 15. Vliv hmotnostniho poméru PLL/y-Fe,O3 na koncentraci sérového proteinu
Vv kultiva¢nim médiu vztazené k vychozi koncentraci (DMEM/voda = 1/1 v/v) po
adsorpci na PLL-modifikovanych maghemitovych nanocasticich. Koncentrace séro-
vého proteinu byla stanovena UV spektrofotometrii pti 274 nm.
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Obr. 16. Vliv molekulové hmotnosti PLL na koncentraci sérového proteinu
Vv kultiva¢nim médiu vztazené Kk vychozi koncentraci (DMEM/voda = 1/1 v/v) po ad-
sorpci na PLL-modifikovanych maghemitovych nanocasticich. Koncentrace sérového
proteinu byla stanovena UV spektrofotometrii pti 274 nm; PLL/y-Fe;O3 = 0,009 w/w -
vzorek ¢. 4, tab. 2.
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Aminokyselinova analyza hydrolyzatu zivného média po separaci pifidanych
PLL modifikovanych ¢&astic neprokdzala narGst koncentrace L-lysinu (tab. 4),
Z ¢ehoz lze usuzovat, ze ve styku s zivnym médiem k desorpci PLL z povrchu
nanocastic nedochazelo, coz ostatné potvrzuje i korelace procenta oznacenych

bun¢k s PLL/y-Fe;O3; pomérem (tab. 2).

Tab. 4. Koncentrace L-lysinu v hydrolyzovaném supernatantu po odstranéni modifiko-
vanych a nemodifikovanych nanoéastic maghemitu z média®

Vzorek modifikace médium LL® (mg/ml)
1 PLL NaCl 0.015
2 - DMEM/FBS 0.419
3 PLL DMEM/FBS 0.281
4° - DMEM/FBS 0.613

0,64 ml koloidu (34,7 mg y-Fe,O3/ml); ° L-lysin po hydrolyze; ¢ kontrola (médium bez ptidavku nano-
castic).
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Pfitomnost PLL na povrchu maghemitovych castic byla prokdzdna ATR FTIR

spektroskopii (obr. 16).

(i)

Absorbance
Absorbance

1400 1200 1000 800 2000 1800 1600 1400 1200 1000 800

2000 1800 1600
Vinoget (cm™)

Vinoget (cm™)

Obr. 17. ATR FTIR spektra y-Fe,O3 nanocastic pied a po modifikaci povrchu po-
moci (a) LL a (b) PLL; (i) maghemit ptfed modifikaci, (i1) po modifikaci a (iii) spek-
trum Cistého LL (a) a PLL (b).

Schopnost poskytovat kontrast pii MR zobrazovani PLL modifikovanych

maghemitovych nanocastic jako znaciciho ¢inidla mezenchymovych kmenovych bunék

byla uspé€sné potvrzena pii testech in vitro i in vivo na krysim modelu (obr. 18)
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(b)

Obr. 18. (a) Axiélni a (b) radidlni MR zobrazeni mozku potkana s 1 000 bunikami
oznacenymi maghemitovymi nanoc¢asticemi modifikovanymi PLL implantovanymi
do levé hemisféry a 1 000 buiikami znadenymi Endoremem™ implantovanymi do
pravé hemisféry. MR obrazy byly pofizeny tfi dny po implantaci. ZvétSena pole
dobfe ukazujici zlepSeni signalu v levé hemisféie oproti signalu v pravé hemisfére.

Vice podrobnosti 1ze nalézt v piilohach &. 2 a 4 této prace®* %,

3B.2.1.3 Poly(N,N-dimethylakrylamid)

Poly(N,N-dimethylakrylamid) (PDMAAmM) byl zvolen k povlékani y-Fe,O3 jako
neutralni hydrofilni polymerni material. PDMAAm velmi snadno polymerizuje ve
vodnych i organickych prostfedich do velmi vysokych konverzi, dobie kopolymeri-
zuje s mnoha funkénimi komonomery a téz snadno vytvafi pravidelné sité, zejména

se sitovadly akrylatového typu®.

CH_CHZ__
C|3=O
N
H3C/ \CH3
n

Obr. 19. Vzorec poly(N,N-dimethylakrylamidu)
Pouziti PDMAAm k Uprave povrchl y-Fe,Oj3 tak nabizelo nékolik vyhod: a) ste-

rickou stabilizaci prostfednictvim fetézct vodorozpustného, netoxického a inertniho
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polymeru® #, b) omezeni interakci povrchi y-Fe,Os se sérovymi bilkovinami, které
vedou k tvorbé velkych a relativné kompaktnich shlukii ¢astic a sérovych proteint a
c¢) relativné snadné zavedeni funkc¢nich skupin kopolymerizaci s vhodnymi komo-
nomery, které umoziuji nasledné kovalentni navazani vysoce specifickych biomo-
lekul, jako jsou protilatky, enzymy, peptidy, cukry, apod. Navazani biospecifickych
molekul k povrchu y-Fe;O3 prostiednictvim funkcionalizovaného PDMAAm tak by-
lo prvotnim zdmérem tohoto ptistupu.

Pfi po¢ate¢nim experimentalnim ovéfovani toxicity PDMAAm modifikovanych
SPIONs na bunécnou kulturu mezenchymovych kmenovych bun¢k vsak byl pozo-
rovan vyrazny efekt zvySeni internalizace nanocéstic buiikami. V porovnani
s nepovledenym y-Fe,0; a Endoremem™, &astice spovrchem upravenym
PDMAAm oznacily vyrazné vice potkanich i lidskych stromalnich bunék v kultute
(tab. 5). Builky oznacené Casticemi s povrchem upravenym PDMAAm vykazovaly
rovnéz vys§i viabilitu v porovnani s ¢asticemi nepovleceného y-Fe,O; a

Endoremem™.

Tab. 5. Efektivita znaeni mezenchymovych kmenovych bunék nemodifikovanymi
maghemitovymi nanocasticemi, ¢asticemi s povrchem upravenym PDMAAm a kontrol-
nim Endoremem®.

Procento oznacenych bunék

rMSC hMSC

®
Endorem 3946 68 + 5
Nemodifikovany y-Fe,0, 46+ 5 70+ 5
59+5 82+5

PDMAAmM-modifikovany y-
Fe,Os

K povrchové modifikaci ¢astic byla pouzita roztokova polymerizace DMAAmM
ve vodném koloidu y-Fe;O3 iniciovana 4,4"-azobis(4-kyanovalerovou kyselinou)
(ACVA). Byla zjisténa piiméa iméra mezi mnozstvim ACVA v ndsadé a mnoZstvim
PDMAAmM na povrchu promytych ¢astic. Pfi mnozstvi ACVA > 15 mg na 500 mg

v-Fe,03 Castic v ndsade¢ byla po polymerizaci pozorovana nezadouci agregace castic.
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Tab. 6. Povrchova tprava maghemitovych nanocastic roztokovou polymerizaci DMA-

Am.
Polymeriza¢ni nasada Stabi-
\:orek y-Fe;0;  DMAAm  ACVA litako- Dy’ (nm) MAX?:(??:;';;)
@) @) (mg) loidu
18 0,5 0 0 - 127 +£3 0
2° 0,5 0,5 0 - 161 +3 0,21
3 0,5 0,375 3,8 agr. n.a.
4 0,5 0,5 5 ++ 81,4+0,6 0,7
5 0,5 1 10 ++ 56,9 +£0,3 1,2
6 0,5 1,5 15 + 171 +£5 1,95
7 0,5 1 5 ++ 77,8+0,3 1,52
8 0,5 1 15 + 172 £ 22 1,7
9 0,5 1 20 agr. n.a. 2,74
10 0,5 1 30 agr. n.a. 4,95
11 0,5 0,375 10 ++ 55+5 1,03
12 0,5 0,5 10 ++ 67+3 1,1
13 0,5 1,5 10 agr. 328+4 1,06
14 0,5 2 10 agr. 614 + 12 1,6
15 1 1 10 ++ 76,6+0,5 2,1
16 1,5 1 10 ++ 83,5+0,2 0,88
17 2 1 10 ++ 75,1+0,1 0,96
18 2,5 1 10 ++ 76 £0,5 0,74

2 Priméarni nemodifikovany y-Fe,O; (kontrola);® roztok PDMAAmM byl pridan k nemodifikovanym y-
Fe,0; &asticim; ¢ Dy, hydrodynamicky pramér &stic stanoveny pomoci DLS; ¢ vypo&et z analyzy prvki.

- slaba stabilita (agregace pozorovana do tydne); + vysoka stabilita (do 3 mésicii od piipravy se nevy-
skytl sediment); ++ velmi vysoka stabilita (sediment se nevyskytl do 6 mésict od ptipravy).

Vliv ACVA na fyzikalné-chemické vlastnosti koloidu maghemitu byl detailné
vySetfen méfenim pH, Dy, a zeta-potencidlu v zévislosti na ménicim se hmotnostnim
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poméru ACVA/y-Fe;,03. Obr. 20 ukazuje, Ze pii hmotnostnim poméru ACVA/y-
Fe,O3 vyssim nez 0,02 dochézi ke skokovému nartistu hydrodynamické velikosti
Castic a Casteénému vyskytu agregatl, ktery se s rostoucim pomérem dale prohlubu-
je. Vysvétleni lze nalézt v rustu zeta-potencialu nad hodnotu -30 mV pf#i prekroceni
poméru 0,02. Narast zeta-potencialu je indukovan snizovanim pH s rostoucim
mnozstvim ACVA v koloidu, (obr. 20). Moznou cestou, jak zvysit mnozstvi PD-
MAAm véazaného k povrchu nanocéstic y-Fe;O3 a zdroven potlacit vznik agregati
by tak mohlo byt pouziti ACVA ve form¢ draselné ¢i sodné soli, tato moznost v§ak

dale z ¢asovych divodu rozvijena nebyla.

¢ (mv)

.50 1 1 1 1 1 1 1

0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14
ACVA/y-Fe,0, (w/w)

Obr. 20. Zavislost (m) hydrodynamického praméru Dy, (a), (#) C-potencialu a (¢) pH (b)
na hmotnostnim poméru ACVA/y-Fe;0s.

Piitomnost PDMAAm na povrchu y-Fe,Os3 ¢astic po polymerizaci a jejich
dukladném promyti byla potvrzena ATR FTIR spektroskopii (obr. 20)a prvkovou
analyzou (tab. 6). Molekulové hmotnosti PDMAAm na povrchu nanocastic, které
byly stanoveny pomoci HPLC-DLS po rozpusteni y-Fe;O3 Vv kyseliné a odsoleni ve
vodném roztoku, ¢inily My, ~ 1000 000 (obr. 21).
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Obr. 20. ATR FTIR spektra nanocastic y-Fe,O3 pied a po tpravé povrchu pomoci
PDMAAmM. (a) Pied tpravou, (b) uprava roztokovou polymerizaci v pfitomnosti na-
nocastic y-Fe,O3 (¢. 3, tab. 6), (c) uprava enkapsulaci nanocastic y-Fe,O3 piedem
ptipravenym PDMAAm — (¢. 2, tab. 6), (b-a) a (c-a) rozdilova spektra piislusnych
modifikovanych nanocastic a vychoziho y-Fe;03, a (d) ¢isty PDMAAmM.
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Obr 21. Konverzni kiivky roztokové polymerizace DMAAmM v (A) pfitomnosti a (O)
nepiitomnosti nanoc¢astic y-Fe;03 V polymerizaéni nasade.
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Koloidni stabilita nanocastic y-Fe;Osz S povrchem upravenym polymerizaci
DMAAm byla sledovana méfenim Dy a PDI pomoci DLS v rozsahu 120 dni od pfi-
pravy (obr. 22). Z obrazku je dobte patrné zvyseni dlouhodobé stability koloidu po-
lymerizaci DMAAm pfi pouziti poméru ACVA/y-Fe;,03 > 0,02 w/w v porovnani

s nemodifikovanymi maghemitovymi ¢asticemi.
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Obr. 22. Zavislost (a) hydrodynamického priméru ¢astic Dy, a (b) polydisperzity v
Case od ptipravy, méteno pomoci DLS; ( A ) nemodifikovany y-Fe;O3 €. 1, PDMA-
Am-modifikovany y-Fe,O3; (#) ¢. 18 (ACVA/y-Fe,O3 = 0,004 w/w) a (m) ¢. 13
(ACVA/y-Fe 03 = 0,02 w/w) (tab. 6).
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Obr. 23. (a) Viabilita potkanich (m) a lidskych MSCs (0) znaenych nanocasticemi
oxidu zeleza. Jako PDMA Am-modifikované ¢éstice byl pouzit vzorek (tab. 6, ¢. 7).
(b) Uinnost znaceni kultury vyjadiena jako procento potkanich MSCs (pro 1.-5. pa-
saz; sloupce 1-5) znacenych nemodifikovanymi y-Fe;O; (o) a PDMAAmM-
modifikovanymi y-Fe,O; nano&asticemi (tab. 6, &. 7) (m) a Endoremem™ (m). (c)
Distribuce intenzity vybarveni Berlinskou modii rMSCs buné¢k s pohlcenymi nemo-
difikovanymi y-Fe,O3 (o), PDMAAm-modifikovanymi y-Fe;O3; nanocasticemi (m) a
Endoremem™ (o) (0sa x). (d) Histogramy intenzity vybarveni potkanich a lidskych
mezenchymovych kmenovych bunék; je zietelnd vyrazn¢ vyssSi intenzita znaceni
lidskych mezenchymovych bunék (m) v porovnani s potkanimi ([J).
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Obr. 24. T,-vazené MR zobrazeni mozku potkana s 5000 rMSCs zna¢enymi PD-
MAAmM-modifikovanymi maghemitovymi nanocasticemi (tab. 6, ¢. 7) implantova-
nymi do levé hemisféry a znatenymi Endoremem™ a implantovanymi do pravé
hemisféry. Bilé Sipky ukazuji misto implantace bunék do potkani hlavy, ¢erné Sipky
ukazuji misto vyskytu nanocastic maghemitu. Obrazek tak zndzornuje nejen lepsi
kontrast v porovnani s komerénim preparatem, ale i postimplantaéni migraci kme-
novych bunék mozkovou tkani.

Podrobnosti 1ze nalézt v ptilohach 3 a 4 této préce84’ %,
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3C. MAGNETICKE POLYMERNI MIKROCASTICE

Jak jiz bylo naznaeno vySe, magnetické polymerni mikroc¢astice jsou kompozitni
materialy, kde polymer tvofi zpravidla hlavni objemovy podil - matrici, v niz jsou ulo-
zeny superparamagnetické nanocéstice (magnetické plnivo); polymer tak dominantné
urcuje morfologii mikroc¢astic. Velikosti mikroc¢astic se nachazeji nejcastéji v intervalu
0,3-100 um. Z aplikacniho hlediska se magnetické polymerni mikroc¢astice uplatiiuji
nejcastéji jako separacni a transportni média; velkou pozornost v poslednich letech pak
pritahuji diagnostické nastroje v podob¢ mikrocasticovych imunoeseji.

Uzitnd hodnota magnetickych polymernich mikroc¢astic pro danou aplikaci zavisi na
mnoha vlastnostech, zejména hodnoté nasycené magnetizace, morfologii, tvaru, velikos-
ti a jeji distribuci. Mezi mnoha moznymi tvary (ty€inky, trubky, prstence, disky, nepra-
videlné tutvary, atd.) zaujimd vyjimecné postaveni tvar koule a to diky jejim hydrody-
namickym vlastnostem. V porovnanim s ostatnimi tvary, soubory pravidelnych kouli
trpi nejmenSim vzdjemnym mechanickym odérem a vykazuji nejmensi sklony
k fragmentaci ptisobenim mechanickych a hydrodynamickych sil v pribéhu manipulace.
Spolu s pravidelnym kulovitym tvarem pak hraje dulezitou roli i distribuce velikosti
Castic, protoze monodisperzni ¢astice (nebo alespon s tizkou distribuci velikosti; index
polydisperzity PDI'= 1,0-1,3) vykazuji jednotné fyzikalni a fyzikalng-chemické vlast-
nosti a jejich soubory v kapalinach jsou odolngjsi vici shlukovani, nez soubory ¢astic
polydisperznich. Pro biologické aplikace v kapalnych prostiedich jsou pak nejvhodné;si
Castice o velikostech v intervalu 0,5-5 um. Vétsi ¢astice totiz nabizeji mensi specificky
povrch dostupny pro navazovani funkénich skupin, nebo pro imobilizace biologicky
aktivnich latek. U menSich castic pak hrozi zhorSeni jejich ,,manipulovatelnosti® vn¢j-
Sim magnetickym polem, protoze takové ¢astice mohou vykazovat nizkou magnetickou
susceptibilitu a pfi pokusu o zachyt pomoci vnéjsiho magnetického pole mize dojit
k ptevaze hydrodynamickych sil nad silami magnetickymi.

Komeréné dostupné mikrocastice pro magnetické separace maji matrice vyrobené ze

syntetickych nebo pfirodnich polymert. Polystyrenové (PS) a poly(methyl-

'PDI = D,/D,; D,, = Zn,D;*/=n,D;>; D,, = Tn;Dy/Zn;
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methakrylatové) (PMMA) matrice pak patii k tém nejcastéjsim. Jejich vyhodou je rela-
tivné levna, snadna a praimyslové dobfe zvladnuta vyroba heterogennimi, pievazné o/w,
polymeriza¢nimi technikami. V bioaplikacich vSak pomérné velkou nevyhodu predsta-
vuje relativné vysoka hydrofobicita polystyrenovych povrchi, ktera zpusobuje neza-
douci nespecifické adsorpce proteinli k separacnimu médiu. Tato nespecificka adsorpce
prostfednictvim hydrofobnich interakci snizuje u imunoeseji €innost imunospecifické
reakce s antigenem diky pifevrstveni navazané protilatky adherujicimi proteiny. Soucas-
n¢ zhorSuje také selektivitu, protoze vedle specificky vazanych antigenti k protilatce
mohou jiné antigeny adherovat nespecificky. Zminéné vlivy vedly ke snaze zvysit hyd-
rofilitu povrchi ¢astic, a to bud’ prostiednictvim modifikaci hydrofobnich povrchd hyd-
rofilnimi latkami, jako je kyselina polyakrylova, poly(oxyethylen), dextran, apod., nebo
pouzitim hydrofilnich polymert pfimo k vyrobé matrice ¢astic. K ptipravé hydrofilni
matrice magnetickych mikrocastic jsou nejcasteji pouzivany piirodni polymery dextran
a celuloza, ze syntetickych se nejdiive do poptedi zajmu dostal poly(2-hydroxyethyl-
methakrylat) (PHEMA) jakoZto biokompatibilni, netoxicky, mechanicky odolny materi-

, ’ . ’ - 093
al s nizkou nespecifickou adsorpci proteinti™.

3C.1 Priprava magnetickych polymernich mikrocastic

Ptiprava magnetickych polymernich mikroc¢astic zahrnuje rtizné postupy ‘“zabaleni‘
magnetickych plniv do polymerni hmoty; vznikaji tak riizné morfologie kompozitnich
¢astic. Podle distribuce magnetickych castic v polymerni matrici 1ze kompozitni ¢astice
zafadit do jedné ze tfi zakladnich morfologickych skupin kompozitnich ¢astic (obr. 25):
a) typ slupka—magnetické jadro (,,core-shell®), b) ¢astice s homogenni (nahodnou) dis-
tribuci plniva v mikroc¢asticové matrici (,,homogeneous multicore®) a c¢) Castice
s povrchovou (podpovrchovou) vrstvou magnetického plniva na polymernim téle

(,,strawberry* morfologie).
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Obr. 25. Morfologie polymernich mikro¢astic s magnetickymi plnivy: a) typ slupka
— magnetické jadro, b) homogenni (nahodnd) distribuce plniva v mikro¢asticové matrici
a c¢) povrchova (podpovrchovd) vrstva magnetického plniva na polymernim téle.

Nanokompozitni mikroc¢astice 1ze pfipravit tfemi zakladnimi pfistupy, jimiz jsou:
e Enkapsulace oddélené pripravenych magnetickych plniv hotovymi polymery.

Sem patii separace fazi, metoda odpafovani rozpoustédla, proces ,vrstva za
vrstvou®, ,,sol-gel“ metody.
e In situ ptiprava magnetickych ¢astic uvniti porti predem piipravenych poréznich
polymernich mikro&astic™.
e Heterogenni polymeriza¢ni techniky vedené v pfitomnosti magnetickych ¢éstic
Vv reak¢énim prostiedi. Do této skupiny patii suspenzni, disperzni, emulzni, mini-
emulzni a mikroemulzni polymerizace.
Enkapsulace oddé€lené piipravenych magnetickych plniv hotovymi polymery a in si-
tu ptiprava magnetickych ¢astic uvnitt pora Castic nebyly predmétem této prace, proto
nejsou Vv dalsim textu rozvedeny. Jejich podrobnéjsi prehled vsak lze nalézt v ptiloze ¢.

S5 této précegs.

3C.1.1 Heterogenni polymeriza¢ni techniky vedené v pritomnosti
magnetickych ¢astic

Magnetické polymerni mikrocastice jsou piipravovany polymerizaci riznych typid
monomertl v piitomnosti disperzi magnetickych nanocastic. V heterogennich polymeri-
zaCnich systémech hraje dilezitou roli typ, rozmér a polydisperzita nanocastic, dale pak
jejich dispergovatelnost a agregacni stabilita v polymerizacnim médiu. Pfestoze jsou
heterogenni polymeriza¢ni techniky v literatufe pomérné ostie rozdéleny na suspenzni,
disperzni, emulzni, miniemulzni a mikroemulzni polymerizace, v praxi n¢kdy nelze
dany funk¢ni heterogenni systém piesné zafadit do konkrétni kategorie. Dalsim kompli-
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kujicim faktorem, jak z hlediska Kklasifikace, tak samotného provadéni polymerizace, je
pfitomnost nanocastic v polymerizac¢ni nasad¢. Tyto nanocastice Casto ovliviuji kineti-
ku polymerizace, srdzeni vznikajici polymerni fdze a celkovou stabilitu systému.
Z téchto duvodt by mélo mit magnetické plnivo vyssi afinitu k monomertim, a z nich
vznikajicim polymertim, v porovnani s afinitou K jinym slozkam polymeriza¢niho sys-
tému, zejména ke stabilizatorim a emulgatorim. Vyss$i afinita ke stabilizatorim a
emulgatorim, v porovnani s afinitou K monomertam a jejich polymerim, vyrazné ovliv-
nuje morfologii piipravovanych kompozitnich mikrocastic. Dochazi k transportu nano-
plniva z monomerni faze na fazové rozhrani formujici se mikrocastice (obr. 26-28, pori-
zeno na vzorcich pripravenych Ing Hanou Mackovou, PhD.), nebo dokonce k tiplnému

ptechodu (vypirani) plniva z monomerni do kontinualni (Casto vodné) faze.

Obr. 26. Transmisni elektronova mikrofotografie fezu mikrocasticemi pfipravenymi
inverzni emulzni polymerizaci N-isopropylakrylamidu v pfitomnosti magnetickych na-
nocastic; emulgatorem byl sorbitolmonooleat (Span 80).
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Obr. 27. Transmisni elektronova mikrofotografie fezu mikroc¢astici pfipravenou srazeci
polymerizaci N-propargylakrylamidu v toluenu v piitomnosti magnetickych nanoc¢astic
modifikovanych kyselinou olejovou.

|
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Obr. 28. Transmisni elektronovd mikrofotografie fezu poly(2-hydroxyethyl-
methakrylat-co-glycidyl-methakrylatovymi) mikroc¢asticemi piipravenymi disperzni
polymerizaci ve smési toluen/2-methylpropan-1-ol stabilizované acetitem butyratem
celulozy (CAB 381-20) v ptitomnosti magnetickych nanocastic modifikovanych kyseli-
nou olejovou.

3C.1.11 Suspenzni polymerizace

Suspenzni polymerizace je nejstarsi heterogenni polymeriza¢ni technika. Poskytuje
kulové castice o Siroké distribuci velikosti (vysoké polydisperzité) v rozsahu velikosti
od mikrometrli po milimetry. Monomer(y), magnetické plnivo a iniciator tvofi mono-
merni fazi ve formé kapek dispergovanych v kontinudlni (typicky vodné) fazi, ve které
je rozpustén stabilizator. Stabilizatory jsou nejcastéji ptirodni, modifikované ptirodni,
nebo Cisté syntetické linedrni ¢i blokové a roubované polymery.

Nazorna je ptiprava hydrofobnich polymernich ¢astic. Dispergovanou (monomerni)

fazi tvofi smés styrenu, divinylbenzenu (sitovadlo), glycidyl-methakrylatu a 2,2'-
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azobis(isobutyronitrilu) (AIBN; iniciator), dale miZe byt pfitomen porogen (napi. smés
toluen/heptan) a magnetické plnivo. Tato faze je dispergovana do vodného kontinudlni-
ho prostiedi a celd nasada je michana po celou dobu polymerizace. V zavislosti na re-
ak¢énich podminkach lze obdrzet mikrocastice o velikosti 65-300 um s obsahem magne-
tické slozky 2-7 hm.%. Takto piipravené ¢astice jsou napiiklad pouZivany po reakci
s ethylendiaminem a reaktivni modii 2 (Cibachrom Blue F3GA) jako ligand pro afinitni
adsorpci protein®™.

Protoze hydrofilni polymerni mikrocastice vétSinou nelze ptipravit ve vodnych kon-
tinualnich fazich, byla vyvinuta inverzi suspenzni polymerizace. Jako ptiklad 1ze uvést
ptipravu magnetickych poly(4-vinylpyridin-co-ethylen-dimethakrylatovych) ¢astic s
molekularnim otiskem 2,4-dichlorofenoxyoctové kyseliny, popt. ¢astic s povrchem mo-
difikovanym [3-(methakryloxy)propyl]trimethoxysilanem v silikonovém oleji jako kon-
tinualni fazi. Vysoka viskozita kontinualni fize poméhala potlacit koalescenci dispergo-
vanych monomernich kapek. Vzhledem ke svému nepolarnimu charakteru se silikonovy
olej nemisil s monomery. Jako iniciator byl v dispergované fazi pouzit redoxni systém

benzoylperoxid/dimethylanilin, reakce byla vedena pii 10 °C a vysledné &astice®” mély

20 um velikost s obsahem magnetické slozky 1,1 hm.%.

3C.1.12 Emulzni polymerizace

Emulzni polymerizace je proces, v pribéhu kterého se kapalny monomer emulgova-
ny ve vodné kontinudlni fazi méni na stabilni systém pevnych polymernich mikrocastic,
tzv. latex. Rozméry vzniklych ¢astic jsou zpravidla v rozmezi stovek nanometrt az jed-
noho mikrometru. Mikrocastice (na zacatku kapénky monomeru) jsou stabilizovany
emulgatorem ¢i ochrannym koloidem (synteticky nebo ptirodni polymer, popt. anorga-

nicky koloid pfi tzv. Pickeringové stabilizaci®® *

) adsorbovanym na jejich povrchu;
iniciator je vzdy rozpustény v kontinualni fazi. Pti tzv. o€kovacich emulznich polymeri-
zacich je nutnou podminkou, aby koncentrace emulgéatoru byla pod kritickou micelarni
koncentraci. Tato nizka koncentrace brani vzniku novych micel emulgatoru a tim i ma-
lych ¢astic bez magnetického plniva. Bylo navrzeno ne€kolik modelti pro popis mecha-
nizmu emulzni polymerizace. Nej€astéji jsou pfijimany micelarni mechanizmus a me-

chanizmus homogenni nukleace'®.
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Pro pfipravu magnetickych castic emulzni polymerizaci existuji dva koncepty. Prvni
zahrnuje dispergaci magnetického plniva v monomerni fazi s moznym piidavkem orga-
nického rozpoustédla. Druhy je naopak zaloZzen na dispergaci plniva ve fazi kontinualni
(typicky vodné) stabilizované pridavkem hydrofilnich polymera. Zatimco prvni koncept
nachdzi uplatnéni pro polymerizaci hydrofobnich monomert, druhy je typicky spise pro
hydrofilni monomery.

Typickym piikladem polymerizace hydrofobniho monomeru je ockovaci emulzni
kopolymerizace styrenu a divinylbenzenu iniciovana AIBN nebo persiranem draselnym.
Nanocastice maghemitu (7 nm) stabilizované kyselinou olejovou v oktanu byly emul-
govany do vodné faze obsahujici neionogenni povrchové aktivni ¢inidlo Triton X-405
(poly(oxyethylen)isooktylcyklohexyl ether). Disperze byla smichdna se smési styrenu a
divinylbenzenu, byl pfidan AIBN a smés byla michdna za laboratorni teploty, aby se
monomerni kapky s iniciatorem adsorbovaly na kapénky emulgovaného ferrofluidu.
Polymerizace byla zahajena zahiatim reakéni smési. Byla-li polymerizace iniciovana
persiranem draselnym, byl jeho vodny roztok pfidan do smési az po zbotnani maghemi-
tové emulze monomery. Zatimco ve vodé€ nerozpustny iniciator AIBN poskytoval late-
xové Castice hemisférického tvaru, polymerizace iniciovana persiranem draselnym pro-
dukovala homogenni kulovité ¢astice™.

Méné obvykly pristup zahrnuje dispergaci magnetickych plniv do vodné kontinualni
faze. Pfitom se vyuziva homogenniho nuklea¢niho mechanizmu zaloZeného na omezené
rozpustnosti monomeru v kontinualni fazi. Iniciace je zahajena v kontinualni fazi, na-
sleduje rist oligomernich fetézcl, které¢ se po dosaZzeni kritické délky vysrazeji do
nuklei; polymerizace pak pokracuje a vysledkem jsou latexoveé Castice. Ptikladem toho-
to typu je polymerizace glycidyl-methakrylatu (GMA) dispergovaného ve vodné fazi
obsahujici magnetit stabilizovany dextranem, nebo karboxymethyldextranem ¢i [2-

(diethylamino)ethyl]dextranem®%?

. Jako emulgator byl pouzit Disponil AES 60 (po-
ly(oxyethylen)alkylaryl ethersulfat sodny) a jako iniciator 4,4 -azobis(4-
kyanopentanova kyselina) nebo persiran draselny. V zévislosti na podminkach byly

pfipraveny Castice o velikostech v rozmezi 70-400 nm.
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3C.1.1.3 Mikroemulzni polymerizace

Mikroemulze je popisovana jako stabilni isotropni a opticky transparentni disperze
dvou nemisitelnych kapalin pfipravend za pouziti stabilizacniho systému, kterym mtize
byt povrchové aktivni latka, smés takovych sloucenin, nebo smés povrchové aktivni
latky a kosurfaktantu'®. Aby bylo mozné pfipravit termodynamicky stabilni mikro-
emulzi, je tfeba pouzit velké mnozstvi povrchov¢ aktivni latky (cca. 10-15 hm.%); sou-
casné podil dispergované faze nesmi prekrocit 10-15 hm.% z celé polymeriza¢ni nésa-
dy. Mikroemulzni polymerizace produkuje velmi mal¢ ¢astice, typicky v rozmezi 12-30
nm; specificky povreh &astic je tudiz velky (~ 450 m?/g). Piikladem je p¥iprava magne-
tickych hydrofilnich ¢astic inverzni mikroemulzni kopolymerizaci akrylamidu a N,N'-
methylenbisakrylamidu iniciovand AIBN, ktery spolu s vodnou disperzi magnetitu sta-
bilizované¢ho citratem sodnym tvofil vodnou fazi. Tato fidze pak byla dispergovéana
V toluenu za pouziti emulgatoru Aerosol OT (bis(2-ethylhexyl)sulfojantaran sodny).
Vysledna velikost ¢astic byla regulovana v rozmezi 80-180 nm koncentraci sitovadla a
emulgatoru ve vodé. Obsah magnetického plniva v ¢asticich ¢inil 5-23 hm.% a odpovi-
dal poméru slozek v systému pted zahajenim polymerizace. Na tomto zaklad¢ pak byla
predpokladéana plna inkorporace magnetického plniva do polymerni matrice'®.

Naopak piekvapive velké Castice (1-5 um) poskytl systém, ve kterém byly magneti-
tové nanocastice (10 nm) stabilizované kyselinou olejovou dispergovany ve styrenu,
divinylbenzenu, kyselin€ methakrylové a akrylamidu. Monomerni faze s magnetickym
plnivem pak byla dispergovana ve vodné fazi obsahujici dodecylsulfat sodny (SDS;

emulgator), cetylalkohol (kosurfaktant) a persiran draselny (iniciétor)lOS.

3C.114 Miniemulzni polymerizace

Miniemulze vyznacuji se vysokou stabilitou jsou pfipravovany za vysokych stiiho-
vych (smykovych) sil pomoci ultrazvuku nebo v komorovych a priatokovych disperga-
torech. Jsou tvofeny monodisperznimi monomernimi kapénkami o velikostech

v rozmezi 30-500 nm, které jsou kostabilizovany nizkomolekularnim pomocnym stabi-
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lizatorem. Tento kostabilizator musi byt rozpustny v dispergované (monomerni) fazi,
zatimco v kontinudlni (vodné) fazi musi byt naopak nerozpustny. Typickym pomocnym
stabilizatorem miniemulzi je hexadekan, ktery potlacuje splyvani drobnych monomer-
nich kapének do vétsich kapek (tzv. Ostwaldovo zrani) a zajistuje dlouhodobé¢ stabilitu.
Aniontové, kationtové, nebo neionogenni povrchové aktivni cinidlo pfitomné
Vv kontinualni fazi pak brani koalescenci ¢astic vzajemnymi srazkami, ke kterym dochazi
V prub¢hu polymerizacelog. Jako ptiklad 1ze uvést miniemulzni polymerizaci styrenu,
kdy smés styrenu a pomocného stabilizatoru (hexadekanu) byla dispergovana ve vod-
ném roztoku SDS za pouziti intenzivni sonikace. K takto pfipravené styrenové minie-
mulzi pak byla za pouziti ultrazvuku pfimichana disperze magnetitu (10 nm) stabilizo-
vana taktéz pomoci SDS; iniciace byla provedena persulfitem draselnym a zvySenim
teploty. Vzniklé magnetické castice®® meély velikost kolem 60 nm a obsah magnetitu
20-35 hm.%.

Piikladem pouziti inverzni (W/0) miniemulzni techniky je ptiprava magnetickych
polyakrylamidovych ¢astic (60-160 nm). Akrylamid, N,N’-methylenbisakrylamid a
magnetické Castice stabilizované polyakrylovou kyselinou byly smiseny ve zfedéném
vodném roztoku amoniaku a tato suspenze byla dispergovana sonikaci v roztoku Span
80 (sorbitol monooleat) v cyklohexanu. Vzniklé kompozitni Castice obsahovaly

13 hm.% magnetitu'®’.

3C.1.15 Disperzni polymerizace

Objev disperzni polymerizace, kterda je mechanizmem blizk4 sraZeci polymerizaci,
spada do obdobi vyvoje nevodnych disperznich natérovych hmot firmou ICH%8, Vyhoda
této techniky spociva v jednoduchosti jejiho provedeni. Probiha-li polymerizace
v alkoholickém prostiedi, vznikaji ¢astice o velikosti v fadu jednotek mikrometrii a
s velmi uzkou distribuci velikosti. Metoda vyzaduje maximalni pozornost pii vybéru
reak¢niho média, které musi byt dobrym rozpoustédlem pro monomer(y), ale pro vzni-

kajici polymer rozpoustédlem termodynamicky Spatnym. Mezi heterogennimi polyme-

] Imperial Chemical Industries, ptivodné britska spolecnost, dnes patii do nizozemského konsorcia
Akzo Nobel.
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rizacemi zaujima disperzni technika zvlastni postaveni tim, Ze na jejim pocatku tvori
polymeriza¢ni nasada roztok a polymerni faze vzniké teprve v pribéhu propagace. Me-
chanizmus disperzni polymerizace 1ze popsat nasledujicim zptisobem. Zahtatim roztoku
monomeru, inicidtoru a stabilizatoru dochazi k rozpadu iniciatoru za vzniku oligomer-
nich radikélovych ristovych center. Oligomerni fetézce se po dosazeni kritické délky
vylucuji z roztoku a vzajemné precipituji do nuklei. Tato nuklea agreguji do primarnich
Castic za soucasné adheze molekul stabilizatoru na jejich povrch. Je-li dosazeno stadia,
kdy jiz dals$i nova nuklea nevznikaji (ustala tvorba primarnich radikalt), vzniklé pri-
marni ¢astice dale nartstaji diky pokracujici propagaci a dosahuji viceméné uniform-
nich rozmért. Ristové mechanizmy primarnich ¢astic jsou v zasad¢é dva. Prvni spociva
V polymerizaci uvnitt ¢astic zbotnalych molekulami monomeru a oligomernimi fetézci.
Druhy mechanizmus pak zahrnuje rast ¢astic akumulaci polymernich fetézci z roztoku
na povrch primarnich &astic'® . Uréitou nevyhodou disperzni techniky je nutnost pou-
ziti jen omezené¢ho mnozstvi sitovadla (typicky do 2 hm.%), protoze vétsi mnozstvi
sitovadla ovliviiuje vznik nuklei a primarnich ¢astic a ¢asto dochdzi k vylouceni poly-
merni hmoty ve formé nepravidelného bloku. Zavedeni magnetickych nanocéstic do
disperzni polymerizace také piedstavuje pomérné velky zasah do piirozeného mechani-
zmu této polymerizace. Nanocastice totiz mohou reakci ovliviiovat napiiklad tim, ze
slouzi jako ocka pro vznik nuklei a primarnich Castic a také tim, ze v blizkosti jejich
povrchu muize byt koncentrace monomeru zvySena oproti celkové koncentraci
v systému. V piipadé¢, Ze vznikajici polymer ma nizkou afinitu k povrchu nanocastic,
nebo pokud je nosna kapalina velmi dobrym srazedlem pro vznikajici polymer a tudiz
srazeni oligomernich fetézct probiha rychleji nez jejich adsorpce na povrch nanocastic,
lze dosédhnout nezadouciho stavu, kdy vedle magnetickych nanocastic vznikaji nemag-
netické polymerni mikroc¢éstice, nebo jsou magnetické nanocastice jen adsorbovany na
povrchu polymerni mikrocastice.

Jako priklad pouziti disperzni techniky lze uvést polymerizaci 2-hydroxyethyl-
methakrylatu ve smési toluen/2-methylpropan-1-ol iniciovanou benzoylperoxidem a
stabilizovanou acetatem butyratem celuldzy v ptitomnosti krychli¢ek nebo jehlicek oxi-
di Zeleza (cca. 100 x 500 nm) za vzniku 1-2 pm mikrogastic'™. Sifované &astice pak
byly pfipraveny pomoci dodate¢ného piidavku sitovadla (ethylen-dimethakrylat) 2 hod.

po zacatku polymerizace. Podobné mikrocastice byly pfipraveny disperzni polymerizaci
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GMA iniciovanou AIBN a stabilizovanou pomoci poly(N-vinylpyrolidonu) ve smési
ethanol/voda za pfitomnosti jehlidek oxidi Zeleza. Obsah magnetického plniva™ byl

typicky 12-15 hm.%.

3C.1.1.6 Inverzni heterogenni polymeriza¢ni techniky

S vyjimkou disperznich polymerizaci, kde je dulezita citliva volba rozpustnostnich
parametriit nosného média ve vztahu k monomertim a jejich polymertim, ostatni vyse
popsané heterogenni polymerizacni techniky vétSinou spocivaji v dispergovani mono-
merni organické faze ve vodé¢ (tzv. o/w systém). Toto provedeni vSak k piipravé mikro-
¢astic z hydrofilnich polymert nelze pouZit, protoze ve vodném prostiedi se vznikajici
Castice rozpoustéji, popt. koaleskuji. V literatute lze Casto nalézt zjednodusSené tvrzeni,
ze k provedeni heterogennich polymerizaci zalozenych na dispergovani monomerni
vodné faze v organickém rozpoustédle (tzv. w/0 systém) postacuje pouze zaménit vod-
nou a nepolarni fazi za soucasné Upravy jejich vzajemného objemového zastoupeni a
vybrat vhodny emulgator s vy$$im podilem nepolarni vzhledem k polarni ¢ésti. Prove-
deni heterogennich technik typu w/o vs§ak vyrazné komplikuji dvé hlavni skute¢nosti: a)
nizké dielektrické konstanty nepolarnich nosnych kapalin znemoznujici vyuzit vyhod
elektrostatické stabilizace ¢astic a b) vyssi hustota dispergované vodné monomerni faze
(typicky p = 1000 kg-m™) v porovnani s niZ§i hustotou nepolarniho nosného média (ty-
picky p = 800-900 kg-m™). coz klade zvysené naroky na stabilizaci a michani polymeri-
zacniho systému vzhledem k nezddoucimu plisobeni tthového zrychleni na dispergova-
nou fazi. Konstrukce uspésného w/o heterogenniho polymeriza¢niho systému tak bohu-
zel zlstava prozatim v Cisté empirické roviné a znaéné zavisi na zkusenostech experi-

mentatora.

3C.1.2 Magnetické poly(N,N-dimethylakrylamidové) mikrocastice

K pfipravé hydrofilnich magnetickych c¢astic byl vybran jako monomer N,N-
dimethylakrylamid (DMAAm). Poly(N,N-dimethylakrylamid (PDMAAmM) je velmi

dobfe rozpustny ve vode i pti vysokych molekulovych hmotnostech (M, ~ 10% a sou-
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asné je termoresponzivni> *°. Jak uz bylo zmin&no v kapitole 3B.2.1.3., DMAAM
snadno polymerizuje ve vodnych i organickych prostiedich do vysokych konverzi.
Rovnéz dobie kopolymerizuje s mnoha funk¢nimi komonomery a snadno tvofi pravi-
delné sits, zejména se sitovadly akrylatového typu®. PDMAAmM a jeho kopolymery

byly pouzity pfti regeneraci 016j1°1114, PDMAAm zakotveny na pevné fazi je pak uzitecny

jako bezrozpoustédlovy systém v organickych reakcich' a pii katalyze kovy'™®.
V porovnani s akrylamidem, DMAAm nevykazuje silné vodikové interakce. Poly(N-
mono- a N,N’-disubstituované¢) akrylamidy a methakrylamidy jsou inertni, netoxické a
biokompatibilni®” *!, takze predstavuji dobrou néhradu za polyakrylamid. Kopolymeri-
zace DMAAmM s komonomery akrylatového a methakrylatového typu umoznuje nastavit
hydrofilni/hydrofobni charakter vysledného produktu. DMAAm byl pouzit™’ napiiklad
ke zvySeni dolni kritické rozpoustéci teploty (LCST) poly(N-isopropylakrylamidu) z 32
°C na 37 °C. Pokud by se tedy podatilo ptipravit magnetické PDMAAm c¢astice, pred-
stavovaly by vitanou alternativu k magnetickym hydrofobnim nosi¢im, které by byly

vhodné pro rizné aplikace v biologickych prostiedich.

3C.121 Piiprava neplnénych PDMAAm ¢astic

PDMAAmM mikrocastice nebyly v odborné literatufe na zacatku teSeni dizertacni
prace popsany. Bylo tedy nejdiive tfeba experimentalné provetit mozZnosti jejich piipra-

vy riiznymi polymeriza¢nimi technikami.

Inverzni suspenzni polymerizace DMAAm

Dispergovana faze byla tvofena vodnym roztokem DMAAm a N,N'-
methylenbisakrylamidu (MBAAm; sitovadlo) spolu s persulfaitem amonnym (inicia-
tor). Roztok byl dispergovan ve smési toluen/trichlorethylen s ptidavkem acetatu buty-
ratu celulosy (CAB; stabilizator). Trichlorethylen byl pouZit jako soucast kontinudlni
faze pro jeho vysokou hustotu (p = 1460 kg-m™), ktera kompenzovala jinak obvykly
nezadouci rozdil hustot mezi kontinudlni a monomerni fazi. Skute¢nost, Ze kapénka
dispergované monomerni faze suspenzni polymerizace ptedstavuje prakticky kompletni
polymeriza¢ni systém izolovany faizovym rozhranim od kontinualni faze, marginalizuje

vliv trichlorethylenu na polymerizaci jakozto pfenosového ¢inidla. Pouziti vody jako
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soucasti dispergované faze bylo nezbytné, protoze samotna smeés monomeru ji nemohla
vytvofit, jelikoz monomery byly rozpustné také v organickych rozpoustédlech. Produk-
tem série polymerizaci, liSicich se zastoupenim sitovadla v monomerech, byly pravidel-
né kulovité hydrogelové céstice se Sirokou distribuci velikosti a ¢iselnym priimérem

velikosti ¢astic kolem 60 pm. Cim byly &astice zesiténgj§i, tim méné viak botnaly ve

vodé.

a b
Obr. 29. Svételna mikrofotografie (a) ve vodé zbotnalych a (b) suchych mikroc¢astic
P(DMAAmM-co-5%MBAAmM) ptipravenych inverzni suspenzni polymerizaci ve smési
toluen/trichlorethylen.

Inverzni emulzni polymerizace DMAAm

Inverzni emulzni polymerizacni systém byl velmi podobny inverznimu suspenznimu
uspotradani. OdliSoval se pouzitim iniciatoru (AIBN) rozpusténym v kontinualni fazi.
Monomerni faze byla dispergovana v kontinualni pomoci intenzivni sonikace za sou-
¢asného chlazeni smési voda/led. Experimentalné byl zjistovan vliv koncentraci povr-
chové¢ aktivniho cinidla, sitovadla a inicidtoru na velikost a polydisperzitu c¢astic.
V zavislosti na reak¢nich podminkach byly velikosti ¢astic v rozmezi 130 nm — 1 pm a
distribuce velikosti ¢astic charakterizovand PDI nabyvala hodnot od velmi uspokojivych
(PDI = 1,13) az po nepfijatelné (PDI = 3,86). Pouzité povrchové aktivni ¢inidlo (CAB)
neni typickym piikladem amfifilniho emulgétoru pro tvorbu emulznich polymeriza¢nich
systémd, byl v§ak provétovan pro tuto techniku jako jeden z moznych ptistupt k feseni
problému nezadouci migrace magnetickych nanocastic k fazovému rozhrani, jsou-li

pfitomny konvenéni emulgatory.
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Obr. 30. SEM mikrofotografie P(DMAAmM-co-5%MBAAmM) mikrocastic ptipravenych
inverzni emulzni polymerizaci ve smési toluen/trichlorethylen.

Disperzni polymerizace DMAAm

Jak uz bylo uvedeno, disperzni polymerizace nabizi v porovnani s obéma piedcho-
zimi technikami vyhodu snadné pfipravy monodisperznich mikrocastic. Nevyhodu nao-
pak predstavuje moznost pouziti jen velmi malého mnozstvi sitovadla, coz vznikajici
hydrofilni ¢astice znevyhodiuje v aplikacich ve vodnych prostfedich. Oba piedpoklady
se prakticky naplnily, nebot’ v zavislosti na reak¢nich podminkach se podafilo pfipravit
pravidelné monodisperzni ¢astice o velikostech 1-2 pm, ale jiz velmi maly piidavek

(0,25 hm.%) sitovadla vedl k vysrazeni polymerni hmoty do nepravidelného bloku.
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Obr. 31. SEM mikrofotografie PDMAAmM mikroc¢astic ptipravenych disperzni polyme-
rizaci. Polymeriza¢ni podminky: toluen/heptan 9,5/17,5 w/w; 3.6 hm.% monomert a 1
hm.% Kratonu G 1650 [poly(styren-block-ethylenbutylen-block-styren)] v nasadé, 1
hm.% AIBN v monomeru.

Oblasti velikosti a distribuci velikosti PDMAAm ¢astic dosazenych jednotlivymi
technikami shrnuje diagram na obr. 32. Podrobnosti pak lze nalézt v ptiloze ¢. 6 této
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Obr. 32. Velikosti a distribuce velikosti PDMAAm mikroc¢astic pfipravenych a) sus-
penzni, b) inverzni emulzni a c) disperzni polymerizaci DMAAm.
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3C.1.2.2 Priprava magnetickych PDMAAm mikrocastic

Na zaklad¢ poznatkl z piedchozi kapitoly byla vybrana k piipravé magnetickych
PDMAAmM mikrocastic technika inverzni emulzni polymerizace. Pti pfipravé nemagne-
tickych PDMAAm mikrocastic sitovanych MBAAmbylo pozorovano, ze tyto ¢astice
jsou velmi mekké a vykazuji tak nedostatecnou mechanickou odolnost pfi manipulaci
Vv mokrém (zbotnalém) stavu. Pfistoupili jsme proto k zaméné bifunkéniho sitovadla

MBAAm za trifunk¢ni pentaerythritolpropoxylat-triakrylat (PETPTA) (obr. 33).

HO
(C3HegO)n
| i i
N N \)k (C3HgO)N (OC3H6QK/
A{ ~_— ﬁ(\ X o S =
le} 0 (C3HeO)n
/
O
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Obr 33. Vzorce sitovadel a) MBAAmM a b) PETPTA.

Pomérné dobrou mechanickou odolnost ve zbotnalém stavu vykazovaly cCastice
PDMAAm sitované 40 hm.% PETPTA. Ke zdokumentovani vlivu pfitomnosti vodnych
koloidi magnetickych nanocéstic na vyslednou velikost a morfologii kompozitnich
magnetickych  mikrocastic byly provedeny inverzni emulzni polymerizace
Vv nasledujicim experimentalnim uspofadani:

Riizné objemy vodnych koloidii maghemitu o tfech riznych koncentracich y-Fe;Os
spolu s 1,2 g DMAAmM a 0,8 g PEPTA byly dispergovany pouzitim ultrazvukového dis-
pergatoru za chlazeni ledem ve smési toluen/trichlorethylen (48/20 w/w) obsahujici 3 g
stabilizatoru CAB 381-20 a 0,02 g inicidtoru AIBN. Polymeriza¢ni systém byl pro-
bublavan dusikem po dobu 10 min. a nasledné polymerizovan pti 70 °C po dobu 8 hod.

za michéani kotvovym michadlem rychlosti 700 ot.min.™. Po polymerizaci byly vzniklé
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Castice opakované promyty ethylacetdtem za pouziti magnetické separace. Promyté ¢4s-
tice byly analyzovany pomoci SEM a obrazovou analyzou byl stanoven primér ¢éstic
D, a index polydispersity PDI. Obsah maghemitu v mikro¢asticich byl vypocéten
z vysledkl elementérni analyzy.

Inverzni emulzni kopolymerizaci DMAAm a PETPTA v pfitomnosti koloidnich
maghemitovych nanocastic vznikaly polydisperzni (PDI = 1,2-3,3) magnetické poly-
merni mikrocastice v intervalu velikosti 120-300 nm. Data v obr. 34 ukazuji, Ze objem
a predevsim koncentrace maghemitového koloidu v polymerizacni nasadé¢ zéasadné
ovlivituji morfologické vlastnosti vznikajicich mikrocastic. Velikost mikrocastic pfi
pouziti koloidu s koncentraci nanoc¢astic 43 mg/ml se v zavislosti na jeho objemu vy-
razné meénila, avSak tyto zmény nevykazovaly zadny trend. Naproti tomu pii pouziti
koloidu o koncentraci maghemitu 141 mg/ml se velikost vznikajicich kompozitnich

mikrocastic v zavislosti na objemu koloidu v polymeriza¢ni nasadé prakticky neménila

(obr. 34).
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Obr. 34. Vliv koncentrace a objemu (V,.re203) pfidaného vodného koloidu y-Fe;O3 na

velikost magnetickych P(DMAAm-c0-40% PETPTA) castic. Koncentrace koloidu (+)
43 mg/ml, (m) 89 mg/ml a (A) 141 mg/ml.

Pii vSech tfech pouzitych koncentracich koloidu se obsah maghemitu ve vznikaji-

cich mikrocasticich se zvySujicim se objemem koloidu v polymeriza¢ni nasadé zvysoval
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linearné, byl vsak nalezen velky rozdil mezi teoreticky vypoctenym a stanovenym obsa-

hem maghemitu v mikro¢asticovém kompozitu (obr. 35).
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Obr. 35. Vliv koncentrace a objemu piidaného vodného koloidu y-Fe,O3 na obsah
maghemitu v magnetickych P(DMAAmM-c0-40% PETPTA) V,.re203 mikrocasticich. (o,
0) 44 mg/ml, (m, OI) 89 mg/ml a (A, A) 141 mg/ml; (¢, m, A) teoreticky a (¢, O, A)
nalezeny obsah y-Fe;0Os.

S rozdilnou koncentraci koloidu pouzitého v polymerizaci se vyrazné ménila 1 mor-
fologie produktu. U nizsi koncentrace koloidu byl pozorovan vznik ¢astic nepravidelné-
ho tvaru s vysokou polydisperzitou (obr. 36, a) a vznikajici ¢astice jevily nizkou odol-
nost vici agregaci. S pouzitim vysSich koncentraci koloidli doslo k potlaceni agregace

vznikajicich mikroc¢éstic, které nabyvaly kulovitych tvarG a uZz8i distribuce velikosti
(obr. 36 b, c).
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Obr. 36. SEM mikrofotografie magnetickych P(DMAAm-c0-40%PETPTA mikrocastic.
Polymeriza¢ni podminky: 2 g monomert, 48/20 (g/g) toluen/trichlorethylen, 1 hm.%
AIBN v monomerech, 4.3 hm.% CAB v nasadé, 5 ml vodného koloidu maghemitu o
koncentraci y-Fe,O3 (a) 43,6 mg/ml, D, = 196 nm, PDI = 3,3, (b) 89 mg/ml, D, = 138
nm, PDI =1,19 a (c) 141 mg y-Fe,Os/ml, D, = 128 nm, PDI = 1,31.

Vytézek piipravy mikro¢astic zavisel pfimo tmérné na objemu ptidaného maghemi-
tového koloidu (obr. 37).
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Obr. 37. Vliv koncentrace a objemu pfidaného vodného koloidu y-Fe;O3; na vytézek
magnetickyh P(DMAAm-c0-40% PETPTA) mikrocastic. Koncentrace koloidu (¢) 43,
(m) 89 a (A) 141 mg/ml.

K vysvétleni vyse popsanych jevil 1ze nabidnout dvé moznosti:

a) Maghemitové nanocastice rozptylené v monomerni fazi inverzniho
emulzniho systému funguji jako stabilizator nebo pomocny stabilizator
(kostabilizator) monomerni kapkygg. V jejich plisobeni tak 1ze nalézt ana-
logii s piisobenim klasickych emulgatorti v emulznich polymerizacich v
koncentracich nad a pod kritickou micelarni koncentraci. Slabinou této
hypotézy je vSak pozorovana ndhodna distribuce nanoplniva v mikroc¢as-
ticové matrici (obr. 38), ktera je vSak z hlediska pozadovanych vlastnosti
cilového produktu Zadanym vysledkem. Lze totiz vyslovit predpoklad, Ze
pii plsobeni nanocastic jako stabilizatoru kapky, jsou maghemitové na-
nocastice prednostné zastoupeny na povrchu polymerni mikrocastice v
porovnani s jejim stiedem. Na druhou stranu nelze opomenout fakt, Ze se
zvySujici se koncentraci nanocastic se zaroven zvysuje 1 viskozita mo-
nomerni faze, coz samo o sob¢ prispiva ke stabilizaci.

b) Pouze monomery adsorbované na povrchu nanocastic se ucastni tvor-
by polymerni mikrocastice. Zbyvajici neadsorbované monomery jsou
rozpu$tény v kontinualni fazi, nebo z nich vzniklé polymery jsou posléze

vymyty v prubéhu promyvani a magnetické separace. Na tuto moznost
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ukazuje rozdil mezi teoretickym a nalezenym mnozstvim maghemitu v

kompozitu a zminéna zavislost vytézku polymerizace na mnozstvi

maghemitovych nanocastic ptidanych do nasady.

Obr. 38. TEM mikrofotografie ultratenkych fezti P(DMAAm-c0-40% PETPTA) mikro-
Castic obsahujicich y-Fe,O3. (a) Zalito v epoxidové pryskyfici a (b) po kontrastovani
polymerni matrice pomoci RuOj.

Lze tak vyslovit zavér, ze pomoci inverzni emulzni kopolymerizace DMAAm a
PETPTA v piitomnosti koloidnich maghemitovych nanocastic 1ze pfipravit kompozitni
Castice s obsahem magnetického plniva od ~ 20 do ~ 70 hm.%, které je nahodné rozpty-

leno v polymerni matrici. Morfologie, velikost, obsah plniva a vytézek kompozitnich

mikrocastic zavisi na koncentraci a objemu ptidaného koloidu.
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4.

ZAVER

Byla vyvinuta syntéza superparamagnetickych y-Fe;O; nanocastic
modifikaci techniky koprecipitace Fe(Il) a Fe(III) soli v zasaditém prostiedi.
Metoda poskytuje nanocastice ve form¢ stabilniho vodného koloidu. Povrch
v-Fe,03 nanocastic je dobie dostupny pro néasledné povrchové modifikace
Byly navrzeny tfi typy povrchovych tprav y-Fe,Os nanocastic za ucelem
znaceni kultur kmenovych buné¢k a jejich zobrazovani pomoci MRI.
Nanocasticemi s povrchy upravenymi D-mandzou, poly(L-lysinem) a po-
ly(N,N-dimethylakrylamidem) bylo dosaZzeno homogenniho ,,proznaceni®
vysokého podilu bun¢k v kulturdch s minimdlnimi negativnimi vlivy na je-
jich viabilitu. Experimentalné bylo Gspésné ovéteno splnéni zaméru zvysit
kontrast bunécné kultury pii zobrazovani MRI jak na zelatinovych mode-
lech, tak na bunéénych kulturach in vitro pied, i in vivo po implantaci.

Byla popsana ptiprava poly(N,N-dimethylakrylamidovych) mikro¢éstic sus-
penzni, inverzni emulzni a disperzni polymerizaci. Soucasné byly popsany
vlivy reakénich parametrd na morfologii, velikost a Sitku distribuce velikosti
mikrocastic.

Byla popsdana pfiprava kompozitnich  magnetickych  poly(N,N-
dimethylakrylamidovych) mikroc¢astic inverzni emulzni polymerizaci. Sou-
Casné byl popsan vliv pfitomnosti nanocastic v polymeriza¢nim systému na
morfologii, velikost a polydisperzitu mikroc¢astic. Na fezech kompozitnich
mikrocastic byla prokazana ndhodna distribuce nanoplniva v polymerni mat-
rici. Nové vyvinuté magnetické polymerni mikrocastice jsou slibné pro sepa-

race biomolekul ze sloZitych smési.
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New surface-modified iron oxide nanoparticles were developed by precipitation of Fe(ll) and Fe(lll) salts with
ammonium hydroxide according to two methods. In the first method, precipitation was done in the presence of
D-mannose solution (in situ coating); the second method involved oxidation of precipitated magnetite with sodium
hypochlorite followed by addition ob-mannose solution (postsynthesis coating). Selected nanopatrticles were
characterized by transmission electron microscopy (TEM), atomic force microscopy (AFM), elemental analysis,
dynamic light scattering, infrared (IR), X-ray powder analysis, and ultrasonic spectrometry. While the first
preparation method produced very fine nanoparticles ca. 2 nm in diameter, the second one yielded ca. 6 nm
particles. Addition ob-mannose after synthesis did not affect the iron oxide particle size-\iB/spectroscopy
suggested thai-mannose suppresses the nonspecific sorption of serum proteins from DMEM culture medium on
magnetic nanoparticles. Rat bone marrow stromal cells (rMSCs) were labeled with uncoatednandose-
modified iron oxide nanoparticles and with Endorem (Guerbet, France; control). Optical and transmission electron
microscopy confirmed the presencemsmannose-modified iron oxide nanoparticles inside the celdannose-
modified nanopatrticles crossed the cell membranes and were internalized well by the cells. Relaxivity measurements
of labeled cells in gelatin revealed very high relaxivities only for postsynttiesimnnose-coated iron oxide
nanoparticles.

INTRODUCTION The greatest progress was achieved with dextran-coated monoc-
rystalline iron oxide nanoparticles (MION)B,(9), and the
migration of MION-labeled oligodendrocyte progenitors was
Shown (L0). Dendrimer-encapsulated superparamagnetic iron
oxides were used for labeling and in vivo tracking of stem cells
(11). Recently, immortalized cells from the MHP36 hippocampal
cell line labeled in vitro with gadolinium rhodamine dextran
were tracked in ischemia-damaged rat hippocampus in perfused
brains ex vivo 12). Study of embryonic stem cells labeled in
vitro with the magnetic resonance (MR) contrast agent Sinerem
using a lipofection procedure successfully showed migration
of labeled cells into focal cerebral ischemic lesions evoked by
middle cerebral artery occlusiof3). Another suitable contrast
agent for mesenchymal and embryonic stem cells is a com-
mercially available contrast agent based on dextran-coated iron
oxide nanoparticles, Endorem (Guerbet, France), which has also
Seen approved as a blood pool agent for human use. Endorem-
Sabeled cells migrated to a cortical photochemical lesion or a

e ; . . spinal cord compression lesion in ratsi{-16).
Initial findings confirmed that nanoparticles based on micro- o . . . .
crystals of iron oxides could be observed by magnetic resonance Our aim is to deglgn new iron oxide nanopa(tlcles for stem
imaging (MRYI) in brain cells. The first reportd,(5) of imaging cell labeling and investigate and control their surface and
cell transplants labeled by superparamagnetic contrast agentgnorphological characteristics. Surface modification of iron oxide
in rat brains appeared in 1992. Different iron oxide nanoparticles 'S @ key issue for enhancing its permeability through the cell

coated by dextran were tested, and it was shown that MRI could émbrane. Biocompatible polymers and targeting agents are
be used for the dynamic in vivo tracking of labeled cefis). therefore attached to the nanoparticle surface to prevent the
nanoparticles from agglomeration, make them more biocom-

patible, and increase their nonspecific intracellular uptak (
Our preliminary experiments with cationic (perchloric acid-
stabilized) or anionic (tetramethylammonium hydroxide-stabi-

Regenerative medicine is a new field in which new treatment
strategies are employed. One of the most promising approache
in preclinical research into brain or spinal cord injuries involves
the use of cell therapies. After transplantation, the cells integrate
into the host environment and respond to intrinsic sign8is (
Stem cells administered via intravenous infusion migrate to the
site of the injury and enter the nervous tissue through a more
permeable or opened bloetrain barrier 2, 3).

In the majority of experiments the donor cells are labeled
before transplantation (retroviral labeling, bromodeoxyuridine,
red fluorescent “cell tracker” PKH 26, green fluorescent protein
[GFP]). After a certain time the host organism is sacrificed and
evaluation of the position of the transplanted cells is carried
out by microscopic analysis. This method, however, does not
give data about the dynamics of the process or the movement
of the transplanted stem cells in the host organism and require
sacrificing the host organism.
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D nstitute of Physics AS CR. adhere on the cell surface, while (diethylaminoethyl)dextran-
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coated particles hindered cell proliferation. Uptake of (car- used to observe the nanoparticles in situ in tapping mode using
boxymethyl)dextran-coated ferrofluid by endocytosing cells was OTESPA silicon cantilevers (Veeco Instruments, Dourdan,

too low. In a continuation of the search for a suitable surface
modification to enhance nanoparticle transport into the cells,

France) with a radius of 5 nm and oscillating at 245 kHz.
D-Mannose and iron oxide content was calculated from

p-mannose was selected as the cell surface is known to possesslemental analysis (Perkin-Elmer 2400 CHN) and from the iron

receptors for this moleculel®). Moreover,p-mannose-bound
poly(2-hydroxyethyl methacrylate) hydrogels were found to
support adhesion of keratinocytes (epidermal cells) and their
subsequent cultivation without the presence of feeder cd)s (

EXPERIMENTAL SECTION

Materials. FeCb:4H,O, FeCk-6H,0O, andb-mannose were
purchased from Fluka (Buchs, Switzerland), sodium hypochlo-
rite solution (NaClO) from Bochemie (BohumiCzech Re-
public), and sodium citrate dihydrate from Lachema (Brno,
Czech Republic). All other reagent-grade chemicals were
purchased from Aldrich (Milwaukee, WI) and used as received.
The commercial contrast agent Endorem was provided by
Guerbet (Roissy, France). Ultrapure Q water ultrafiltered on a
Milli-Q Gradient A10 system (Millipore, Molsheim, France)
was used for preparation of solutions.

In Situ Precipitation of Iron Oxide in pb-Mannose Solution.
Molday’s procedureZ0) for coating iron oxide nanoparticles
with dextran was modified to prepare iron oxide nanoparticles
in b-mannose solution. Briefly, 10 mL of 50 wt #mannose
aqueous solution was mixed under stirring with 10 mL of a
water solution containing 1.51 g of Fe@8 H,O and 0.64 g of
FeCh-4 H,0; 15 mL of 7.5% NHOH solution was slowly added
until pH 12 was reached, and the mixture was heated to360
for 15 min. Large aggregates were destroyed by sonication
(Ultrasonic Homogenizer 4710 Series, Cole-Palmer Instruments,
at 40% output) for 5 min. To remove unreacted water-soluble
salts and excessivemannose, particles were washed by dialysis
using a Visking membrane (molecular weight cutoff 14 000;
Carl Roth GmbH, Karlsruhe, Germany) agai@sL of water
for 24 h at room temperature (the water was changed 5 times,
2 L each time) until pH 6 was reached. The volume of water
was reduced by evaporatiedry residue: 80 mg of iron oxide/
mL of colloid.

Preparation of Iron Oxide Nanoparticles and Postsyn-
thesis Coating withb-Mannose.A solution of FeC} (0.2 mol/

L) and FeC} (0.2 mol/L) in a 1:2 molar ratio was coprecipitated
in an excess of 0.5 mol/L NMDH. After 15 min, the product

content analyzed by atomic adsorption spectrometry (AAS
Perkin-Elmer 3110) of an extract from a sample obtained with
dilute HCI (1:1) at 80°C for 1 h.

The hydrodynamic diametee @verage) and polydispersity
as a measure of the distribution width were obtained by dynamic
light scattering (DLS) with an Autosizer Lo-C (Malvern
Instruments Ltd., Malvern, Great Britain).

The coating ofo-mannose on the surface of the magnetic
nanoparticles was investigated using a Fourier transformation
infrared (FTIR) spectrometer (NICOLET IMPACT 400) in an
H,O-purged environment with a doped triglycine sulfate (DTGS)
detector. The Golden Gate single attenuated total reflection
(ATR) system (Specac Ltd., Orpington, Great Britain) was used
to measure the spectra of powdered samples by an ATR
spectroscopic technique over a wavelength range of-4000
cm~L. Typical parameters used were as follows: 256 sample
scans, resolution 4 cm, Happ-Genzel apodization, KBr beam-
splitter.

Differences in ultrasonic velocity between reference (water)
and iron oxide colloid were monitored under the slow addition
of various concentrations af-mannose using an Ultrasound
Spectrometer HR-US 102 (Ultrasonic Scientific, Dublin, Ire-
land). In a typical experiment, 1 mL of iron oxide colloid (18
mg of y-Fe,0s/mL) was in the first cell and 1 mL of Q-water
in the second cellp-Mannose solution (1 mg af-mannose/
mL) was then simultaneously added in 2D aliquots to both
cells with a Hamilton syringe.

X-ray powder diffraction using a Bruker D8 diffractometer
(Cu Ka, Sol-X energy-dispersive detector) was used to deter-
mine the magnetite phase composition.

In protein adsorption experiments, 1 mL of the colloid with
a concentration of 22 mg of iron oxide/mL was mixed with 1
mL of DMEM (Dulbecco’s modified Eagle’s medium)/10%
FBS (fetal bovine serum) medium on a Vortex-T Genie-2
(Scientific Industries, Bohemia, USA) for 1 h; the liquid was
separated from the solid by centrifugation and measured on a
Perkin-Elmer Lambda 20 UV/vis spectrophotometer. An aque-
ous solution of DMEM/10% FBS medium (1/1 v/v) served as

was repeatedly separated in a magnetic field and washed witha standard.

Q-water to reach peptization. The colloid was subsequently

Cell Cultures. To isolate rat bone marrow stromal cells

sonicated for 5 min (Ultrasonic Homogenizer 4710 Series, Cole- (tMSCs), femurs were dissected from 4-week-old Wistar rats.
Palmer Instruments, 40% output) and oxidized with 5 wt % The ends of the bones were cut, and the marrow was extruded
NaClO aqueous solution in the presence of 0.1 M sodium citrate With 5 mL of DMEM with L-glutamine (PAA, Pasching,
solution. Washing and sonication procedures were then repeatedAustria) using a needle and syringe. Marrow cells were plated

Finally, 20 wt % aqueous-mannose solution was added to
colloidal iron oxide (maghemite;-FeOs3). The resulting product
was washed three times with 10 mL of water after centrifugation
at 14 000 rpm for 3 min (the colloid was so stable that it did
not permit magnetic separation).

Characterization. The particle morphology and particle size
distribution were examined by transmission electron microscopy
(TEM; JEOL JEM 200 CX). An iron oxide nanoparticle
dispersion in water was sprayed onto a grid with a carbon

in 80 cn? tissue culture flasks in DMEM/10% FBS with 100
U/mL penicillin and 100 U/mL streptomycin. After 24 h, the
nonadherent cells were removed by replacing the medium. The
medium was changed every-3 days as the cells grew to
confluence. The cells were lifted by incubation with 0.25 wt %
trypsin.

Transmission Electron Microscopy of Labeled CellsFor
electron microscopic examination, rMSCs were fixed a4
in 2.5% buffered glutaraldehyderfa h followed by 1% osmium

membrane. The number-average diameter was determined byetroxide for 2 h. The cells were dehydrated in ascending
measurement of at least 500 particles for each batch from concentrations of ethanol, immersed in propylene oxide, and
microphotographs using the Atlas program (Tescan, Digital embedded in Epon 812 resin (Agar Scientific Ltd., Standsted,

Microscopy Imaging, Brno, Czech Republic). The number-
average ID,) particle diameter was calculated Bg = ZN;Di/

>N, where N; is the number of particles with diameté&x.
Polydispersity PDE Dy/D,, whereD,, is the weight-average
particle diameterD,, = INDi¥=N;D;3. A multimode AFM
Nanoscope llla (Digital Instruments, Santa Barbara, CA) was

England). The samples were cut in ultrathin section8Q nm),

contrasted with 4% uranyl acetate and Reynold’s lead citrate,

and examined in a Philips Morgagni 268 electron microscope.
Quantitative Analysis of Labeled Cells.rMSCs were plated

in duplicate on uncoated 6-well culture plates at a density of

1P cells/mn?. Endorem op-mannose-modified nanoparticles



Modified Iron Oxide Nanoparticles Bioconjugate Chem., Vol. 18, No. 3, 2007 637

Table 1. Cell Labeling with Surface-Modified and Unmodified Iron
Oxide Nanoparticles and Their Characterization

percentage of
run p-mannose/-Fe0s  Dn(nm) PDI labeled cell3 (%)

Endorem 58.6
1 7.3 1.6 1.07 51.982.3
2 0 6.05 1.46 27.9
3* 1.3 5.9 1.39 49.1
4¢° 2.6 6.6 1.33 80.6
5¢ 4.1 6.4 1.26 51.3

a Average of 10 measurementsn situ coating.® Postsynthesis coating.
dp-Mannose/Fg0,. € Diluted (0.02 mg of iron oxide/mL). Undiluted (0.2
mg of iron oxide/mL) colloid.
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Figure 1. X-ray powder analysis of in sitb-mannose-coated magnetite
nanoparticles No. 1. Vertical bars: & standard.
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Figure 2. Dependence of the amount pfmannose adsorbed from
solution on theb-mannose/-FeOs ratio.

were added to the culture medium (Z0/mL) for 72 h. After

the Endorem was washed out of the culture medium, the cells c

were fixed with 4% paraformaldehyde in 0.1 M PBS (phosphate- Figure 3. TEM images of in situo-mannose-coated k@, particles

buffered saline) and stained for iron to produce ferric ferrocya- (a; No. 1) andy-FeO;s particles before (b; No. 2) and after modification

nide (Prussian blue). Labeled and unlabeled cells were quantifiedWith >-mannose (c; No. 3).

using an inverted light microscope (Axiovert 200, Zeiss, Jena,

Germany) by counting randomly five fields per well and two converted to relaxivities and, after deducting the contribution

wells per each run. The cells captured on each image wereof pure gelatin, related to the actual iron concentratipne.,

manually labeled as Prussian blue positive or negative; the 1 = (1/T1 — LTage)/c Or ro = (1/T2 — 1/Toge)/c in the case of

labeled cells were then counted, and the staining intensity of contrast agent suspensions. In the case of samples containing

Prussian blue positive cells was evaluated using the Imagelabeled cells, the relaxivity was related, after deducting the

analysis toolbox in Matlab 6.1 (The MathWorks, Natick, USA). contribution of unlabeled cells, to 4@ells in 1 mL.

Histograms of the intensity of the cytoplasmic staining were ~ Samples containing labeled cells (31 100 or 62 200 cells

constructed. suspended in 0.5 mL of 4% gelatin) underwent MR imaging
MR Relaxometry and MR Imaging. Suspensions of contrast  using a standar@i,-weighted turbospin echo sequence (effective

agents were prepared together with suspensions of cells labeledcho timeTe = 62.7 ms, repetition tim&gz = 3000 ms, matrix

by Endorem op-mannose-modified nanoparticles in 4% gelatin 256 x 256, slice thickness 1 mm, FO¥ 35 mm). As a control,

(Sigma, Czech Republic) and subjected to MR relaxomdwy. 62 000 unlabeled cells were suspended in 0.5 mL of 4% gelatin.

and T relaxation times (which are responsible for contrast in ~ Iron Analysis. The amount of iron in the cells after

T;- and To-weighted MR images) were measured on a 0.5 T mineralization was determined by spectrophotometry. Cell-

Bruker Minispec relaxometer. Relaxation time values were containing samples were mineralized by addition of 5 mL of
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Figure 4. AFM images ofp-mannose-stabilized magnetite particles No. 1: (a) overview and (b) detailed micrograph of the layer of magnetite
particles on the thin carbon film on the TEM grid; (c) section analysis of the location shown in the micretiiegiioss-section line was horizontal

and taken 150 nm from the bottom; (d) 3D image of the surface of the sample; (e) detailed 3D image of a location where no large particles were
present. Scan size was (a) 2 or (byrh; the grayscale covers 50 nm.

HNO; and 1 mL of BO; in an ETHOS 900 microwave was added to reach a total volume of 100 mL. The iron content
mineralizator (Millestone, Sydney, Australia). Deionized water was determined using a Spectroflame M120S apparatus (Spec-
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repeated four times, and the average mean value was determined. g
@
o
RESULTS AND DISCUSSION g
Q 1 ! ) 1
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Iron oxide colloids were prepared by two methods: (i) 0 2 4 6 8 10
coprecipitation of Fe(ll) and Fe(lll) salts by ammonium in
concentratedo-mannose solution (in situ coating) and (ii) i i i ) i
precipitation followed by oxidation to maghemi@tf and slow - (oW B, Eine S IE Renne ot SLEG e R e e
addmo_n ofD-ma.mn.ose solution _(pO_StSyntheS's coatlng)_. (initial DMEM medium diluted with water 1/1’v/v), after protein

In Situ Precipitation of Iron Oxide in p-Mannose Solution. sorption witho-mannose-modified iron oxide nanoparticles, as deter-
Magnetite was synthesized in a one-step process by alkalinemined by UV spectrometry at 274 nm.
coprecipitation of iron(Il) and iron(lll) precursors in an aqueous
solution ofb-mannose. This in situ coating, based on a modified carbon, and 2.6 wt % hydrogen, suggesting the conjugate
Molday’s procedureZ0), is the easiest way to obtain surface- contained about 30 wt % af-mannosep-Mannose is thought
modified magnetic nanoparticles (run 1 in Table 1). The coating to be bound to the nanoparticles via a well-known coordination
prevents particle aggregation. Elemental analysis of the resultingbond (chelate) formed betweeanmannose and Fe(ll) or Fe-
particles after washing revealed 58.9 wt % iron, 9.3 wt % (lll) on the surface of magnetit®®). The presence of magnetite

D-mannosefy-Fe,O, (w/w)
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Figure 9. Microscopic observation of bone marrow stromal cells labeled with (a) Endorem (control experiment), (b) primary uncoated iron oxide
nanoparticles No. 2, (c) undiluted (0.2 mg of iron oxide/mL) and (d) diluted (0.02 mg of iron oxide/mignnose-modified iron oxide nanoparticles
No. 1, and (e)p-mannose-modified iron oxide nanoparticles No. 4. Scale barud0(f) Histograms showing the distribution of the intensity of
Prussian blue staining in rMSCs labeled with Endorenp-onannose-modified iron oxide nanoparticles No. 4.

spinel phase was confirmed by X-ray powder analysis (Figure magnetite, which undergoes uncontrolled oxidation in the
1). Due to the coating, only the most intense reflections (311 presence of oxygen. The conformation of the maghemite phase
and 440) were observed. Significant broadening of the reflec- by Mossbauer spectroscopy and other magnetic properties were
tions indicates a very small particle size, in agreement with the described in our previous repo1). p-Mannose was used as
TEM and AFM data. a stabilizer added to the primary iron oxide nanoparticles. The
Postsynthesis Iron Oxide Coating withb-Mannose An iron resulting particles were washed with water and freeze-dried to
oxide colloid was also obtained by a two-step procedure determine iron content and C and H content. Figure 2 sum-
involving preparation of iron oxide cores in the first step (run marizes the adsorption @-mannose on the particles. At low
2 in Table 1) followed by addition of a stabilizer protecting Dp-mannose/-FeO; ratios, the majority ob-mannose adsorbed
them from aggregation and ensuring other necessary propertiesto the particle surface; with increasing ratios, however, the
Iron oxide cores were prepared by precipitation of iron salts, in efficiency of b-mannose adsorption initially decreased, then
particular FeCl and Fed, by increasing the pH followed by  reached a plateau, and did not change further. It is interesting
oxidation of the resulting magnetite with sodium hypochlorite. to note that after freeze drying, the product was rather
Oxidation resulted in maghemitg-£e03), which is chemically voluminous without obvious agglomerates, indicating that
stable and does not change its properties. This is in contrast tobo-mannose was attached to the iron oxide. Other supporting
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evidence for such a claim is presented in the following sections; FTIR Spectra. The surface structure of the magnetic nano-
see the light scattering data, IR, and ultrasonic spectroscopy.particles obtained by postsynthesis coating was analyzed by
Nanopartic]e Size Measurement by TEM, AFM, and DLS. ATR FTIR Spectroscopy. The infrared SpeCtra of iron oxide
The shapes and sizes of the magnetic nanoparticles obtained€fore modification (run No. 2) and after coating with
both in situ and by postsynthesis coating were observed usingmannose (run 4) as well as the spectrum of mH@annose
TEM. TEM images of the synthesized magnetic particles are shown in Figure 6ac. Two broad bands of iron oxide
showed relatively high uniformity in terms of size and spherical dominate in the spectrum of the magnetic particles before
shape. The presence pfmannose during colloid preparation ~modification (Figure 6a). The typical peaks of the-8, C—O—
had a profound effect on the precipitation process. A TEM image H. and C-O—C vibrations ofo-mannose (Figure 6c) are clearly
of the iron oxide nanoparticles from run 1 (Figure 3a), distinguishable in the spectrum of the coated magnetic particles
precipitated in a concentratedmannose solution, shows their ~ (Figure 6b). This indicates that the surface of thé-e,0s
extremely fine size, ca. 2 nm (Table 1). This small size is due Nanoparticles is covered withmannose (Figure 6p-Mannose
to the presence ob-mannose during precipitation, which ~Can be attached to iron oxide nanoparticles by the hydroxy group
interferes with the nucleation step of iron oxide formation, located on the C2 carbon in the axial positi@8) This is a
resulting in a smaller size compared with the postsynthesis configuration specific tm-mannose, in contrast to, e.g., glucose
method in which the coating is applied to the existing particles. @nd other common sugars that have this hydroxy group only in
The orientation of the magnetic particles is visible in Figure the equatorial position.
3a. To confirm the TEM results, these particles were also studied High-Resolution Ultrasonic SpectroscopyBoth uncoated
by atomic force microscopy (AFM; Figure 4). A-mannose and p-mannose-modified iron oxide nanoparticles were also
layer containing iron oxide nanoparticles and many rounded, characterized using high-resolution ultrasonic spectroscopy.
elevated structures {50 nm high) were noticeable in an AFM  Figure 7 shows the dependence of the concentration increment
micrograph of magnetite particles spread across the carbon filmof the ultrasonic velocity on the amount ofmannose added
on the TEM grid (Figure 4a). The surface structure is even more to the iron oxide. At low b-mannose/-F&0s ratios, the
discernible at double magnification (Figure 4b), especially in ultrasonic velocity increased steeply with additiooehannose,
the section analysis (Figure 4c). A plane lying-335 nm under which results from formation of a more ordered structure than
the “surface” level can be distinguished in several places in in solution. After exceeding the criticakmannose concentra-
Figure 4b. This plane is thought to be the surface of the carbontion, i.e., at a>-mannose/-Fe&;0s ratio > 0.065, the ultrasonic
film, which is completely smooth as shown by AFM observa- Vvelocity almost did not change; that is, the excessannose
tion. The topography is illustrated in a 3D image of separated remained in solution. This indicates that until the critical
magnetite particles (Figure 4d) and in a detailed 3D image of D-mannose/-Fe0; ratio is reachedp-mannose molecules
a location where no large particles are present (Figure 4e). It preferentially adsorb on the surface of iron oxide nanoparticles,
can thus be concluded that the carbon film was covered with a forming a coat. Binding is obviously achieved via thenannose
3.5-nm-thick layer of magnetite nanoparticles, which is in hydroxy group 23) at the carbon atom in position C2, possibly
agreement with the TEM results. The layer contained rounded C3 and C4.
particle clusters 1680 nm in size and many smaller particles Protein Adsorption from Culture Medium. Adsorption of
(see the wrinkled surface in Figure 4e), which were otherwise proteins from culture medium onto the iron oxide nanoparticles
not easily distinguishable. Some spots on the carbon film were is an important tool for elucidating the transport of iron oxide
not covered by the layer. Individual magnetite particles were in cells and also for nanoparticle coagulation. Iron oxide
not observed, indicating that all the iron oxide nanoparticles nanoparticles were thus mixed with serum-containing DMEM
were stabilized witlb-mannose. The iron oxide crystal growth medium, the liquid separated by centrifugation, and the UV
was obviously retarded due to the unique structumwfannose spectra of the supernatant recorded against a standard. The
present during precipitation. This is in contrast to the nanopar- relative concentration decrease of serum proteins was correlated
ticles from run 3 (Table 1) obtained by postsynthesis coating with thep-mannose/iron oxide ratio. Figure 8 indicates that even
of the primary bare colloid witlb-mannose. TEM images of  uncoated iron oxide nanoparticles adsorbed some serum proteins
such particles (Figure 3c) showed no marked differences in from the culture medium. With increasimgmannose/iron oxide
either shape or size from uncoated iron oxide particles (2, Figure ratios used in the preparation of the nanoparticles, the amount
3b). Their average diameter was-® nm, and their polydis-  of adsorbed serum proteins decreased. This is in agreement with
persity was PDI 1.31.5. published data on suppression of protein adsorption on saccha-
Iron oxide nanoparticle colloids obtained by postsynthesis rde-covered surface@4). The fact thab-mannose suppressed
coating were also investigated by dynamic light scattering the nonspecific sorption of serum proteins on magnetic nano-
measurements. The size calculated from DLS was ca. 10 timesgParticles provides indirect evidence that the iron oxide particles
larger than that from TEM, mainly due to the effect of large Were indeed coated withrmannose. Moreover, it indicates that
particles on the hydrodynamic diameter. DLS provideszhe the cellular uptake mechanism pfmannose-modified nano-
average of the diameter, while TEM gives the number average. Particles differs from that of PLL-modified one23).
Figure 5 shows the dependence of hydrodynamic particle Cell Labeling. Cell labeling with magnetic substances is an
diameter and polydispersity on tbemannose/-F&0O; ratio at increasingly common method for in vivo cell monitoring and
three time pointso-Mannose-modified iron oxide particles were ~ separationZ6), as the labeled cells can be detected by magnetic
moderately larger than those that were uncoated due to theresonance imaging. First, rat bone marrow stromal cells (rMSCs)
presence of @-mannose hydrated shell. Moreover, Figure 5 labeled with either uncoated or surface-modified iron oxide
documents the aging of the samples. Both the size and notablynanoparticles were observed using an optical microscope. Cell
the polydispersity of uncoated iron oxide particles increased with labeling with Endorem served as a control (Figure 9a). Endorem
storage time. This indicates aggregation of the particles without has, however, a tendency to adhere to the surface of the cells,
D-mannose protection. In contrast, the size and polydispersity and it also sticks to the bottom of a vessel. Using the Prussian
of b-mannose-coated iron oxide nanoparticles did not dramati- blue reaction, the cellular iron content was measured in rMSCs
cally change with time, implying that the particles do not exposed to the nanoparticles.
aggregate (Figure 5p-Mannose can thus be considered to be ~ Uncoated Iron Oxide. Uncoated iron oxide nanoparticles
an effective stabilizer, preventing particle aggregation. (No. 2) were used to label cells in order to elucidate the
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importance of iron oxide modification/coating in subsequent
experiments. Observation using an optical microscope with
phase contrast revealed the iron oxide nanoparticles in rMSCs
as dark dots. Cells in contact with the nanoparticles proliferated
to some extent, and approximately 10% of the cells endocytosed
the iron oxide (Figure 9b). Endocytosis might be explained by
adsorption of proteins from the culture medium onto the iron
oxide surface, subsequently inducing an undesirable partial
coagulation of the particles. As the resulting coagulates were
of a broad size distribution, only the smaller ones could penetrate
the cells, whereas the larger ones were not internalized into the
cells. In an attempt to increase the cell labeling, the iron oxide
surface was modified witb-mannose.

p-Mannose-Modified Colloid. Modification of the colloid
with b-mannose made the situation more complex, and differ-
ences were noted when the iron oxide was precipitated in a
D-mannose solution compared to adding saccharide to the
uncoated iron oxide nanoparticles. Cells in contact vath
mannose-modified nanoparticles No. 1 (prepared by precipitation
in a concentrated-mannose solution) proliferated well. If 10
uL of undiluted b-mannose-modified nanoparticles No. 1 was Table 2. r; and r; Relaxivities of -mannose-coated Iron Oxide
added to 1 mL of medium containing bone marrow stromal cells Nanoparticles No. 4 and Endorem and of rMSCs Labeled by These
(to achieve a concentration of 0.2 mg of iron oxide/mL of Contrast Agents

Figure 10. TEM micrograph of rMSCs labeled with-mannose-
modified iron oxide nanoparticles No. 4. Scale bar: 500 nm.

medium), the nanoparticles were taken up by the cells (Figure phantoms containing a

9c). A large percentage of cells was labeled (more than 80%; suspension of pure phantoms containing
Table 1). However, some clumps of particles adhered to the contrast agent _,, labeled cells
surface of the cells and were difficult to wash out (Figure 9c). (s”/mM Fe) (s~*/million of cells/mL)
Thus, surface-bound iron oxide was indistinguishable from that I r2 r r

internalized by the cells when observed by optical microscopy. p-mannose-coated7.31+ 0.11 140.4+ 1.4 0.32+ 0.04 12.1+ 0.9
The colloid was therefore diluted to concentrations of 0.1, 0.05,  iron oxide
and 0.02 mg of iron oxide/mL of media. Improved results were _ nanoparticles
already obtained at a concentration of 0.05 mg of iron oxide/ Endorem
m'ﬂ' ?/\r;dr a} %ﬁogcﬁi’:g?ﬁ'oﬂ Or]: O.Or%[i Tg (\xitlrzon toﬂdeii T]L';Pde from moderate to strong. These results confirm that the cells
gﬁjssterg : dﬁeﬁneg o the ceell 2u?fgie ((:Feigure godl;_ ?hgpgrcgmazelabeled withb-mannose-coated nanoparticles No. 4 contained
. ’ a higher amount of iron per cell than did the cells with dextran-
of labeled cells was still greater than 50% (Table 1). Compared g P

. . coated iron oxide.
with Endorem (0'11. mg .Of RO/ .mL)' a Iower.concentratlon Transmission Electron Microscopy of Labeled CellsLight
of p-mannose-modified iron oxide nanoparticles No. 1 was

. o microscopy revealed that-mannose-modified nanoparticles
sufficient to label the cells. The very good ability of the cells by b

o int lize th lloid b lained by the ext I I were distributed rather randomly in the cytoplasm. To further
0 Intérnaiize he colloid can be explained by Ih€ extremely Small ¢, nfirm thatp-mannose-coated iron oxide nanoparticles were
size of the particles. Minimizing particle size was important

for th f cellular i lization. but it reduced  internalized by the cells rather than simply bound to the surface
or the ease of cellular internalization, but it reduced magnetic ¢ iq ce|ls and visualize the location of the nanoparticles inside
susceptibility at the same time. Moreover, colloid No. 1 was

i - : - the cells after internalization, TEM images were taken. A TEM
sensitive to aging; th? particles coagulated W'th'n sgveral ,daysimage (Figure 10) shows clusters of nanoparticles (No. 4) as
of storage. Modification by the postsynthesis coating of iron

. . X black dots scattered in the cell cytoplasm. Cell membrane-bound
oxide nanopartlclgs witb-mannose was therefpre develpped. nanoparticle clusters- as a result of endocytosis were not
Table 1 summarizes the results of cell labeling experiments yatected. Since a highlp-mannose-specific and energy-
indicating that the degree of cell labeling depended on the jhqependent transporter has been found on the surface of the

D-mannose/-F&0s ratio. The ratio 2.6/1 (colloid No. 4) can  maiority of mammalian cell-mannose-coated nanoparticles
be considered as optimal, with ca. 80% of the cells being labeled. 5re mdst likely transported into the cells via this mannose

At a higher ratio (4.1/1; run 5) the particles adhered to the cell transporter.
surface and the uptake of the nanoparticles did not significantly = R Relaxometry. MR relaxometry enables quantification
increase. This correlates with the results presented in Figure 2,4¢ re|axation times (and relaxivities), which are responsible for
which also documents that there is a limit to the ability of ~qntrast enhancementTi- andT,-weighted MR images. Table
y-F&0; particles to adsortp-mannose. Moreover, a high 2 compares the relaxivities of gelatin samples containing
concentration ob-mannose results in an increased viscosity, suspensions of two contrast ageptsnannose-coated iron oxide
promoting particle aggregation and adhesion to the cell surface.nanoparticles No. 4 and commercially available Endorem, and
The mechanism respon5|b_le for the cellular mternallzatlop of the relaxivities of gelatin samples containing cells labeled by
ca. 10 nm nanoparticles is thought to be receptor-mediatedthese contrast agents. A higherrelaxivity was observed for
endocytosis and/or diffusion through the cell membra?g.(  Endorem and a highes relaxivity for o-mannose-coated iron
Image analysis tools were used to evaluate not only the oxide nanoparticles. Both andr, were higher in the case of
percentage of labeled cells but also the intensity of Prussianp-mannose-coated iron oxide-labeled cells (in the case of
blue staining. The resulting histograms (Figure 9f) show the almost 10-fold) than for Endorem-labeled cells. We hypothesize
distribution of the intensity of Prussian blue staining in rMSCs. that the higher relaxivity of the-mannose-coated iron oxide
In Endorem-labeled cells, the majority of cells (88%) were nanoparticles is responsible for not only such a huge increase
moderately stained, while ib-mannose-coated iron oxide No. in relaxivity but also the substantially higher internalization of
4 labeled cells, the staining intensity generally (90%) ranged p-mannose-coated iron oxide nanoparticles as threlaxivity

19.8 1.5 127+9 0.18+0.06 1.24+0.15
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Figure 11. T,-weighted MR images of gelatin phantoms containing (a) unlabeled cells, (b) 31 100 or (c) 62 200 cells labednaithose-
coated iron oxide nanoparticles, and, for comparison, (d) 31 100 and (e) 62 200 cells labeled with Endorem.

of thep-mannose-coated iron oxide-labeled cells is also higher in MR imaging, and their easy internalization by cells. They
than ther; of Endorem-labeled cells, althoughmannose-coated  can prove useful in human and veterinary medicine, biology,
iron oxide displayed a lower; relaxivity than did Endorem. and microbiology for monitoring the fate of cells transplanted
This hypothesis was confirmed by iron analysis of cell suspen- into a host organism, including their in vivo migration,
sions; the average amount of iron as determined by spectro-localization, and differentiation, by means of noninvasive
photometry after mineralization was 51.7 pg of iron per cell magnetic resonance.
for b-mannose-coated iron oxide nanopatrticles and 14.6 pg of
iron per cell for Endorem-labeled cells. ACKNOWLEDGMENT
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Poly(L-lysine)-Modified Iron Oxide Nanoparticles for Stem Cell Labeling
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New surface-modified iron oxide nanoparticles were developed by precipitation of Fe(Il) and Fe(IIl) salts with
ammonium hydroxide and oxidation of the resulting magnetite with sodium hypochlorite, followed by the addition
of poly(L-lysine) (PLL) solution. PLL of several molecular weights ranging from 146 (L-lysine) to 579 000 was
tested as a coating to boost the intracellular uptake of the nanoparticles. The nanoparticles were characterized by
TEM, dynamic light scattering, FTIR, and ultrasonic spectrometry. TEM revealed that the particles were ca. 6
nm in diameter, while FTIR showed that their surfaces were well-coated with PLL. The interaction of PLL-
modified iron oxide nanoparticles with DMEM culture medium was verified by UV-vis spectroscopy. Rat bone
marrow stromal cells (rMSCs) and human mesenchymal stem cells (h(MSC) were labeled with PLL-modified
iron oxide nanoparticles or with Endorem (control). Optical microscopy and TEM confirmed the presence of
PLL-modified iron oxide nanoparticles inside the cells. Cellular uptake was very high (more than 92%) for PLL-
modified nanoparticles that were coated with PLL (molecular weight 388 00) at a concentration of 0.02 mg PLL
per milliliter of colloid. The cellular uptake of PLL-modified iron oxide was facilitated by its interaction with the
negatively charged cell surface and subsequent endosomolytic uptake. The relaxivity of rMSCs labeled with
PLL-modified iron oxide and the amount of iron in the cells were determined. PLL-modified iron oxide-labeled
rMSCs were imaged in vitro and in vivo after intracerebral grafting into the contralateral hemisphere of the adult
rat brain. The implanted cells were visible on magnetic resonance (MR) images as a hypointense area at the
injection site and in the lesion. In comparison with Endorem, nanoparticles modified with PLL of an optimum

molecular weight demonstrated a higher efficiency of intracellular uptake by MSC cells.

INTRODUCTION

Superparamagnetic iron oxide nanoparticles have been widely
used for numerous in vitro and in vivo biomedical applications
(Z). Such applications exploit two major advantages of magnetic
iron oxides: their low toxicity for humans (2) and their
outstanding magnetic properties, which allow the targeting of
drugs to a tumor area through external magnetic fields (3). Most
in vitro applications have focused on immunoassays (4, 5), the
detection and separation of cells, viruses (6), hormones (7, §),
oligonucleotides (9), DNA (/0) and proteins (/1). In vivo
applications have concentrated on cell and tissue engineering,
including cell tagging, tracking, and imaging (/2) (magnetic
resonance imaging, MRI); targeted drug delivery (13, 14); gene
delivery systems and gene therapy (/5); as well as targeted
hyperthermia of cancers (/6), tissue repair, and the detoxification
of biological fluids (/7). MRI makes use of the fact that
magnetic nanoparticles generate a magnetic field and thus
influence their immediate vicinity (/8). In these applications,
there is a growing need for the highly specific, efficient, and
rapid internalization of nanoparticles into specific target cells,
but this is severely limited by several factors (/9): (i) nanopar-
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ticle aggregation (nanoparticles have a large surface/volume ratio
and tend to agglomerate); (ii) the short half-life of the particles
in blood circulation (when nanoparticles agglomerate, or adsorb
plasma proteins, they are quickly eliminated from the blood-
stream by macrophages of the mononuclear phagocyte system
before they can reach the target cells); (iii) the low efficiency
of the intracellular uptake of nanoparticles; and (iv) nonspecific
targeting. Biocompatible polymers and targeting agents are
therefore attached to the nanoparticle surface to prevent ag-
glomeration, to make the nanoparticles more biocompatible, and
to increase their nonspecific intracellular uptake (20, 27). All
applications require that the nanoparticles have high magnetiza-
tion values and a size smaller than 100 nm, with a narrow
particle size distribution, so that the particles have uniform
physical and chemical properties. Compared with paramagnetics,
superparamagnetic iron oxide particles have higher molar
relaxivities, and, when used as blood pool and tissue-specific
agents, may offer advantages at low concentrations (22). The
nature of the surface coating on the nanoparticles not only
determines the overall size of the colloid, but also plays a
significant role in the biokinetics and biodistribution of the
nanoparticles in the body. Various biological molecules such
as antibodies, proteins, targeting ligands, and so forth may also
be bound to the nanoparticle surface to make the particles target-
specific.

Since the introduction of particular contrast agents in MRI
use in 1987, most superparamagnetic iron oxides (SPIO) and
ultrasmall superparamegnetic iron oxides (USPIO) agents, taken
up by macrophages, have been prepared using dextran or other
types of polymer coatings to achieve good dispersion in water
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and selectivity (23). Dextran-coated nanoparticles, however, do
not show sufficient cellular uptake to enable cell tracking,
probably because of a relatively inefficient fluid-phase endocy-
tosis pathway. Polymer coatings significantly increase the
particle size, which may affect their penetration and metabolic
clearance rate in the body. A few recent papers have reported
the use of nonpolymer-coated superparamagnetic nanoparticle
dispersions in MR imaging (24). They were prepared in the
water phase and stabilized, e.g., by citrate (25) or tetramethy-
lammonium hydroxide (24), providing some advantages over
those that require additional polymer protection for stabilization.
Nanoparticles without a polymer coating have a much smaller
size for distinct biodistribution and metabolic clearance profile
than conventional polymer-coated-particles. It is, however, not
clear whether these particles can be taken up by cells.

Stem cells are the body’s master cells and have a unique
ability to renew and give rise to other specialized cell types for
the development of a tissue (26). Cell transplantation is a
powerful treatment method for many common diseases, includ-
ing brain and spinal cord injury; however, current experiments
with stem cells do not give information about the behavior of
the transplanted cells in the host organism in vivo, especially
about their migration and fate within the target structures and
their potential neoplastic growth. The lack of these data
represents a serious obstacle for the clinical use of cell therapy.
Human medicine would benefit from the labeling of implanted
stem cells and the use of noninvasive methods to image the
labeled cells after implantation. Superparamagnetic particles
coupled to the cells could target these cells to the desired site
in the body.

The preparation of stable iron oxide colloids is not easy. The
first paper of this series was focused on the labeling of stem
cells with iron oxide nanoparticles coated with D-mannose (27).
The objective of the present study was to investigate the use of
poly(L-lysine) (PLL), which is commonly used to enhance cell
adhesion to the surface of a culture dish in in vitro cell
cultivation, as a prospective vehicle for iron oxide nanoparticle
transport into cells. The endocytosis behavior of PLL-modified
particles was determined using mesenchymal stem cells (MSCs)
and compared with that of control and uncoated superparamag-
netic iron oxide nanoparticles.

EXPERIMENTAL SECTION

Materials. FeCl,*4H,O and FeCl;+6H,O were purchased
from Fluka (Buchs, Switzerland), sodium hypochlorite solution
(NaOCl) from Bochemie (Bohumin, Czech Republic), and
sodium citrate dihydrate from Lachema (Brno, Czech Republic).
All other reagent-grade chemicals were purchased from Aldrich
(Milwaukee, WI, USA) and used as received. L-Lysine (LL)
and poly(L-lysine) (PLL) hydrobromide (M,, = 9200; 58 900;
93 800; 388 100; and 579 000) and gelatin were from Sigma
(St. Louis, MO, USA) and the commercial contrast agent
Endorem from Guerbet (Roissy, France). Ultrapure Q water
ultrafiltered on a Milli-Q Gradient A10 system (Millipore,
Molsheim, France) was used for the preparation of solutions.

Preparation of Uncoated Iron Oxide Nanoparticles and
their Treatment with Poly(L-lysine) or L-Lysine. In a typical
experiment, 12 mL of 0.2 M FeCl3 aqueous solution was mixed
with 12 mL of 0.5 M NH4OH solution (less than an equimolar
amount) under sonication (Sonicator W-385; Heat Systems-
Ultrasonics, Inc., Farmingdale, NY, USA) at laboratory tem-
perature for 2 min to form colloid Fe(OH);. Then, 6 mL of
aqueous 0.2 M FeCl, was added under sonication and the
mixture poured into 36 mL of 0.5 M NH4OH aqueous solution.
The resulting magnetite coagulate was left to grow for 15 min,
the magnetically separated and repeatedly (7-10x) washed
(peptized) with Q-water to remove all impurities (including
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NH4CI) remaining after the synthesis. Finally, 1.5 mL of 0.1
M sodium citrate was added under sonication, and the magnetite
was oxidized by the slow addition of 1 mL of 5% sodium
hypochlorite solution to the maghemite to enhance the redox
stability. The above-described washing procedure was repeated
to yield the primary colloid. 0.2 mL of aqueous L-lysine (LL)
or poly(L-lysine) solution (concentration 1 mg/mL) was added
dropwise with stirring to 10 mL of primary iron oxide colloid,
diluted to a concentration of 2.2 mg iron oxide/mL. The obtained
mixture was sonicated for 5 min and used in experiments.

Particle Characterization. The morphology of the colloids
was observed by transmission electron microscopy (TEM) using
a JEOL JEM 200 CX. Particle size distributions were obtained
using Atlas image analysis software (Tescan, Brno, Czech
Republic) (27). For the measurements, a drop of a dilute
dispersion was spread on a carbon-coated copper grid, and the
grid was air-dried at room temperature before viewing under
the microscope. The particle size and distribution were deter-
mined by the measurement of at least 300 particles for each
sample. Two types of mean particle size were calculated: the
number-average particle size (D,) and the weight-average
particle size (Dy; Dy = =DJ/N and Dy, = =D;*/=D;, where N is
the number of particles). The particle size distribution was
characterized by the polydispersity index (PDI = Dy/Dy).
Moreover, the hydrodynamic diameter (z-average), polydisper-
sity (from O - monodisperse particles - to 1 - polydisperse
particles) from the cumulative analysis of time correlation
functions, and the surface zeta potential were determined by
dynamic light scattering (DLS) using an Autosizer Lo-C
(Malvern Instruments Ltd., Malvern, Great Britain).

The PLL coating on the surface of the magnetic nanoparticles
was examined using a Thermo Nicolet Nexus 870 FTIR
spectrometer (Madison, WI, USA) in an H,O-purged environ-
ment with DTGS (deuterated triglycine sulfate) detector. The
Golden Gate single-reflection ATR system (Specac Ltd., Orp-
ington, Great Britain) was used to measure the ATR spectra of
powdered samples over a wavenumber range 400—4000 cm ™.
Typical parameters were as follows: 256 sample scans, resolu-
tion 4 cm ™', Happ-Genzel apodization, KBr beamsplitter. The
samples for measurement were prepared by freeze—drying
purified PLL-coated nanoparticles (centrifuged four times at
14 000 rpm for 1 h).

Differences in ultrasonic velocity between the reference
(water) and the iron oxide colloid were monitored under the
slow addition of various amounts of PLL (M, = 388 100) using
an HR-US 102 ultrasonic spectrometer (Ultrasonic Scientific,
Dublin, Ireland). In a typical experiment, 1 mL of iron oxide
colloid (¢ = 18 mg/mL) was in the first cell and 1 mL of
Q-water in the second cell as a reference. PLL solution (¢ = 1
mg/mL) was then simultaneously added in 10 uL aliquots to
both cells with a Hamilton syringe.

In protein adsorption experiments, 1 mL of the colloid
solution with a concentration of 22 mg of iron oxide/mL was
mixed with 1 mL of DMEM/10% FBS (fetal bovine serum) on
a Vortex-T Genie-2 for 1 h; subsequently, the liquid was
separated from the solid by centrifugation (14 000 rpm) for 1 h
and measured on a Perkin-Elmer Lambda 20 UV/vis spectro-
photometer (Norwalk, CT, USA). An aqueous solution of
DMEM/10% FBS (1/1 v/v) served as a standard.

To confirm that PLL was not released from PLL-coated iron
oxide nanoparticles during contact with the culture medium,
both uncoated (no. 1, Table 1) and PLL-coated iron oxides (no.
4; 22 mg of y-Fe;03/0.64 mL of water) were mixed with 1 mL
of DMEM/10% FBS or 1 mL of 0.15 M NaCl solution for 1 h,
and after magnetic separation the supernatant was hydrolyzed
in 6 M HCl for 16 h at 115 °C. The concentration of L-lysine
in the supernatant was determined by the standard FMOC/N-
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Table 1. In Vitro Bone Marrow Stromal Cell (MSC) Labeling of Surface-Modified Iron Oxide Nanoparticles and Their Characteristics

concentration

labeled cells (%)

no. modification modifier (mg/mL) y-Fe,03 (mg/mL) PLL/y-Fe;03 (w/w) D, (nm) PDI” MSC (rat) MSC (human)
1 none 2.2 0 6.05 1.46 279
2 PLLY 0.005 2.2 0.002 6.2 1.32 48.6
3 PLL¢ 0.01 22 0.005 6.2 1.37 65.5
4 PLLY 0.02 22 0.009 5.5 1.30 92.2 87.5
Endorem Dextran 11.2¢ 5.4 1.43 60.0 65.2

“ D, — number-average particle diameter determined from TEM. ” PDI — polydispersity index (ratio of weight- to number-average particle diameter).

¢ Average of 10 measurements. ¢ M,, = 388 100. ¢ mg of iron/mL.

(9-fluorenylmethoxycarbonyl)/ method and reverse-phase HPLC
equipped with a Flouromonitor 4100 detector (both LDC
Analytical, Riviera Beach, FL, USA) using Macherey-Nagel
125/4 Nucleosil 120-3 C-8 column (Diiren, Germany).

Cell Cultures. The isolation of mesenchymal stem cells
(MSC) was performed as previously described (28). To isolate
rat bone marrow mesenchymal stem cells (rMSCs), the femurs
of 4-week-old Wistar rats were dissected. The ends of the bones
were cut, and the marrow extruded with 5 mL. of DMEM with
L-glutamine (PAA, Pasching, Austria), using a syringe. Marrow
cells were cultivated in DMEM/10% FBS with 100 U/mL of
penicillin and 100 U/mL of streptomycin. After 24 h, the
nonadherent cells were removed by replacing the medium. The
medium was changed every 2-3 days as the cells grew to
confluence. The cells were lifted by incubation with 0.25 wt %
trypsin.

Human mesenchymal stem cells (hMSC) were obtained from
the bone marrows of healthy donors. Bone marrow aspirates
were diluted with phosphate-buffered saline (PBS) and centri-
fuged through a density gradient (Ficoll-Paque Plus, GE
Healthcare Life Sciences, Vienna, Austria) for 30 min at 1000
g (Hettich, Germany). Nucleated cells from the interface were
cultivated in Alpha-Modified Eagle Medium (a-MEM, Gibco
BRL, Paisley, Scotland) containing 10% FBS, 100 units/mL
penicillin, and 0.1 mg/mL streptomycin. After 48 h, the
nonadherent cells were removed by replacing the medium.

Transmission Electron Microscopy of Labeled Cells. For
electron microscopic examination, rMSCs were fixed at 4 °C
in 2.5% buffered glutaraldehyde for 1 h, then stained with 1%
osmium tetroxide for 2 h. The cells were successfully dehydrated
with increasing concentrations of ethanol, immersed in propy-
lene oxide, and embedded in Epon 812 resin (Agar Scientific
Ltd., Standsted, UK). The samples were cut into ultrathin
sections (~60 nm), contrasted with 4% uranyl acetate and
Reynold’s lead citrate, and examined using a Philips Morgagni
268 electron microscope.

Quantitative Analysis of Labeled Cells. tMSCs were
cultivated in duplicate on uncoated 6-well culture plates at a
density 10° cells/mm?. Endorem- or poly(L-lysine)-modified
nanoparticles were added to the culture medium (10 xL/mL)
for 72 h. The culture medium containing excess particles was
removed, and the cell were washed with PBS (three times), fixed
with 4% paraformaldehyde in 0.1 M PBS, and stained to produce
Fe(IIT) ferrocyanide (Prussian Blue). Labeled and unlabeled cells
were quantified using an inverted light microscope (Axiovert
200, Zeiss, Gottingen, Germany) by counting five random fields
per well and three wells per run. The cells captured on each
image were manually labeled as Prussian Blue positive or
negative; the labeled cells were then counted and the staining
intensity of the Prussian Blue positive cells was evaluated using
the image analysis toolbox in Matlab 6.1 (The MathWorks,
Natick, MA, USA). The threshold was set in the image analysis
toolbox for dark blue, and all cells above this threshold were
considered intensely stained. Histograms of the intensity of the
cytoplasmic staining were constructed.

Comparison of Relaxivity between rMSC Labeled with
Endorem or PLL-Modified Iron Oxide. The following
suspensions in 4% gelatin were prepared: pure contrast agent
(Endorem or PLL-modified iron oxide no. 4), unlabeled rMSC
(4000, 1200, and 200 cells per uL), and cells labeled with
Endorem or with PLL-modified iron oxide (4000, 2000, 1600,
1200, 800, 400, or 200 cells per uL). MR relaxation times T}
and T, were measured on an 0.5 T Bruker Minispec MQ20
relaxometer (Rheinstetten, Germany). The 7; and 75 values were
converted to relaxivities r; and ry; relaxation rates Ry = 1/T)
and R, = 1/T> were related to the actual concentrations of iron
or to the cell concentration ¢: r; = (R} — Rig)lc (1s™" mmolfl),
= (Ry — Rog)lc (1 s~ mmol™!), where R, and R, are the
relaxation rates of pure 4% gelatin.

Iron Analysis. The amount of iron in the cells after
mineralization was determined by spectrophotometry. Cell-
containing samples were mineralized by the addition of 5 mL
HNOj3 and 1 mL H>0O, in an ETHOS 900 microwave mineral-
izator (Millestone, Sydney, Australia). Deionized water was
added to reach a total volume of 100 mL. The iron content was
determined using Spectroflame M120S apparatus (Spectro,
Littleton, MA, USA) calibrated with a standard Astasol solution
(Analytika, Prague, Czech Republic). The measurements were
repeated four times, and the mean value was determined.

Cell Grafting. Rats were anesthesized with isoflorane and
mounted in a stereotactic frame. Using aseptic technique, a hole
(1 mm) was drilled in the skull to expose the dura overlying
the cortex. Poly(L-lysine)-modified iron oxide-labeled cells or
Endorem-labeled cells (1000, 500, or 100 cells suspended in 2
uL of PBS) were slowly injected intracerebrally into the brain
over a 10 min period. Unlabeled cells (10 000 in 5 uL of PBS)
were injected as a control. The opening was closed by bone
wax and the skin was sutured.

MR Imaging. MR images were obtained using a 4.7 T Bruker
spectrometer equipped with a homemade surface coil. The rats
were anesthesized by passive inhalation of 1.5-2% isoflorane
in air. Breathing was monitored during the measurements.
Sagittal, coronal, and transversal images were obtained by a
fast gradient echo sequence for localizing the following 7>*-
weighted axial and coronal images measured by a standard
gradient echo sequence. Sequence parameters were as follows:
repetition time Tg = 180 ms, echo time 7g = 12 ms, number
of acquisitions AC = 48, matrix size 256 x 256, field of view
FOV = 3.5 x 3.5 cm (axial images) or 3 x 6 cm (coronal
images), slice thickness = 0.75 mm.

Phantoms containing labeled cells were measured by the same
sequence with modified geometry parameters to obtain similar
spatial resolution as in the in vivo measurements.

RESULTS AND DISCUSSION

Chemical Coprecipitation of Fe(I) and Fe(IIl) Salts
and Postsynthesis Iron Oxide Coating with PLL. The key
step in the formation of a stable magnetite/maghemite colloid
consisted of the careful removal of all the impurities remaining
after the synthesis of the magnetite and its oxidation. Purification
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Figure 1. TEM micrographs of (a) uncoated iron oxide nanoparticles no. 1, and (b) PLL-modified iron oxide nanoparticles no. 4.
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Figure 2. Dependence of (a) hydrodynamic particle diameter Dy, and (b) polydispersity, measured by dynamic light scattering, on the PLL/y-Fe,0;

ratio (O) 1 day and (¢) 152 days after synthesis.

was accomplished by magnetic separation in water. Washing
with water peptized the particles. Colloidal stability was due to
the charges of Fe(IIl) and citrate ions. Some characteristics of
the prepared iron oxides are summarized in Table 1. TEM
analysis indicates that dried, uncoated iron oxide particles
showed a rather narrow size distribution (Figure la). The
average size of uncoated nanoparticles no. 1 was about 6.5 nm
(Table 1). The colloid showed high stability at neutral pH with
no sedimentation observed even after 2 months. The stability
is ascribed to the negative charges of the uncoated nanoparticles
as documented by their low zeta potential (ca. —46 mV).

The surface modification of nanoparticles is a general strategy
for enhancing the cells’ permeability to nanoparticles. The
transport of nanoparticles can be dramatically altered through
the attachment of peptides (29, 15). It is expected that the nature
of the attached poly(amino acid) strongly influences nanoparticle
transport. In this report, the surface of the nanoparticles was
modified by PLL (typically of M,, = 388 100) with the aim of
promoting cellular uptake. Similarly as in a previous report (27),
the postsynthesis coating of the primary iron oxide colloid with
PLL changed neither the morphology nor the size of the iron
oxide crystallites nos. 2—4 (Table 1, Figure 1b).

Figure 2a shows the dependence of the hydrodynamic particle
diameter, measured by dynamic light scattering, on the PLL/
iron oxide ratio for freshly prepared PLL-modified iron oxide
nanoparticles (M, of PLL = 388 100) and after 5 months of
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Figure 3. Dependence of zeta potential on the PLL/y-Fe,Os ratio.

storage. It is normal that the hydrodynamic particle size is larger
than the size obtained by TEM (27). The hydrodynamic size of
freshly prepared particles appears to increase with the PLL/
iron oxide ratio up to 0.06, probably due to a thickening of the
shell. The hydrodynamic particle size is significantly larger after
5 months of storage, especially at lower PLL/iron oxide ratios,
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Figure 4. ATR FTIR spectra of magnetic y-Fe,Os particles before and after surface modification with (a) LL and (b) PLL; (i) iron oxide before
modification, (ii) after coating, and (iii) spectrum of neat LL (a) and PLL (b).

Table 2. Concentration of L-Lysine in Hydrolyzed Supernatants
after the Separation of Noncoated and PLL-Coated Iron Oxide
Nanoparticles from the Medium”

sample coating medium LL? (mg/mL)
1 PLL NaCl 0.015
2 DMEM/FBS 0.419
3 PLL DMEM/FBS 0.281
4¢ DMEM/FBS 0.613

“0.64 mL of colloid (34.7 mg y-Fe,O3/ml).  L-Lysine after hydro-
lysis. © Control (no iron oxide particles in the medium).

because of particle aggregation. This can also be inferred from
the analogous dependence of polydispersity (Figure 2b). A very
high value of polydispersity was observed particularly in the
absence of a PLL shell. Nevertheless, higher polydispersities
were typical of all the particles after 5 months of storage (Figure
2b). Figure 3 documents an increase in zeta potential with
increasing PLL/y-Fe;Os ratio, indicating that the negatively
charged surface was compensated for by the positively charged
PLL. This also shows that at the optimal ratio for cell labeling
(0.009, see later) the zeta potential is still sufficiently low to
repulse the nanoparticles.

FTIR Spectra. The structure of the surface and the efficiency
of the coating of magnetic nanoparticles were analyzed by ATR
FTIR spectroscopy. FTIR spectra of magnetic y-Fe,Oj particles
before and after surface modification with LL or PLL (M,, =
388 100) are shown in Figure 4. The spectra of pure LL and
PLL are included for comparison. Two broad bands of iron
oxide dominate the spectrum of the magnetic particles before
modification. The spectrum of particles after modification with
LL is very close to the spectrum of uncoated iron oxide (Figure
4a), confirming that LL did not coat the nanoparticles. As the
molecules of LL have, at the same time, both acidic and basic
character, their intermolecular interaction is stronger than the
interaction with the particle surface. As a consequence, the
particles are then poorly internalized by the cells (see later,
Table 2).

The situation was different with PLL coating. The spectrum
of particles after modification with PLL differs from the
spectrum of uncoated iron oxide (Figure 4b). The main bands
of PLL are clearly distinguishable in the spectrum of the
modified particles. The Amide I band situated at 1648 cm™" in

Figure 5. Schematic illustration of the interaction between PLL and a
citrate-treated iron oxide nanoparticle.

the spectrum of pure PLL was only slightly shifted to higher
wavenumbers by the coating (30). The Amide II band was
shifted from 1539 cm ™! in the spectrum of pure PLL to 1502
cm ™' in the coating spectrum. We assume that the bands of
-CH,-NH;3" deformation and rocking vibrations influence the
spectrum in this region. A broad, strong absorption above 1800
cm™ ' (only the beginning is shown in Figure 4b) is observed
in the spectrum, corresponding most probably to ionic interac-
tions between PLL and the iron oxide particles. This strongly
indicates that positive charges of the amine groups at the end
of the PLL side chains interact with citrates complexed on the
iron oxide surface as schematically illustrated in Figure 5. In
contrast to the results observed with LL, the surface of y-Fe,O3
nanoparticles was coated by PLL.

High-Resolution Ultrasonic Spectroscopy. To investigate
the process of PLL coating (M, = 388 100) of the iron oxide
nanoparticles in water, the colloid was monitored by high-
resolution ultrasonic spectroscopy. The ultrasonic velocity
increased with the addition of PLL. This is caused by an increase
in the hydration layer of maghemite particles with hydrophilic
PLL molecules, because water molecules are more organized
in a hydration shell than in bulk (37). Figure 6 illustrates the
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Figure 6. Dependence of the concentration increment of the ultrasonic
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Figure 7. Effect of the PLL/iron oxide ratio on serum protein
concentration in culture medium relative to a standard (DMEM/water
1/1 v/v) after adsorption by PLL-modified iron oxide nanoparticles (the
concentration of serum proteins was determined by UV spectrometry
at 274 nm).

concentration increment of the ultrasonic velocity depending
on the amount of PLL added to the iron oxide. The largest
increment in ultrasonic velocity was observed at PLL/y-Fe,O3
ratios 0.0005-0.002 (w/w). The further addition of PLL solution
did not significantly affect the hydration shell of the maghemite
nanoparticles but resulted in a smaller increase in the increment.
High-resolution ultrasonic spectroscopy thus provided another
confirmation that PLL is indeed adsorbed on the particle surface.
Binding is obviously achieved via the electrostatic attraction
of opposite charges of PLL and iron oxide surface (Figure 5).

Protein Adsorption from Culture Medium. The adsorption
of proteins from culture medium on iron oxide particles is
important for elucidating both the transport of iron oxide into
the cells and also nanoparticle coagulation. Iron oxide nano-
particles were mixed with serum-containing DMEM medium,
the liquid was separated by centrifugation, and the UV spectra
of the supernatant were measured against a standard. The relative
decrease in the concentration of serum proteins was plotted
against the PLL/iron oxide ratio. Figure 7 indicates that even
uncoated iron oxide nanoparticles adsorbed some serum proteins
from the culture medium. PLL (M,, = 388 100) modification
of the iron oxide nanoparticles somewhat increased protein
adsorption compared with uncoated iron oxide (Figure 7). The
adsorption of serum proteins increased with increasing PLL
concentration, reaching a plateau at a PLL/iron oxide ratio of
0.002. It is interesting to note that, while at higher PLL/iron
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Figure 8. Effect of PLL molecular weight on serum protein concentra-
tion in culture medium relative to a standard (DMEM/water 1/1 v/v)
after adsorption by PLL-modified iron oxide nanoparticles (the
concentration of serum proteins was determined by UV spectrometry
at 274 nm; PLL/iron oxide = 0.009 w/w—analogous to nanoparticles
no. 4; Table 1).

oxide ratios protein adsorption did not increase, the percentage
of labeled cells did (Table 1). It might be speculated that the
entire PLL chain fully adheres onto the nanoparticle surface at
PLL/iron oxide ratios 0.002 or less. The idea is also supported
by the ultrasonic measurements. However, at higher ratios, all
PLL chains remain attached to the iron oxide surface via their
certain segments while their other parts move freely in the
medium (Figure 5), facilitating cell labeling (see below). The
free chain parts thus do not increase serum protein adsorption,
but they can provide contact with the cell membrane.

To exclude the possibility that PLL dissociates from the iron
oxide surface once mixed with serum, both uncoated (no. 1,
Table 1) and PLL-coated nanoparticles (no. 4) were placed in
DMEM/10% FBS medium or 0.15 M NacCl solution, magneti-
cally separated, the supernatants hydrolyzed, and concentration
of L-lysine was determined (Table 2). As expected, only traces
of L-lysine were found in the supernatant from PLL-modified
iron oxide during contact with the 0.15 M NaCl solution (sample
1, Table 2). This documents that PLL strongly associated with
the iron oxide nanoparticles. The addition of uncoated iron oxide
(sample 2) in DMEM/10% FBS induced a decrease in the
amount of L-lysine in the hydrolyzed supernatant as compared
with the control (sample 4), while the addition of PLL-coated
iron oxide nanoparticles (sample 3) to DMEM/10% FBS led to
a more pronounced decrease of L-lysine in the hydrolyzed
supernatant. This is in accordance with our protein adsorption
experiments (Figure 7). It should be noted that the total amount
of L-lysine before hydrolysis and magnetic separation in sample
3 was higher than that in samples 2 and 4 (control), because in
addition to serum L-lysine, it also contained L-lysine originating
from the PLL coating. These experiments thus did not show
the release of PLL from the PLL-coated iron oxide nanoparticles
into the culture medium.

The effect of the molecular weight of PLL on the adsorption
of FBS serum proteins from DMEM cultivation medium was
also investigated by UV—vis spectrometry. The molecular weight
of PLL did not significantly influence the adsorption of proteins
from the DMEM medium on the surface of PLL-modified
maghemite (Figure 8). It should be noted that this experiment
was performed with another FBS charge than in the investigation
of the effect of the PLL/iron oxide ratio on the concentration
decrease in serum proteins, thus explaining the difference in
the amount of adsorbed proteins (see Figures 7 and 8).

Cell Labeling. Cell labeling with Fe(III)/Fe(Il)/paramagnetic
substances is an increasingly common method for in vivo cell
monitoring and separation (32), as the labeled cells can be
detected by magnetic resonance imaging. The surface charac-
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Table 3. Effect of PLL Molecular Weight on Percentage of rMSC Cells Labeled with PLL-Modified Iron Oxide Nanoparticles®

molecular weight Endorem” 146

9200 58 900 93 800 388 100 579 000

percentage of labeled cells (%) 58.6 80.6

87.6 84.7 90.4 92.2 90.5

“ Concentration 2.2 mg of PLL-modified y-Fe,Os/mL. ? Control. ¢ Average of 15 measurements.
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Figure 9. Microscopic observation of rMSCs labeled with PLL-modified iron oxide nanoparticles: effect of PLL molecular weight. M,,
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oxide nanoparticle- and Endorem-labeled rMSC cells: effect of PLL molecular weight. Grey and black columns represent the percentage of labeled
cells and strongly labeled cells, respectively, out of all the cells in the culture medium.

teristic of nanoparticles plays an important role in their
internalization in cells. First, IMSCs labeled with either uncoated
or surface-modified iron oxide nanoparticles were observed
using an optical microscope. Cell labeling with Endorem served
as a control. Endorem, however, shows a tendency to adhere
on the surface of the cells, in addition to sticking to the bottom
of the vessel. Using the Prussian Blue reaction, the cellular iron
content was measured in MSCc exposed to the nanoparticles.

Primary Uncoated Iron Oxide. Primary uncoated iron oxide
colloid no. 1 (Table 1) was tested for cell labeling to elucidate
the importance of iron oxide modification/coating in subsequent
experiments. Observation using an optical microscope with

phase contrast revealed the iron oxide nanoparticles in rMSCs
as dark dots. Cells in contact with the nanoparticles proliferated,
and approximately one in every ten cells endocytosed the iron
oxide. This might be explained by the formation of aggregates
of sterically unstable particles due to the presence of electrolytes
in the medium. As the resulting coagulates had a broad size
distribution, only the small ones could penetrate into the cells,
whereas the large ones were not internalized. In an attempt to
increase cell labeling, the iron oxide surface was modified with
PLL.

Poly(L-Lysine)-Modified Iron Oxide. PLL is a polycation
due to the presence of NH, groups, widely used as a nonviral
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Figure 10. TEM micrographs of tMSC cells labeled with PLL-modified
iron oxide nanoparticles (no. 3, Table 1). Scale bar 1 um.

transfection agent for gene delivery and in DNA complexing
thus promoting cell adhesion (33) through a positively charged
interface clearly possessing an affinity for negatively charged
cells. PLL is known to adsorb proteins not only from nutrient
solutions, but also from cell membranes.

The results of both rat and human MSC cell labeling with
PLL-modified maghemite nanoparticles (M,, of PLL = 388 100)
are summarized in Table 1. It is clear that the degree of iron
oxide internalization by the cells was PLL concentration-
dependent. The higher the PLL concentration, the better the cell
labeling (Table 1). The best result in terms of maximum cell
labeling was achieved with 0.02 mg PLL per mL of colloid
(Table 1, no. 4). The mechanism of PLL-mediated iron oxide
uptake by the cells is assumed to be based on endocytosis and/
or diffusion through the cell membranes (34). Cells took up
much more PLL-modified nanoparticles than they did Endorem.
Even a relatively low PLL concentration was sufficient for
almost complete cell labeling. It can be thus assumed that
increased endocytosis was induced by associates formed be-
tween PLL-coated nanoparticles and serum proteins. This is in
accordance with both our protein adsorption experiments and
also the L-lysine analysis of hydrolyzed supernatants (Table 2).
The nanoparticles, however, aggregated at concentrations higher
than 0.02 mg of PLL/mL. The results document a positive effect
of PLL on intracellular nanoparticle uptake. This is in ac-
cordance with the published data on the cellular improved uptake
of nanoparticles containing amino groups (35). Another ap-
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Table 4. Relaxivities r; and r; of Contrast Agent Suspensions and
the Relaxation Rates of Suspensions of rMSCs Labeled with
Contrast Agents

relaxation rates of
phantoms containing
labeled cells
(s7'/10° cells/mL)

relaxivities of phantoms
containing suspension
of pure contrast agent
(s~ '/mmol Fe)

contrast agent r r Ry Ry
PLL-modified iron 17.36 213 0.32 4.29
oxide no. 4
Endorem 19.65 126 0.18 1.24

proach to improve the uptake of nanoparticles into cells using
PLL is based on combining a commercially available dextran-
coated SPIO, such as Feridex (36) or Sinerem (37), and a
commercially available transfection agent based on PLL (38).
However, each combination of transfection agent and dextran-
coated SPIO nanoparticles has to be carefully titrated and
optimized for different cell cultures, since lower concentrations
of transfection agent may result in insufficient cellular uptake,
whereas higher concentrations may induce the precipitation of
complexes or may be toxic for the cells (39). Also, magnetite
cationic liposomes are known to promote the uptake of magnetic
particles by target cells (/8).

Effect of PLL Molecular Weight. In the next series of
experiments, L-lysine and PLL of several molecular weights,
ranging up to 579 000, were chosen to test the cellular uptake
of PLL-modified iron oxides (Table 3). Maghemite nanoparticles
modified with L-lysine (M,, = 146) penetrated into the cells
rather poorly, similarly to primary uncoated iron oxide particles,
indicating again that LL did not coat the iron oxide (Figure 9).
In contrast to LL-modified nanoparticles, the particles modified
with PLL were internalized well by the cells. The efficiency of
cell labeling increased with the molecular weight of PLL up to
M, = 388 100, which can be considered an optimum PLL
molecular weight for y-Fe,Os3 nanoparticle modification. This
is in accordance with earlier observations of inefficient mam-
malian cell labeling with low-molecular-weight PLL (38). On
the other hand, particles coated with high-molecular-weight PLL
(M, = 579 000) showed lower cellular uptake (Table 2) and,
moreover, adhered to the cell walls. This was indicated by the
fact that the blue-stained areas were larger than the cells (Figure
9e). It is interesting to note that the efficiency of cell labeling
with Endorem was higher in the experiments summarized in
Table 1 than in those reported in Table 3, probably due to
differences in the passage number of the cells used.

5
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Figure 11. Proton relaxation rates (a) R; and (b) R, of rMSCs labeled with (¢) Endorem and (M) PLL-modified iron oxide nanoparticles (no. 4,

Table 1).
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Figure 12. Gelatin phantoms containing (a) 200, (b) 400, (c) 800, (d)
1200, (e) 1600, (f) 2000, and (g) 4000 PLL-modified iron oxide (no.
4)-labeled cells per uL, and control samples with (h) 200, (i) 1200,
and (j) 4000 unlabeled cells per uL.

Image analysis tools were used to evaluate not only the
percentage of labeled cells, but also the intensity of Prussian
Blue staining. The resulting histograms (Figure 9f) confirmed
that the cells labeled with particles coated with higher-molecular-
weight PLL (M, > 58 900) were stained to a darker shade of
blue, because they contained a greater amount of iron per cell
than those labeled with particles coated with low-molecular-
weight PLL. However, the intensity of Prussian Blue staining
of particles modified with PLL of M,, = 579 000 was slightly
decreased.

Transmission Electron Microscopy of Labeled Cells. To
confirm the internalization of PLL-coated nanoparticles no. 3
by the cells rather than simply their bonding to the cell surface,
and to visualize the location of the nanoparticles inside the cells
after internalization, cells were examined by transmission
electron microscopy (Figure 10). These observations revealed
that the coated nanoparticles indeed crossed cell membranes
and were internalized into the cells. They appeared as black
dots evenly dispersed in the cell cytoplasm; cell membrane-
bound nanoparticle clusters were not detected. The majority of
the internalized PLL-coated nanoparticles were located in the
lysosomes of the cells, which supports their intracellular
trafficking. Nanoparticles are transported in endosomes and
finally fused with lysosomes, a process during which the vesicle
membranes disappear.

Comparison of Relaxivity between rMSC Labeled with
Endorem and PLL-Modified Iron Oxide no. 4. MR relax-
ometry enables the quantification and proper comparison of
relaxation times (and relaxivities), which are responsible for
contrast enhancement in 7-, T>-, and T>*-weighted MR
images.

Babic et al.

In Figure 11, the proton relaxation rates R; (a) and R; (b) of
phantoms with labeled cells suspended in gelatin are plotted
against the cell concentration. The relaxation rates of cells loaded
with PLL-modified iron oxide nanoparticles were significantly
higher than those of cells labeled with Endorem particles. Table
4 compares the relaxivities and relaxation rates of gelatin
samples containing suspensions of the contrast agents or labeled
cells relative to iron concentration or cell numbers, respectively.
Relaxivity r, of PLL-modified iron oxide suspended in gelatin
was 70% higher than that of Endorem. The difference between
the relaxation rates of samples containing cells (related to the
number of cells) labeled with PLL-modified nanoparticles and
cells labeled with Endorem was much greater. This observation
cannot be explained only by the higher relaxivity of the
nanoparticles used; it is probably due to the better internalization
of PLL-modified iron oxide nanoparticles in the cells. This
hypothesis was confirmed by iron analysis of the cell suspen-
sions, the average amounts of iron determined by spectropho-
tometry after mineralization were 41.5 pg of iron per cell for
cells labeled with PLL-modified iron oxide no. 4 and 14.6 pg
of iron per cell for Endorem-labeled cells.

In Vitro MR Imaging. To check the sensitivity of the MRI
technique and to mimic signal behavior in brain tissue, suspen-
sions of unlabeled cells and cells labeled with PLL-modified
iron oxide nanoparticles were imaged in vitro. Even the sample
containing the lowest concentration (200 cells/uL which cor-
responds on average to 2 cells per image voxel) still provided
visible contrast compared with a control phantom containing
the same number of unlabeled cells (Figure 12). A similar set
of experiments was performed in our previous work (40), in
which MR images of gelatin phantoms showed a hypointense
signal at the concentrations above 625 labeled cells per uL.

In Vivo MR Imaging. Rats were examined 3 days after
transplantation in an MR imager. Figure 13 shows that PLL-
modified iron oxide (no. 4)-labeled cells were clearly discernible
in vivo, even at low concentrations (1000 cells/2 uL). The iron
oxide-labeled cell implants were visible as a hypointense area
at the injection site. Cells labeled by PLL-modified iron oxide
provide a better visible contrast than do Endorem-labeled cells.
Labeling with PLL-modified iron oxide thus makes it possible
to detect a lower number of cells in the tissue.

CONCLUSIONS

The preparation of new surface-modified iron oxide nano-
particles for stem labeling has been described and their

Figure 13. (a) Axial and (b) coronal MR images of a rat brain with 1000 cells labeled with PLL-modified iron oxide implanted into the left
hemisphere and 1000 Endorem-labeled cells implanted into the right hemisphere. MR images were taken 3 days after implantation. Enlarged insets
clearly show a hypointense signal in the left hemisphere; such a signal is not visible in the right one.
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properties optimized. The structure of the polymer shell of the
iron oxide core determined the efficacy of the nanoparticles’
interaction with cells. A good colloidal stability has been
obtained with poly(L-lysine) modifiers. Poly(L-lysine)-modified
nanoparticles less than 10 nm in diameter were tested for cell
labeling. PLL of high molecular weight (M, = 388 100) proved
to be the most effective surface-modifier for achieving the
greatest internalization by rat bone marrow stromal cells. The
accumulation of the magnetic particles in the cells was obviously
facilitated by PLL-induced modification of the particles’ surface
charge. TEM examination of PLL-coated nanoparticles showed
the successful internalization of the nanoparticles into lysosomes.
Nanoparticles were found inside cells, mainly in endosomes.
The cellular uptake of iron oxide nanoparticles was dependent
on the concentration of PLL used in the iron oxide modification.
At high concentrations, the nanoparticles started to aggregate
in the culture medium. The cellular iron content was also
dependent on the amount of added nanoparticles. Cell labeling
with newly developed PLL-modified iron oxide was more
efficient than that with a conventionally used agent (En-
dorem). Compared to Endorem, both the higher r; relaxivity
of PLL-modified nanoparticles and their better internalization
in the cells enabled easier MRI detection and tracking of
cells in the tissue after transplantation. Moreover, the viability
of PLL-coated iron oxide-labeled cells determined by a
colorimetric essay was much higher than in cells labeled with
Endorem (47). The newly developed PLL-modified iron oxide
nanoparticles are expected to be nontoxic, similarly as
analogous iron oxide—PLL complexes (42), the biodegrada-
tion of which and metabolic processes in cells have been
reported earlier. The iron is introduced into the normal plasma
iron pool and is then incorporated into the hemoglobin of
red cells or metabolized (43). Compared with PLL modifica-
tion of dextran-coated iron oxide nanoparticles (44), the
advantage of our new procedure is that no dextran is
necessary to produce the particles, thus simplifying their
preparation. The developed nanoparticles are a promising tool
for the noninvasive in vivo tracking of transplanted cells in
the host organism and for monitoring the long-term effects
of such transplantation.

ACKNOWLEDGMENT

The financial support of the Center for Cell Therapy and
Tissue Repair (No. 1M0021620803), the Grant Agency of the
Academy of Sciences of the Czech Republic (grant KAN200200651
and KAN201110651), and the Grant Agency of the Czech
Republic (grant 203/05/2256 and 309/06/1594) is gratefully
acknowledged.

LITERATURE CITED

(1) Pankhurst, Q. A., Connolly, J., Jones, S. K., and Dobson, J.
(2003) Applications of magnetic nanoparticles in biomedicine.
J. Phys. D: Appl. Phys. 36, R167-R181.

(2) Marchal, G., van Hecke, P., Demaerel, P., Decrop, E., Kennis,
C., Baert, A. L., and van der Schueren, E. (1989) Detection of liver
metastases with superparamagnetic iron oxide in 15 patients: Results
of MR imaging at 1.5 T. Am. J. Roentgenol. 152, T71-775.

(3) Lubbe, A. S., Bergemann, C., Riess, H., Schriever, F., Rei-
chardt, P., Possinger, K., Matthias, M., Dorken, B., Herrmann,
F., Gurtler, R., Hohenberger, P., Haas, N., Sohr, R., Sander, B.,
Lemke, A. J., Ohlendorf, D., Huhnt, W., and Huhn, D. (1996)
Clinical experiences with magnetic drag targeting: A phase I
study with 4'-epidoxorubicin in 14 patients with advanced solid
tumors. Cancer Res. 56, 4686-4693.

(4) Guesdon, J. L., Thiery, R., and Avrameas, S. (1978) Magnetic
enzyme immunoassay for measuring human IgE. J. Allergy Clin.
Immunol. 6, 23-27.

Bioconjugate Chem., Vol. 19, No. 3, 2008 749

(5) Druet, E., Mahieu, P., Foidart, J. M., and Druet, P. (1982)
Magnetic solid-phase enzyme immunoassay for the detection of
anti-glomerular basement membrane antibodies. J. Immunol.
Methods 48, 149-157.

(6) Gu, H., Ho, P. L., Tsang, K. W. T., Wang, L., and Xu, B.
(2003) Using bifunctional magnetic nanoparticles to capture
vancomycin-resistant Enterococci and other gram-positive bac-
teria at ultralow concentration. J. Am. Chem. Soc. 125, 15702—
15703.

(7) Pazzagli, M., Kohen, F., Sufi, S., Masironi, B., and Cekan, S. Z.
(1988) Immunometric assay for lutropin (hLH) based on the use
of universal reagents for enzymatic labeling and magnetic
separation and monitored by enhanced chemiluminescence.
J. Immunol. Methods 114, 62-68.

(8) Vonk, G. P., and Schram, J. L. (1991) Dual-enzyme cascade-
magnetic separation immunoassay for respiratory syncytial virus.
J. Immunol. Methods 137, 133-139.

(9) Josephson, L., Perez, J. M., and Weissleder, R. (2001) Magnetic
nanosensors for the detection of oligonucleotide sequences.
Angew. Chem., Int. Ed. 40, 3204-3206.

(10) Patolsky, F., Weizmann, Y., Katz, E., and Willner, 1. (2003)
Magnetically amplified DNA assays (MADA): Sensing of viral
DNA and single-base mismatches by using nucleic acid modified
magnetic particles. Angew. Chem., Int. Ed. 42, 2372-2376.

(11) Nam, J. M., Thaxton, C. S., and Mirkin, C. A. (2003)
Nanoparticle-based bio-bar codes for the ultrasensitive detection
of proteins. Science 301, 1884—1886.

(12) Lewin, M., Carlesso, N., Tung, C. H., Tang, X. W., Cory,
D., Scadden, D. T., and Weissleder, R. (2000) Tat peptide-
derivatized magnetic nanoparticles allow in vivo tracking and
recovery of progenitor cells. Nat. Biotechnol. 18, 410-414.

(13) Torchilin, V. P. (2000) Drug targeting. Eur. J. Pharm. Sci.
11, S81-S91.

(14) Hafeli, U. O. Magnetically modulated therapeutic systems.
Int. J. Pharm. 277, 19-24.

(15) Xiang, J. J., Tang, J.-Q., Zhu, S.-G., Nie, X.-M., Lu, H.-B.,
Shen, S.-R., Li, X.-L., Tang, K., Zhou, M., and Li, G.-Y. (2003)
IONP-PLL: A novel non-viral vector for efficient gene delivery.
J. Gene Med. 5, 803-817.

(16) Jordan, A., Scholz, R., Maier-Hauff, K., Johannsen, M., Wust,
P., Nadobny, J., Schirra, H., Schmidt, H., Deger, S., Loening,
S., Lanksch, W., and Felix, R. (2001) Presentation of a new
magnetic field therapy system for the treatment of human solid
tumors with magnetic fluid hyperthermia. J. Magn. Magn. Mater.
225, 118-126.

(17) Gupta, A. K., and Gupta, M. (2005) Synthesis and surface
engineering of iron oxide nanoparticles for biomedical applica-
tions. Biomaterials 26, 3995-4021.

(18) Shinkai, M. (2002) Functional magnetic particles for medical
application. J. Biosci. Bioeng. 94, 606-613.

(19) Stella, B., Arpicco, S., Peracchia, M. T., Desmaele, D.,
Hoebeke, J., Renoir, M., D’ Angelo, J., Cattel, L., and Couvreur,
P. (2000) Design of folic acid-conjugated nanoparticles for drug
targeting. J. Pharm. Sci. 89, 1452-1464.

(20) Zhang, Y., and Zhang, J. (2005) Surface modification of
monodisperse magnetite nanoparticle for improved intracellular
uptake to breast cancer cells. J. Colloid Interface Sci. 283, 352—
357.

(21) Allen, M. J., MacRenaris, K. W., Venktasubramanian, P. N.,
and Meade, T. J. (2004) Cellular delivery of MRI contrast agents.
Chem. Biol. 11, 301-307.

(22) Stark, D. D., Weissleder, R., Elizondo, G., Hahn, P. F., Saini,
S., Todd, L. E., Wittenberg, J., and Ferrucci, J. T. (1988)
Superparamagnetic iron oxide: Clinical application as a contrast
agent for MR imaging of the liver. Radiology 168, 297-301.

(23) Molday, R. S., and MacKenzie, D. (1982) Immunospecific
ferromagnetic iron-dextran reagents for the labeling and magnetic
separation of cells. J. Immunol. Methods 52, 353-367.



750 Bioconjugate Chem., Vol. 19, No. 3, 2008

(24) Cheng, F.-Y., Su, C.-H., Yang, Y.-S., Yeh, C.-S., Tsai, C.-Y.,
Wu, C.-L., Wu, M.-T., and Shieh, D.-B. (2005) Characterization
of aqueous dispersions of Fe;O, nanoparticles and their biomedical
applications. Biomaterials 26, 729-738.

(25) Taupitz, M., Schnorr, J., Wagner, S. A., Abramjuk, C.,
Pilgrimm, H., Kivelitz, D., Schink, T., Hansel, J., Laub, G.,
Humogen, H., and Hamm, B. (2002) Coronary MR angiography:
Experimental results with a monomer-stabilized blood pool
contrast medium. Radiology 222, 120-126.

(26) Kiessling, A. A., Anderson, S. C. (2003) Human embryonic
stem cells, an introduction to the science and therapeutic
potential. Jones & Bartlett Publishers, USA.

(27) Hordk, D., Babi¢, M., Jendelovd, P., Herynek, V., Trchovd,
M., Pientka, Z., Pollert, E., Hajek, M., and Sykova, E. (2007)
D-mannose-modified iron oxide nanoparticles for stem cell
labeling. Bioconjugate Chem. 18, 635-644.

(28) Azizi, S. A., Stokes, D., Augelli, B. J., DiGirolamo, C., and
Prockop, D. J. (1998) Engraftment and migration of human bone
marrow stromal cells implanted in the brains of albino rats—
similarities to astrocyte grafts. Proc. Natl. Acad. Sci. U.S.A. 95,
3908-3913.

(29) Koch, A. M., Reynolds, F., Merkle, H. P., Weissleder, R.,
and Josephson, L. (2005) Transport of surface-modified nano-
particles through cell monolayers. ChemBioChem 6, 337-345.

(30) Socrates, G. (2001) In Infrared and Raman Characteristic
Group Frequencies, pp 143-145, Wiley, New York.

(31) Van Durme, K., Delellio, L., Kudryashov, E., Buckin, V., and
Van Mele, B. (2005) Exploration of high-resolution ultrasonic
spectroscopy as an analytical tool to study demixing and remixing
in poly(N-isopropyl acrylamide)/water solutions. J. Polym. Sci.,
Part B: Polym. Phys. 43, 1283—-1295.

(32) Olsvik, O., Popovic, T., Skjerve, E., Cudjoe, K. S., Hornes,
E., Ugelstad, J., and Uhlen, M. (1994) Magnetic separation
techniques in diagnostic microbiology. Clin. Microbiol. Rev. 7,
43-54.

(33) Schatzlein, A. G. (2001) Non-viral vectors in cancer gene
therapy: principles and progress. Anticancer Drugs 12, 275-304.

(34) Dormer, K., Seeney, C., Lewelling, K., Lian, G., Gibson, D.,
and Johnson, M. (2005) Epithelial internalization of superpara-
magnetic nanoparticles and response to external magnetic field.
Biomaterials 24, 2061-2072.

(35) Petri-Fink, A., Chastellain, M., Juillerat-Jeanneret, L., Ferrari,
A., and Hofmann, H. (2005) Development of functional super-
paramagnetic iron oxide nanoparticles for interaction with human
cancer cells. Biomaterials 26, 2685-2694.

Babic et al.

(36) Frank, J. A., Miller, B. R., Arbab, A. S., Zywicke, H. A.,
Jordan, E. K., Lewis, B. K., Bryant, L. H., and Bulte, J. W. M.
(2003) Clinically applicable labeling of mammalian and stem
cells by combining superparamagnetic iron oxides and transfec-
tion agents. Radiology 228, 480-487.

(37) Hoehn, M., Kustermann, E., Blunk, J., Wiedermann, D., Trapp,
T., and Focking, M. (2002) Monitoring of implanted stem cell
migration in vivo: A highly resolved in vivo magnetic resonance
imaging investigation of experimantal stroke in rat. Proc. Natl.
Acad. Sci. U.S.A. 100, 1073-1078.

(38) Arbab, A. S., Yocum, G. T., Wilson, L. B., Parwana, A.,
Jordan, E. K., Kalish, H., and Frank, J. A. (2004) Comparison
of transfection agents in forming complexes with ferumoxides,
cell labeling efficiency, and cellular viability. Mol. Imaging 3,
24-32.

(39) Kalish, H., Arbab, A. S., Miller, B. R., Lewis, B. K., Zywicke,
H. A., Bulte, J. W., Bryant, L. H., and Frank, J. A. (2003)
Combination of transfection agents and magnetic resonance
contrast agents for cellular imaging: Relationship between
relaxivities, electrostatic forces, and chemical composition. Magn.
Reson. Med. 50, 275-282.

(40) Jendelovd, P., Herynek, V., DeCroos, J., Glogarovd, K.,
Andersson, B., Héjek, M., and Sykova, E. (2003) Imaging the
fate of implanted bone marrow stroma cells labeled with
superparamagnetic nanoparticles. Magn. Reson. Med. 50, 767—
776.

(41) Jendelovd, P., Hordk, D., Babi¢, M., Glogarov4, K., Herynek,
V., Hajek, M., and Sykova, E. (2007) Modified iron oxide
nanoparticles for in vivo cell imaging. Regenerative Med. 2, 635.

(42) Yocum, G. T., Wilson, L. B., Ashari, P., Jordan, E. K., Frank,
J. A., and Arbab, A. S. (2005) Effect of human stem cells labeled
with ferumoxides-poly-L-lysine on hematologic and biochemical
measurements in rats. Radiology 235, 547-552.

(43) Weissleder, R., Stark, D. D., Engelstad, B. L., Bacon, B. R.,
Compton, C. C., White, D. L., Jacobs, P., and Lewis, J. (1989)
Superparamagnetic iron oxide: Pharmacokinetics and toxicity.
Am. J. Roentgenol. 152, 167-173.

(44) Arbab, A. S., Bashaw, L. A., Miller, B. R., Jordan, E. K.,
Lewis, B. K., Kalish, H., and Frank, J. A. (2003) Characterization
of biophysical and metabolic properties of cells labeled with
superparamagnetic iron oxide nanoparticles and transfection agent
for cellular MR imaging. Radiology 229, 838—846.

BC700410Z



Priloha ¢. 3



Bioconjugate Chem. 2009, 20, 283-294 283
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Maghemite (y-Fe,03) nanoparticles were obtained by the coprecipitation of Fe(II) and Fe (III) salts with ammonium
hydroxide followed by oxidation with sodium hypochlorite. Solution radical polymerization of N,N-dimethyl-
acrylamide (DMAAm) in the presence of maghemite nanoparticles yielded poly(N,N-dimethylacrylamide)
(PDMAAm)-coated maghemite nanoparticles. The presence of PDMAAm on the maghemite particle surface was
confirmed by elemental analysis and ATR FTIR spectroscopy. Other methods of nanoparticle characterization
involved scanning and transmission electron microscopy, atomic adsorption spectroscopy (AAS), and dynamic
light scattering (DLS). The conversion of DMAAm during polymerization and the molecular weight of PDMAAm
bound to maghemite were determined by using gas and size-exclusion chromatography, respectively. The effect
of ionic 4,4'-azobis(4-cyanovaleric acid) (ACVA) initiator on nanoparticle morphology was elucidated. The
nanoparticles exhibited long-term colloidal stability in water or physiological buffer. Rat and human bone marrow
mesenchymal stem cells (MSCs) were labeled with uncoated and PDMAAm-coated maghemite nanoparticles
and with Endorem as a control. Uptake of the nanoparticles was evaluated by Prussian Blue staining, transmission
electron microscopy, 7>-MR relaxometry, and iron content analysis. Significant differences in labeling efficiency
were found for human and rat cells. PDMAAm-modified nanoparticles demonstrated a higher efficiency of
intracellular uptake into human cells in comparison with that of dextran-modified (Endorem) and unmodified
nanoparticles. In gelatin, even a small number of labeled cells changed the contrast in MR images. PDMAAm-
coated nanoparticles provided the highest 7, relaxivity of all the investigated particles. In vivo MR imaging of
PDMA Am-modified iron oxide-labeled rMSCs implanted in a rat brain confirmed their better resolution compared

with Endorem-labeled cells.

INTRODUCTION

Recently, superparamagnetic iron oxide nanoparticles have
found widespread application in medicine, in particular as
contrast agents in magnetic resonance imaging (MRI) (/7).
Contrast agents in MRI improve the detection and characteriza-
tion of lesions by changing the signal intensity of target tissues
when compared with the surrounding tissue (2). Understanding
the interactions between the nanoparticles and cells is crucial
for improving their behavior in vivo and in vitro. The direct
use of nanoparticles as in vivo MRI contrast agents results in
their biofouling in the blood plasma and the formation of
aggregates that are quickly sequestered by cells of the reticular
endothelial system (RES) such as macrophages. Both small
particle size and surface chemical structures are key parameters
determining the blood half-life in the circulation, opsonization,
biokinetics, and the biodistribution of magnetic nanoparticles (3-5).
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It is therefore essential to engineer the surface of the iron oxide
to minimize biofouling and the aggregation of the particles under
physicochemical conditions (i.e., high salt and protein concen-
trations) for long periods. Surface modifications of magnetic
iron oxide nanoparticles with biocompatible polymers are
potentially beneficial for preparing MR contrast agents for in
vivo applications. Such particles can circulate in the plasma for
long periods by escaping uptake by the RES. Iron oxide
nanoparticles coated with dextran and its derivates, such as
Feridex (Endorem) and Resovist, are commercially available.
Iron oxide nanoparticles also show potential for in vitro cell
labeling followed by in vivo MRI tracking, an approach that is
being investigated for stem cell therapy (6, 7). Dextran-coated
agents are, however, insufficiently taken up by the cells during
cultivation; consequently, modifications of the iron oxide surface
are attempted in order to increase the internalization of the
nanoparticles. One promising approach toward increasing the lo-
cal concentration of the nanoparticles in cells is to conjugate
them with targeting molecules that have a high affinity for tumor
cells (8-10). Target-specific molecules, including monoclonal
antibodies (/7), proteins (12), peptides, and folic acid (10), have
been investigated to increase the site-specific accumulation of
MR contrast agents in tumor cells. Several transfection agents
have been suggested to facilitate the effective magnetic labeling
of cells by endocytosis into endosomes (/3). These are mostly
cationic, positively charged compounds (/4). Superparamagnetic
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iron oxide nanoparticles have thus been incorporated into
hemoglobin within red cells, short human immunodeficiency
virus-transactivator transcription (TAT) proteins (/5), polyamines
(polycationic poly(L-lysine) (PLL) (/6)), magnetodendrimers
(17), and antigen-specific internalizing monoclonal antibodies
(18). The complexing of PLL with iron oxide occurs through
electrostatic interactions of the negatively charged iron oxide
nanoparticles with the polycation, allowing for the efficient
incorporation of iron oxide nanoparticles into endosomes for
magnetic cell labeling. A disadvantage of PLL-modified iron
oxides is, however, that they aggregate in the presence of some
electrolytes.

In our previous reports, the efficiency of cellular uptake was
investigated following D-mannose and PLL modification of the
iron oxide surface (19, 20). These systems were relatively stable
in cell culture media; however, their further modification with
antibodies, enzymes, or proteins, was difficult. In an attempt to
design a novel coating of iron oxide nanoparticles that would
not only ensure their very good colloidal stability but also enable
the subsequent covalent attachment of highly specific biomol-
ecules (antibodies, enzymes, peptides, etc.), PDMAAm was
selected. Its advantage consists in the easy formation of
homogeneous networks and copolymers with various functional
monomers (27). Our preliminary biological experiments con-
firmed not only the nontoxicity of the PDMAAm coating but
also its ability to enhance cellular uptake. In this study,
PDMAAm coating of iron oxide particles was investigated in
more detail utilizing in vitro cell labeling followed by MR cell
tracking. As a model, rat and human mesenchymal stem cells
(rMSCs and hMSCs) were labeled with PDMAAm-coated
nanoparticles, and nanoparticle internalization into cells was
visualized with light and TEM microscopy. In addition, the
effect of PDMAAm-coated iron oxide nanoparticles on cell
viability and labeling efficiency was quantified. Moreover, MR
relaxometry of labeled cells was used to measure relaxation
times, which are responsible for contrast enhancement in MR
images.

EXPERIMENTAL SECTION

Materials. N,N-Dimethylacrylamide (DMAAm; Aldrich,
Milwaukee, USA) was distilled (56 °C/266 Pa). 4,4'-Azobis(4-
cyanovaleric acid) (ACVA), FeCl,+4H,0, and FeCl;*6H,0 were
purchased from Fluka (Buchs, Switzerland) and used without
further purification. All other chemicals were supplied by
Aldrich and used as received. Endorem, a MRI contrast agent
based on superparamagnetic dextran-coated iron oxide nano-
particles, was obtained from Guerbet (Roissy, France). Ultrapure
Q water ultrafiltered on a Milli-Q Gradient A10 system
(Millipore, Molsheim, France) was used for preparation of the
solutions.

Preparation of Ferrofluid. Two procedures are generally
used for the preparation of iron oxide nanoparticles: an in situ
and a stepwise method. In this report, a two-step procedure was
used. Colloidal Fe(OH); was first precipitated from FeCls+6H,0O
added to less than an equimolar amount of ammonia, followed
by the addition of FeCl,+*4H,O (molar ratio Fe(III)/Fe(Il) = 2).
Mixing was simply achieved by rapid sonication. The mixture
was then poured into an excess of ammonia, and a magnetite
(Fe;04) coagulate was formed. The key step in the formation
of a stable magnetite colloid after the synthesis consists in its
careful purification from all impurities by washing and magnetic
separation in water, a process called peptization. Briefly, 12 mL
0.2 M FeCl;+6H,0 aqueous solution was mixed with 12 mL
0.5 M NH4OH solution under sonication (Sonicator W-385; Heat
Systems-Ultrasonics, Inc., Farmingdale, USA) for 2 min at
laboratory temperature to form the Fe(OH); colloid. Then, 6
mL of 0.2 M FeCl,+4H,0 aqueous solution was added under
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sonication and the mixture poured into 36 mL of 0.5 M NH,OH
aqueous solution. The resulting magnetite coagulate was left to
grow for 15 min, magnetically separated, and repeatedly
(7—10x) washed with Q-water to remove all impurities
(including NH4Cl) remaining after the synthesis. The above-
formed pure magnetite was sonicated for 3 min with 2 mL of
0.1 M sodium citrate solution and oxidized at room temperature
with 1.5 mL of 5 wt % sodium hypochlorite to maghemite. The
precipitate was again repeatedly (7x) washed with Q-water
using magnetic separation/decantation to obtain a stable colloid.

Coating by Solution Radical Polymerization of
DMAAm in the Presence of Maghemite Nanoparticles. In a
typical experiment, 1 g of DMAAm and 0.01 g of ACVA
initiator were dissolved in 30 mL of aqueous colloid containing
0.5 g of y-Fe, 03, and the mixture was purged with nitrogen to
remove oxygen for 10 min. PDMAAm was synthesized under
stirring (400 rpm) at 70 °C for 8 h. The resulting colloid was
washed 8 times with water by centrifugation/redispersion to
remove excessive polymer, unreacted monomer, and initiator,
and redispersed.

For comparison, iron oxide nanoparticles were also encap-
sulated in neat PDMAAm added to the particles, followed by a
thorough purification by repetitive centrifugation/redispersion
in water.

Characterization of the Particles. The particles were
observed in a scanning electron microscope (SEM, JEOL JSM
6400). A drop of particle dispersion was smeared between
glasses for microscopy to obtain a thin layer, dried, and surface-
coated with a 4-nm platinum layer using a SCD 050 sputtering
device (BalTech, Lichtenstein). Transmission electron micros-
copy (TEM) was performed on a JEOL JEM 200 CX to
determine the particle size of the iron oxides. The average
diameter and particle size distribution PDI (weight-number-
average particle diameter ratio D,/D,) were obtained by
statistical analysis of at least 500 particles using the Atlas
program (Tescan Brno, Czech Republic). The X-ray diffraction
measurement was carried out with a Bruker D8 diffractometer
using Cu Ko radiation and a Sol-X energy dispersive detector.
The amount of iron in the coated nanoparticles was found by
AAS (Perkin-Elmer 3110) of an extract of the sample obtained
with dilute HCI1 (1:1) at 80 °C for 1 h. The amount of PDMAAm
bound to the particles after polymerization was determined after
their lyophilization by elemental analysis (Perkin-Elmer 2400
Series II CHNS/O Analyzer, Shelton, CT, USA).

The coating of PDMAAm on the surface of magnetic
nanoparticles was investigated using a Thermo Nicolet NEXUS
870 FTIR Spectrometer (Madison, WI, USA) in a water-purged
environment with a DTGS detector in the wavenumber range
from 400 to 4000 cm™!. A Golden Gate Heated Diamond ATR
Top-Plate (MKII Golden Gate single reflection ATR system)
(Specac Ltd., Orprington, Great Britain) was used for measuring
the spectra of powdered samples by ATR spectroscopy. Typical
parameters used were 256 sample scans, 4 cm™! resolution,
Happ-Genzel apodization, and KBr beamsplitter.

The hydrodynamic diameter Dy, and the zeta-potential of both
the unwashed colloid (0.2 mL of original colloid diluted to 2
mL) and the colloid repeatedly (8 x) washed with water through
ultracentrifugation/redispersion were determined by dynamic
light scattering (DLS) with an Autosizer Lo-C (Malvern
Instruments Ltd., Malvern, UK). Colloidal stability was evalu-
ated visually according to the presence of sediment on the
bottom of the vial.

To determine the molecular weight (M,,) of PDMAAm bound
to maghemite, maghemite was first dissolved in concentrated
HCI. The resulting dark yellow solution was diluted with water
and PDMAAm separated on a PD 10 desalting column
(Amersham Biosciences, Buckinghamshire, UK). Finally, PD-
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MAAm was lyophilized and dissolved in acetate buffer (¢ ~3
mg/mL). The M,, was determined by size-exclusion chroma-
tography in an aqueous methanol solution on a Shimadzu HPLC
system equipped with RI, UV, and multiangle light scattering
DAWN EOS (Wyatt Co., USA) detectors using a mobile phase
consisting of 20% 0.3 M acetate buffer (pH 6.5; 0.5 g/L. NaNj3)
and 80% methanol (flow rate 0.5 mL/min) with a GPC column
TSKgel G6000PW (300 x 7.8 mm; 15 um; Tosoh Bioscience,
Japan).

The conversion versus DMAAm polymerization time was
calculated from the concentration of monomers during poly-
merization monitored after the addition of hydrochinone (50
mg/mL) by a GC Perkin-Elmer (Norwalk, CT, USA) with FID
detector using 30 m length, 0.32 mm inner diameter Rtx-624
column with 1.8 um thick film (Restek, Bellefonte, PA, USA).
Calibration was performed using an external standard.

Cell Cultures and Cell Labeling. In vitro cellular uptake
experiments were performed using rat and human bone marrow
mesenchymal stem cells. Rat bone marrow mesenchymal stem
cells (rMSCs) were obtained from the tibia and femur of 4-week-
old Wistar rats. The ends of the bones were cut, and the marrow
was extruded with Dulbecco’s modified Eagle’s medium
(DMEM, PAA Laboratories, Linz, Austria) by using a needle
and a syringe (22). Marrow cells were plated in a 75-cm? tissue
culture flask (TPP, Trasadingen, Switzerland) in DMEM
medium containing 10% fetal bovine serum (FBS, PAA
Laboratories, Linz, Austria), 100 units/mL penicillin (Gibco
BRL, Paisley, Scotland), and 0.1 mg/mL streptomycin (Gibco
BRL). After 24 h, the nonadherent cells were removed by
replacing the medium.

Human bone marrow mesenchymal stem cells (hMSCs) were
obtained from the bone marrow of healthy donors after obtaining
informed consent. Bone marrow aspirates were diluted in
phosphate-buffered saline (PBS) and centrifuged through a
density gradient (Ficoll-Paque Plus, GE Healthcare Life Sci-
ences, Vienna, Austria) for 30 min at 1000 g (22, 23). Nucleated
cells from the interface were plated in a 75-cm? tissue culture
flask in o-modified Eagle’s medium (a-MEM, Gibco BRL)
containing 10% FBS, 100 units/mL penicillin, and 0.1 mg/mL
streptomycin. After 48 h, the nonadherent cells were removed
by replacing the medium.

Both types of cells were cultured in a humidified 5% CO,
incubator. The medium was replaced every 3 days as the cells
grew to confluence. The cells were labeled with iron oxide
nanoparticles. For cell labeling, either uncoated y-Fe,O; nano-
particles, the contrast agent Endorem, or PDMAAm-coated
y-Fe,O5 nanoparticles were used at the same concentration —15
ug Fe,Os/mL of media. After 72 h, the contrast agent was
washed out by replacing the culture medium.

Transmission Electron Microscopy (TEM). Nanoparticle
localization inside the cells was observed by transmission
electron microscopy. MSCs were incubated with the nanopar-
ticles for 72 h, transferred onto polylysine-coated coverslips,
fixed in 2.5% glutaraldehyde in 0.1 M Sorensen buffer for 48 h
at 4 °C, and stained by 1% osmium tetraoxide in 0.1 M Sorensen
buffer for 2 h. Cells were then dehydrated in ethanol, immersed
in propylene oxide, and flat embedded in Epon 812 using gelatin
capsules. After polymerization for 72 h at 60 °C, coverslips
were removed by liquid nitrogen. Ultrathin sections of 60 nm
were examined with a Philips Morgagni 268D transmission
electron microscope (FEI Inc., Hillsboro, OR, USA).

Cell Viability. The viability of cells was analyzed using a
colorimetric assay based on the cleavage of the tetrazolium salt
WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-
1,3-benzene disulfonate) (Roche Diagnostics, Mannheim, Ger-
many) to a highly water-soluble formazan dye by mitochondrial
dehydrogenases in viable cells (24). rMSCs or hMSCs (2nd and
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5th passages) were plated on 96-well plates (TPP, Trasadingen,
Switzerland) at a density of 5 x 10° cells/well. The cells were
cultured and labeled with iron oxide nanoparticles as described
above. Twelve wells of each cell type were labeled with
Endorem and 12 wells with PDMAAm-coated maghemite
nanoparticles, and 12 wells were not labeled and served as
control samples. On the day that nanoparticles were withdrawn
(day 3), 10 uL of the WST-1 solution was added to 100 4L of
culture medium per well, and the cells were kept in the incubator
(37 °C) for an additional 2 h. The absorbance was measured
using an ELISA plate reader (Tecan Spectra, Tecan Trading,
Switzerland) at a wavelength of 450 nm.

Labeling Efficiency and Staining Intensity. Labeling ef-
ficiency was determined by manually counting the number of
Prussian Blue-stained and unstained cells in 96-well plates and
measuring the staining intensity of Prussian Blue-stained cells
colorimetrically. Twelve optical fields from each plate were
scanned using an Axioplan Imaging II microscope at 100x
magnification using a 10x/0.75 objective lens, an AxioCam
digital camera, and AxioVision 4 software (microscope setup
from Zeiss, Oberkochen, Germany). All of the cells in the
scanned images were manually labeled as Prussian Blue-stained
or unstained using Jasc Paint Shop Pro 8 (Corel Corporation,
Ottawa, Canada). The scanned images with manually labeled
cells were processed by the Image analysis toolbox of MATLAB
software (The MathWorks, Inc., MA, USA). Before the analysis,
we validated the colorimetric scale from the image colors
corresponding to the increasing intensities of the Prussian Blue
staining of the cells. Then we processed each Prussian Blue-
stained cell in the image and determined the intensity of the
cytoplasmic staining as the intensity of the color of the
cytoplasm on the scale. As a result, two parameters were
obtained: (i) the presence or absence of a label inside the cells
expressed as the percentage of labeled cells and (ii) the amount
of label inside the cells, which correlates with the intensity of
the staining.

In Vitro MR Relaxometry and MR Imaging of Labeled
Cells Suspended in Gelatin. MR relaxometry of the particles
was performed using a Bruker MiniSpec 0.5 T relaxometer and
a Bruker BioSpec 4.7 T imager (both Etlingen, Germany). The
latter apparatus was also used for MR imaging. Two types of
labeled cells, rat and human MSCs, were dispersed in gelatin
in the following concentrations: 50, 100, 200, 400, and 800 cells/
uL. Control samples containing suspensions of unlabeled cells
and Endorem-labeled cells were measured at the same concen-
trations. For T relaxometry, the standard saturation recovery
sequence was used; 75 relaxometry was performed with a CPMG
multispin—echo sequence. Measured relaxation times were
converted to relaxation rates and related to cell concentrations.
MR imaging was performed with 7,-weighted turbo-spin echo
(effective echo time TE = 35 ms, repetition time TR = 3 s)
and T>*-weighted gradient echo (TE = 5 ms, TR = 100 ms)
sequences that are commonly used in in vivo measurements.

Iron Analysis. The amount of iron in the cells after
mineralization was determined by spectrophotometry. Cell-
containing samples were mineralized by the addition of 5 mL
of HNO; and 1 mL of H,O, in an ETHOS 900 microwave
mineralizator (Millestone, Sydney, Australia). Deionized water
was added to reach a total volume of 100 mL. The iron content
was determined using a Spectroflame M120S apparatus (Spectro,
Littleton, MA, USA) calibrated with a standard Astasol solution
(Analytika, Prague, Czech Republic). The measurements were
repeated four times, and the average mean value was determined.

Cell Grafting. The rats (n = 5) were anesthetized with
isoflorane and mounted in a stereotactic frame. Using an aseptic
technique, a burr hole (1 mm) was made in the skull to expose
the dura overlying the cortex. PDMAAm-modified iron oxide-
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Figure 1. (a,c) TEM and (b,d) SEM micrographs of (a,b) primary uncoated y-Fe,O5 particles No. 1 and (c,d) particles coated with PDMAAm by

solution polymerization No. 5.
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Figure 2. X-ray diagram of synthesized y-Fe,O; nanoparticles. Vertical
bars, y-Fe,O5 standard.

labeled cells or Endorem-labeled cells (5,000 cells suspended
in 5 uLL of PBS) were slowly injected intracerebrally into the
brain over a 10-min period using a Hamilton syringe. Unlabeled
cells were injected as a control. The opening was closed by
bone wax, and the skin was sutured.

MR Imaging. The in vivo MR images were obtained on a
4.7 T Bruker imager equipped with a homemade surface coil.
The rat was anesthetized by passive inhalation of 1.5—2%
isoflorane in air. Breathing was monitored during the measure-

ments. Single sagittal, coronal, and transversal images were
obtained by a fast gradient echo sequence for localizing, then
both T,-weighted (turbospin echo sequence, TE = 35 ms, TR
= 3 s, number of acquisitions AC = 8§, matrix size 256 x 256,
field of view FOV = 3.5 x 3.5 cm, slice thickness 0.75 mm)
and T,*-weighted (gradient echo sequence, TE = 12 ms, TR =
180 ms, number of acquisitions AC = 48, same geometry) axial
images were acquired.

RESULTS AND DISCUSSION

Preparation of Maghemite. Maghemite (y-Fe,O3) nanopar-
ticles are one of the most commonly used ferric oxide particles
because of their simple synthesis and chemical stability. Their
advantage is that iron participates in human metabolism and is
thus well tolerated by the living organism. First, magnetite was
precipitated; its colloidal stability was achieved by charges
induced by Fe’" ions. However, because the above colloid is
chemically unstable, undergoing uncontrolled oxidation upon
contact with air, it was controllably chemically oxidized to
maghemite, which shows long-term stability in either alkaline
or acidic media. The ultimate advantage of the above procedure
consists in the simplicity of purification by magnetic separation/
decantation, which is much more convenient than the commonly
used but more elaborate and time-consuming method of
ultracentrifugation.

TEM and SEM images (Figure la,b) show agglomerated
maghemite particles in a dry state. The agglomerates consist of
primary particles with an average size D, = 6.3 nm and a
polydispersity index PDI = 1.33. X-ray diffraction measure-
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Table 1. Modification of Maghemite Nanoparticles by the Solution Polymerization of DMAAm

polymerization feed

sample y-Fe,0; DMAAmM ACVA colloidal D¢ (nm) bound
(2) (2) (mg) stability” h PDMAAmM? (wt %)

1 0.5 0 0 - 127 £3 0
2k 0.5 0.5 0 - 161 £3 0.21
3 0.5 0.375 3.8 aggr. n.a.
4 0.5 0.5 5 ++ 81.4 + 0.6 0.7
5 0.5 1 10 ++ 56.9 + 0.3 1.2
6 0.5 1.5 15 + 171 £ 5 1.95
7 0.5 1 5 ++ 77.8 £ 0.3 1.52
8 0.5 1 15 + 172 £ 22 1.7
9 0.5 1 20 aggr. n.a. 2.74
10 0.5 1 30 aggr. n.a. 4.95
11 0.5 0.375 10 ++ 55+5 1.03
12 0.5 0.5 10 ++ 67 +3 1.1
13 0.5 1.5 10 aggr. 328 +4 1.06
14 0.5 2 10 aggr. 614 £ 12 1.6
15 1 1 10 ++ 76.6 + 0.5 2.1
16 1.5 1 10 ++ 83.5 £ 0.2 0.88
17 2 1 10 ++ 75.1 £ 0.1 0.96
18 2.5 1 10 ++ 76 £ 0.5 0.74

“ Primary uncoated y-Fe,O5 (control). ” PDMAAm solution was added to neat y-Fe,0s particles. < Dy, hydrodynamic diameter determined by dynamic
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Figure 3. Conversion curves of DMAAmMm in solution polymerization
in (A) the presence and (O) absence of y-Fe,0;.

ments of the synthesized particles evidenced the typical spinel
structure of y-Fe,Os (Figure 2). With respect to a small size of
the crystallites, weak superstructural patterns indicated for the
standard material were not detectable. Detailed Mossbauer
spectra were published elsewhere (25).

Solution Radical Polymerization of DMAAm in the
Presence of Maghemite Nanoparticles. The surface modifica-
tion of nanoparticles is a general strategy for enhancing the
permeability of nanoparticle-based therapeutics. To modify the
iron oxide surface, the solution radical polymerization of
DMAAm in aqueous ferrofluid was investigated. This could
produce a dispersion of maghemite nanoparticles stable in a
medium suitable for subsequent polymerization of DMAAm,
thus facilitating their subsequent incorporation in the polymer
microspheres. At the same time, it provides a model for
investigating the effect of iron oxide nanoparticles on the
polymerization process. In the system, ACVA was preferred
over 2,2'-azobisisobutyronitrile (AIBN) as an initiator because
its solubility in an aqueous monomer solution is much higher
than that of AIBN. An additional advantage of ACVA consists
in its carboxyl group’s ability to interact with iron oxide. The
polymerization conditions are summarized in Table 1. The effect
of several polymerization parameters, such as the concentrations

—, poor stability (aggregation within a week); +, high stability (no sediment after 3 months of storage);

sorpbance

A
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Figure 4. ATR FTIR spectra of y-Fe,O; nanoparticles before and after
surface modification with PDMAAm. (a) Before modification, (b)
coating by solution polymerization in the presence of y-Fe,O; nano-
particles No. 3, (c) coating by encapsulation of y-Fe,O3 nanoparticles
in the polymer No. 2, (b-a) and (c-a) the corresponding differential
spectra of coated and uncoated y-Fe,Os, and (d) pure PDMAAm.

of the monomer, the initiator, and the iron oxide in the feed, on
particle size and the amount of PDMAAm bound to the particles
was investigated. For the sake of comparison, the characteristics
of neat (uncoated) maghemite nanoparticles and of nanoparticles
coated with a solution of preprepared PDMAAm are also shown
in Table 1.

Conversion Curves. Conversion curves were determined in
order to estimate the effect of maghemite on the polymerization
process. The presence of maghemite colloid in the feed affected
the molecular weight of the resulting PDMAAm compared to
solution radical polymerization without maghemite. The mo-
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Figure 6. Dependence of the (a) hydrodynamic particle diameter D,
and (b) polydispersity, measured by dynamic light scattering, on storage
time; (A) uncoated y-Fe,03 No. 1, PDMAAm-coated y-Fe,O; (#) No.
18, and (M) No. 13.

lecular weight of PDMAAm prepared in the presence of
maghemite was 717,900, i.e., lower than that prepared in its
absence (965,200). This can be attributed to the growing
polymer chains probably terminating on the nanoparticle surface
as documented by the slower consumption of monomers in
the initial and final stages of the polymerization (Figure 3).
Because of the termination, PDMAAm can be attached to the
maghemite surface. The possible complexation of the ACVA
initiator with maghemite Fe atoms can contribute to additional
DMAAm initiation. At y-Fe,O3/DMAAm ratios of 0.5/0.375
(w/w) and lower, free PDMAAm was present in the mixture
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after polymerization. The colloidal stability then decreased with
an increasing y-Fe,O3;/DMAAm ratio.

FTIR Spectra. The structure of the surface and the efficiency
of the coating of magnetic nanoparticles were analyzed by
surface-sensitive ATR FTIR spectroscopy. FTIR spectra of iron
oxide before modification, after coating by solution radical
polymerization in the presence of y-Fe,O3 nanoparticles, after
coating by encapsulation of maghemite nanoparticles in the
polymer, the corresponding differential spectra of coated and
uncoated surfaces, and the spectrum of pure PDMAAm are
shown in Figure 4. The spectrum of coating by encapsulation
of maghemite y-Fe,Os nanoparticles (see corresponding dif-
ferential spectrum) is relatively weak and is very close to the
spectrum of pure PDMAAm. This signifies that some amount
of polymer adheres to the surface of the nanoparticles. The
spectrum of coating by solution radical polymerization in the
presence of maghemite nanoparticles (see corresponding dif-
ferential spectrum) is stronger and differs from the spectrum of
pure PDMAAm in some aspects. The band of Amide I (26)
observed at 1618 cm™! is shifted to 1608 cm™', and the intensity
of the band of Amide II observed at 1404 cm™! increased after
polymerization. The peaks of CH; deformation vibration at about
1495 and 1354 cm™! decreased in their relative intensity. We
hypothesize that these changes correspond to the interaction of
the protonated NH™ groups of PDMAAm with citrates com-
plexed on the iron oxide surface. Citrate is adsorbed on the ferric
oxide surface via one or two carboxylate moieties, allowing the
use of one of the ungrafted carboxylic acid groups to bind a
polycation. This confirms that the PDMAAm shell has ef-
fectively formed at the surface of the iron oxide particles.

DLS, TEM, and Elemental Analysis. Particle size and its
distribution have a strong effect on the physical and biochemical
properties of colloidal dispersions. Many methods have been
described for the measurement of average particle size, such as
electron microscopy, dynamic light scattering, and chromato-
graphic methods; the former two techniques were used in this
study.

ACVA-initiated solution polymerization of DMAAm in the
presence of maghemite nanoparticles produced a very stable
colloid, with the particles typically in the hydrodynamic size
(Dy) range of 50—170 nm. Because DLS provides information
on the hydrodynamic particle size of whole particle clusters,
including polymer coating layers and the magnetic core, the
size of the iron oxide core alone was examined by TEM. Figure
lc,d shows TEM and SEM images of the obtained DMAAmM-
coated nanoparticles with an average size D, = 7.5 nm and a
polydispersity index PDI = 1.20. A comparison of Figure 1a,b
and Figure 1c,d reveals that both the shape and the size of the
particles after the coating process effectively did not change
from those of the uncoated particles. It is worth pointing out
that the particle size determined by TEM was smaller compared
with the particles size of the same latex obtained from DLS
measurements (Table 1). These results confirm the presence of
a hydrophilic polymer hairy layer on the particle surface, which
increases the value of the average hydrodynamic diameter during
the DLS measurements and which is collapsed onto the particle
surface during the drying of the TEM sample. It should also be
remembered that while TEM provides the number-average
particle size, DLS gives the z-average, which is sensitive to
large-size particles.

Effect of the Reaction Parameters. The effect of the amount
of the monomer in the polymerization feed on colloidal stability,
hydrodynamic particle size, and the percentage of PDMAAm
bound to the particles (determined from elemental analysis) at
a constant initiator concentration (1 wt % in the monomers) is
documented in Table 1 for experiments Nos. 3—6. Particles
aggregated at low amounts of bound PDMAAm. The percentage
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Figure 7. (a) Viability of rat (W) and human MSCs (O) labeled with several types of iron oxide nanoparticles. PDMAAm-coated nanoparticles No.
7 were used. (b) Labeling efficiency (expressed as the percentage of labeled cells) of rat MSCs from the 1st—5th passage (columns 1—5) labeled
with uncoated y-Fe,O; (), PDMAAm-coated y-Fe,O3; No. 7 nanoparticles (M), and Endorem (gray square). (c) Distribution of the intensity of
Prussian Blue staining (x-axis) of rMSCs labeled with uncoated y-Fe,O5 (O), PDMAAm-coated y-Fe,O; nanoparticles (M), and Endorem (O). (d)
Histograms of the intensity of staining of rat and human MSCs; note that hMSCs (M) are more intensively labeled than rMSCs (O).

Table 2. Cell Labeling Efficiency with Surface-Modified and
Unmodified Iron Oxide Nanoparticles

percentage of labeled cells

rMSC hMSC
Endorem 39+6 68 £5
uncoated y-Fe,0; 46 £ 5 710+5
PDMAAm-coated y-Fe,O3 590+5 82+5

of bound PDMAAm generally reached up to ca. 2 wt %, while
free PDMAAm was removed during washing. The more
DMAAm in the polymerization feed, the more PDMAAm was
bound to the particles.

The effect of the amount of initiator in the feed on colloidal
stability, hydrodynamic particle diameter, and the percentage
of bound PDMAAm is documented in Table 1 for experiments
Nos. 5 and 7—10. At <10 mg of ACVA in the polymerization
feed, the Dy, of the resulting particles was smaller than that of
the primary maghemite particles (Table 1). This can be explained
by the steric repulsion of PDMAAm chains on their surface,
which decreases the number of particle associates measured by
DLS. At higher ACVA amounts, the stability of the colloidal
system was lost, and the particles aggregated. Both the
hydrodynamic particle size Dy, and the percentage of bound
PDMAAm determined from elemental analysis increased with
increasing amounts of the initiator in the feed up to 15 mg of
ACVA (Nos. 5,7, and 8 in Table 1). The increasing percentage
of bound PDMAAm at higher initiator concentrations can be
ascribed to a larger number of carboxyl groups available to
anchor more PDMAAmMm chains on the maghemite particle and/
or a greater tendency toward particle aggregation. To explain
why steric stabilization occurred only at concentrations lower
than 15 mg of ACVA in the feed, ACVA was added to the
maghemite colloid, and hydrodynamic diameter Dy, {-potential,
and pH were monitored depending on the ACVA/y-Fe,Os ratio.

With the ACVA/y-Fe,O; ratio increasing from ~0.02 (w/w),
hydrodynamic diameter sharply increased (Figure 5a). This can
be explained by the increase of {-potential from ca. —43 mV,
reaching a critical value at =30 mV and accompanied by a steep
decrease of pH till the ACVA/y-Fe,0; ratio reached 0.02 (Figure
5b). It should be noted that £ 30 mV is the limiting value for
effective electrostatic stabilization. Further ACVA addition thus
increased {-potential up to 13 mV, which was inadequate to
stabilize the particles; consequently, they aggregated. The
coating efficiency of PDMAAm was further deduced from a
comparison of maghemite modified by solution radical poly-
merization of DMAAm with a sample obtained by the addition
of separately prepared PDMAAm to the maghemite colloid. The
data shown in Table 1 (Nos. 2 and 4) argue in favor of solution
polymerization.

The effect of the amount of the monomer in the polymeri-
zation feed at constant amounts of initiator and maghemite is
shown in Table 1 for experiments No. 5 and 11—14. Particle
aggregation occurred with amounts of 1.5 g or more DMAAm
in the feed, probably because of the undesirable physical cross-
linking of PDMAAm chains and the increased viscosity of the
reaction mixture. At a constant amount of initiator in the feed,
the percentage of PDMAAm bound to the particles did not
change with increasing amounts of DMAAm (with the exception
of No. 14 in Table 1 because of the high viscosity of the
mixture), thus documenting the key role of the amount of
initiator on encapsulation efficiency.

The effect of the amount of y-Fe,O; added in the feed under
otherwise identical conditions is documented by experiments
No. 5 and 15—18 in Table 1. While the particle diameter was
almost constant (within the experimental error), the amount of
bound PDMAAm decreased with increasing amounts of y-Fe,0;
in the feed, as expected.
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Figure 8. TEM micrographs of rMSCs labeled with (a) PDMAAm-
coated y-Fe,O; nanoparticles, (b) Endorem, and (c) uncoated y-Fe,Os.
Arrows indicate nanoparticles inside the endosomes. A, autophagosome;
N, nucleus; n, nucleolus; cl and c2, cell 1 and cell 2, respectively.
Scale bar: a,c, 500 nm; b, 200 nm.

Colloidal Stability. The long-term colloidal stability of
PDMAAm-coated maghemite nanoparticles is of utmost im-
portance for prospective biological applications. The stability
of some dispersions over time was determined by DLS (Figure
6). Almost no increase in the hydrodynamic size and consistently
low polydispersity over several months were observed in colloid
No. 18, thus documenting its perfect stability in water due to
the presence of the PDMAAm coating. The colloidal stability
of such samples is denoted as very high in Table 1. The good
colloidal stability suggests that the stabilization of the maghemite
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nanoparticles was primarily dependent on the steric repulsion
of the attached hydrophilic PDMAAm chains. In comparison,
uncoated nanoparticles No. 1 were unstable. Both the hydro-
dynamic diameter and polydispersity of these particles increased
with time because of aggregation. Similarly, the stability of
nanoparticles No. 13, prepared in the presence of large amounts
of monomer, was poor. This can be explained by the high
viscosity of the polymerization mixture, as a consequence of
which the PDMAAm chains could entangle, resulting in particle
aggregation. This is documented by the extremely large size
and polydispersity determined by DLS in Figure 6a,b.

Viability of Cells. In order to examine the acute toxicity of
PDMAAm-coated maghemite nanoparticles, both tMSCs and
hMSCs were incubated for 72 h with sample No. 7, uncoated
nanoparticles No. 1, and Endorem (control) at concentrations
of 15 ug y-Fe,Os3/mL, and cell viability was assessed using the
WST-1 assay. The viability of both rat and human MSCs labeled
with PDMA nanoparticles did not markedly decrease compared
to that of unlabeled MSCs (control). When mesenchymal stem
cells were labeled with Endorem, their viability decreased by
32%, and uncoated nanoparticles decreased the viability by 15%
(Figure 7a). However, the TEM images showed that the cells
labeled with uncoated nanoparticles were undergoing pro-
grammed cell death (see below); therefore, in long-term follow
up the viability would be affected.

Cell Labeling Efficiency. To investigate the role of the
PDMAAmMm coating and its effect on the internalization of the
maghemite nanoparticles by target cells, both hMSCs and
rMSCs were incubated with PDMA Am-coated nanoparticles No.
7 or Endorem; uncoated maghemite nanoparticles served as
controls. The uptake of nanoparticles into the cells (expressed
as the percentage of labeled cells) was investigated using
Prussian Blue staining. The cellular uptake of particles generally
depends on the cell type and the particle size and surface
properties, including surface charge and surface hydrophili-
city (27, 28). It also depends on the number of passages of the
cells, which is a characteristic physiological cell property. The
lower the passage, the more efficient the cell labeling. The most
intensive staining of any iron oxide nanoparticles was thus
observed for cells from the first and second passages, while the
intensity of the blue staining decreased in the fifth passage (only
30% of cells were labeled with Endorem). rMSCs cultured with
PDMAAm-coated maghemite nanoparticles showed consider-
ably higher nanoparticle uptake (59%) than those cultured with
Endorem (39%; Table 2). This means that the number of rMSCs
labeled by PDMAAm-coated y-Fe,O; was more than 50%
higher than the number labeled by Endorem. Moreover, the
labeling efficiency (percentage of labeled cells) was stable and
was not dependent on the number of passages (Figure 7b). Even
higher PDMAAm-nanoparticle uptake was observed in hMSCs
(82%; Table 2), whereas Endorem uptake was 68%. The number
of hMSCs labeled by PDMA Am-coated y-Fe,O3 was thus more
than 20% greater than the number labeled by Endorem.
Histograms showing the intensity of Prussian Blue staining,
which corresponds to the amount of label inside the cell,
revealed that more cells were intensely stained with PDMAAm-
coated nanoparticles than with Endorem or maghemite (Figure
7¢). These results were even more apparent or amplified in
hMSCs (Figure 7d). Although a relatively large number of cells
were labeled with uncoated maghemite nanoparticles, the
advantage of the PDMAAmMm coating consists in the possibility
of its modification, thus introducing desired functional groups.
An additional substantial advantage of PDMAAm-coated
y-Fe, 05 exists in the stability of the formed colloid, in contrast
to uncoated y-Fe,O; nanoparticles that coagulate after the
addition of the culture media. Coagulation of uncoated maghemite
nanoparticles also leads to the attachment of the nanoparticles
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Figure 9. MRI of phantoms containing labeled (a) human and (b) rat mesenchymal stem cells suspended in gelatin measured by a 7,*-weighted
gradient echo sequence (A—D) and by a T,-weighted turbo-spin echo sequence (E—H). A,E, cells labeled by PDMAA-coated maghemite nanoparticles
No. 7; B,F, cells labeled by uncoated maghemite nanoparticles No. 1; C,G, cells labeled by Endorem; D,H, unlabeled cells. Each sample (0.5 mL)
contained 25,000 cells, yielding on average 1 cell per image voxel. For comparison, an MRI of phantoms containing a high number (400,000) of
labeled human cells is shown in c; the phantoms are in the same order as in a.
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Table 3. Relaxation Rates r; and r, (Related to Cell Concentration) of hMSCs and rMSCs Labeled with Endorem (Control), Uncoated
(Control) No. 1, and PDMAAm-Coated Maghemite Nanoparticles No. 7, and the Amount of Iron Internalized Inside the Cells”

hMSCs (s~'/10°) cells/mL)

MSC (s~'/10° cells/mL)

r; (0.5 T) r, (0.5 T) r (47T)  Fe (pg/cell) r (0.5 T) r, (0.5 T) r, (4.7 T) Fe (pg/cell)
Endorem undetectable 0.88 £0.34 1.7£0.5 32+05 021£0.19 0.13+0.14 0.724+0.09  undetectable
uncoated y-Fe,0; 0.52 £ 0.09 7.13 £0.77 9.8 £33 17.1 £03 055+020 3.67+0.62 495+0.17 293+49
PDMAAm-coated y-Fe,O;  1.19 £ 0.04 2726 £024 408+16 369+05 041 £0.13 291+050 4.184+040 232+£29

“ Measured at 0.5 and 4.7 T.

Figure 10. 7,-weighed MR image of a rat brain with 5,000 rMSCs
labeled with PDMAAm-coated nanoparticles No. 7 or Endorem,
implanted in the left or right hemisphere, respectively. White and black
arrows indicate the injection sites in the head and the nanoparticles in
the brain, respectively.

to the cell surface. This effect is also responsible for the high
labeling efficiency of uncoated maghemite nanoparticles. It was
difficult to distinguish using light microscopy whether the
nanoparticles were inside the cells or just attached to the cell
surface. Cells with iron oxides attached to the surface are better
targets for macrophages after transplantation, and iron oxides
incorporated into macrophages can also give a false positive
signal on MR

TEM Images. Intracellular uptake was also visualized with
TEM as it provides higher resolution than does light microscopy.
While these methods cannot provide a quantitative measurement
of cellular uptake, they demonstrate the importance of visualiza-
tion to determine the distribution of particles on a cellular and
subcellular level. PDMAAm chains are thought to form a
complex with surface charges on the cell surface or else have
an affinity with the cell membrane that facilitates endocytosis.
A TEM image (Figure 8) shows that the cells internalized the
PDMAAm-coated maghemite nanoparticles in large numbers
and accumulated them in endosomes. Organelles and cell
structures were not affected by the presence of coated nano-
particles inside the cells. However, the majority of cells labeled
with uncoated maghemite were undergoing programmed cell
death, probably by autophagia. The cells contained large
autophagosomes, recognized in micrographs as membrane bound
organelles with other organelles clearly contained within them,
together with uncoated nanoparticles (Figure 8b). MSCs stained
with Endorem showed a heterogeneous distribution of the
nanoparticles. Some of the cells contained numerous endosomes
filled with nanoparticles, others only a few or none (Figure 8c).
The results obtained from TEM images are in agreement with
those of our colorimetric analysis of the intensity of Prussian
Blue staining (Figure 7c) as well as with those obtained from
MR relaxometry (see text below and Table 3).

NMR Relaxometry. The iron oxide concentration of labeled
rat and human cells was assessed using MR relaxometry.
Relaxation rates measured at 0.5 and 4.7 T are listed in Table
3. Relaxation rates r; and r, are related to the number of cells
per mL after subtracting the contribution of unlabeled cells. At
a higher field strength (4.7 T), the contribution of all the particles
to total r; was negligible; the values are therefore not provided.
PDMAAm-coated iron oxide-labeled human cells provided
significantly higher r; and r, at both 0.5 and 4.7 T fields than
Endorem- and uncoated-iron-oxide-labeled cells. Large differ-
ences were obtained in the relaxation rates of PDMAAm-labeled
human and rat cells, with r, several times higher for human
cells. PDMAAm-coated iron oxide-labeled rat cells provided
higher relaxation rates than Endorem-labeled ones; however,
they were quite comparable to data obtained from uncoated-
iron-oxide-labeled cells. Iron analysis proved that the higher
relaxation rates of PDMAAm-coated or uncoated iron-oxide-
labeled cells compared with Endorem-labeled ones are caused
mainly by higher iron internalization (Table 3). It is interesting
to note that human cells prefer PDMAAm-coated nanoparticles
to both Endorem and uncoated ones, whereas in the case of rat
cells, uncoated iron particles are internalized slightly better than
PDMAAm-coated ones (both nanoparticles are internalized at
a markedly higher rate than Endorem). These results are in good
agreement with the relaxometry results.

MR Imaging of Cells after Nanoparticle Internalization
in Gelatin. Gelatin samples with suspended cells labeled by
PDMA Am-coated iron oxide nanoparticles, Endorem, and bare
particles were examined by MRI to evaluate the potential of
PDMAAm-coated iron oxide nanoparticles as a targeted MR
contrast agent. Figure 9 compares MR images of cell phantoms.
The T»-and T,*-weighted MR images of phantoms containing
cells incubated with PDMAAm-coated and uncoated iron oxide
nanoparticles show a significant negative contrast enhancement
(signal darkening) over those containing cells labeled with
Endorem and unlabeled cells (Figure 9a,b). As the MR images
are normalized during processing, it is not possible to decide
(based on observation with the naked eye) which of the two
types of nanoparticles provides better contrast. However, the
MR image of phantoms containing a high number of cells
(Figure 9c) unambiguously proves that cells labeled by
PDMAAm-coated iron oxide nanoparticles show significantly
higher negative contrast enhancement. The results thus confirm
that there is a preferential uptake of PDMA Am-coated iron oxide
nanoparicles, i.e., the amount of internalized iron is markedly
higher (see also Table 3), especially in human cells.

In Vivo MR Imaging. Magnetic labeling and MRI were used
to noninvasively monitor cells injected into rats. PDMAAm-
coated iron-oxide- and Endorem-labeled rMSCs (5,000 cells in
5 uL of PBS) were injected into the left and right rat
hemispheres, respectively. Only cells labeled with PDMAAm-
coated iron-oxide nanoparicles (left hemisphere) were detected
(Figure 10).

CONCLUSIONS

In this article, PDMAAm-coated y-Fe,Os nanoparticles were
obtained by the solution radical polymerization of DMAAmMm in
the presence of maghemite nanoparticles obtained by the
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chemical coprecipitation of Fe(Il) and Fe (III) salts with
ammonium hydroxide and subsequent oxidation with sodium
hypochlorite. The presence of the PDMAAm coating on the
maghemite surface was confirmed by both elemental analysis
and ATR FTIR spectroscopy. PDMAAm coating provided good
dispersibility of the magnetic nanoparticles in an aqueous
medium and substantially improved iron oxide colloidal stability
in the culture medium compared with uncoated maghemite,
which immediately precipitated or aggregated within 1 h. A key
parameter determining the amount of PDMAAm bound on
maghemite nanoparticles is the amount of initiator in the
polymerization feed. The amount of the initiator also influences
the stability of the colloid. A narrow range of reaction conditions
(5—15 mg of ACVA in the feed) was found under which particle
aggregation was avoided, and at the same time, PDMAAm
coating of the particles was high. DLS data revealed that the
particle sizes were not altered even after several months of
incubation in water. The surface of the particles is the determin-
ing factor for the efficiency of cellular uptake. Magnetic cellular
labeling was evaluated by Prussian Blue staining for iron
content, 7, relaxometry, and MR imaging of labeled cell
suspensions. PDMAAm coating did not adversely affect the
penetration of the iron oxide nanoparticles into cells. After 72 h
of culture in media containing 15 ug of iron oxide per 1 mL,
the morphology and viability of both rMSCs as well as hMSCs
were close to those of unlabeled cells, suggesting the biocom-
patibility of the nanoparticles. PDMAAm-coated maghemite
nanoparticles turned out to be particularly suitable for labeling
rat and human MSCs for in vivo MR cell tracking. The
PDMAAm-coated maghemite nanoparticles were shown to be
taken up by the target cells at significantly higher levels than
were Endorem nanoparticles coated with dextran, thus allowing
a minimum amount of imaging agent to be used. In addition,
the labeling was not dependent on cell passage number, which
can be particularly useful for cell expansion. Significant con-
trast enhancement was demonstrated by cells labeled with
PDMAAm-coated maghemite nanoparticles and implanted in
a rat brain over cells labeled with Endorem.

The fact that PDMAAm coating of iron oxide nanoparticles
improves cellular uptake is, to the best of our knowledge, a
new observation yet to be published. In subsequent research,
PDMAAm-coated maghemite nanoparticles can be further
modified by covalent attachment of highly specific biomolecules
(antibodies, peptides, etc.) to make labeling more specific. In
potential applications, cells can be labeled in vitro with the
nanoparticles prior to transplantation. After transplantation of
the labeled cells, in vivo imaging monitors cell migration
throughout the body. The ability to track the extent of migration
following direct implantation or systemic injection in vivo using
noninvasive MR imaging techniques is the greatest advantage
of the described procedure. Cellular monitoring is particularly
important for evaluating cell-based therapies.
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Maghemite nanoparticles with various coatings were prepared by the coprecipitation method and
characterized by transmission electron microscopy, dynamic light scattering and IR in terms of

K,\j’fgf’ergi' nanoparticles morphology, size, polydispersity and surface coating. The labeling efficiency and the viability of both rat
Maghemite and human mesenchymal stem cells labeled with Endorem®, poly(i-lysine) (PLL)-modified Endorem®,
MRI uncoated y-Fe,05;, p-mannose-, PLL- or poly(N,N-dimethylacrylamide) (PDMAAm)-coated 7y-Fe,03
Stem cells nanoparticles were compared. Coated y-Fe,03 nanoparticles labeled cells better than did Endorem®.

Biocompatibility
Contrast agent

High relaxation rates and in vitro magnetic resonance imaging of cells labeled with coated nanoparticles
showed clearly visible contrast compared with unlabeled cells or cells labeled with Endorem™.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

A distinctive feature of superparamagnetic nanoparticles is
that they are attracted by a magnet, but they are not retained
upon removal of the applied external magnetic field. Super-
paramagnetic iron oxide nanoparticles used in cell labeling and
tracking [1,2], cell sorting [3,4] and as magnetic resonance
contrast agents are very important in the emerging fields of
nanomedicine [5] and nanoscience [6]. They improve contrast to
increase the sensitivity needed for early detection of even the
smallest tumors by magnetic resonance imaging. Non-invasive
imaging of cell migration and, specifically, of genetically en-
gineered stem and progenitor cells has long been sought [7]. The
fabrication of iron oxide nanoparticles is usually based on the
precipitation of iron salts with bases [8,9] or the thermal
decomposition of organometallic precursors [10]. One of the
difficulties in synthesizing uniformly sized iron oxides is the
intrinsic agglomeration of magnetic nanoparticles; the formed
aggregates are then quickly sequestered by cells of the reticular
endothelial system. To avoid macrophage recognition, particles
are surface-protected by a layer of hydrophilic groups [11].
Various organic coatings have been used to optimize the delivery
of magnetic nanoparticles to or into cells: antibodies, targeting

* Corresponding author at: Institute of Macromolecular Chemistry AS CR, Heyrovsky
Sq. 2, 162 06 Prague 6, Czech Republic. Tel.: +420296809260; fax: +420296809410.
E-mail address: horak@imc.cas.cz (D. Horak).

0304-8853/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/jjmmm.2009.02.082

ligands to cell receptors [12], amphiphilic coatings such as
poly(ethylene glycol) [13], dendrimers [14], transfection agents
such as HIV-derived TAT protein [15], protamine sulphate, and
poly(i-lysine) (PLL) on dextran-coated iron oxides [16]. The most
common labeling approach is based on combining a commercially
available contrast agents based on dextran-coated nanoparticles,
such as Feridex® or Sinerem®, and a commercially available
transfection agent, for example Superfect™, poly(-lysine) (PLL),
Lipofectamin, or Fugene™ [17]. However, each combination of
transfection agent and nanoparticle has to be carefully titrated
and optimized for different cell cultures, since lower concentra-
tions of the transfection agent may result in insufficient cellular
uptake, whereas higher concentrations may induce the precipita-
tion of complexes or may be toxic to the cells [18]. Therefore, we
prepared different types of nanoparticles that combined high
labeling efficiency with low iron concentrations, thus resulting in
high cell viability.

In the current study, iron oxide cores were prepared by the
well-known precipitation of iron salts, in particular FeCl, and
FeCls, by increasing the pH with ammonium hydroxide, followed
by the oxidation of the resulting magnetite with sodium
hypochlorite [19]. Oxidation resulted in maghemite (y-Fe,0s3),
which is chemically stable and does not change its properties. This
is in contrast to magnetite, which undergoes uncontrolled
oxidation in the presence of oxygen. Confirmation of the
maghemite phase by Mdssbauer spectroscopy and its other
magnetic properties were described in our previous report [20].
The primary uncoated maghemite nanoparticles, which are highly
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unstable in saline solutions, were used in cell experiments as a
control or served as cores for subsequent coating to prevent
particle aggregation during long-term utilization.

The coating of iron oxide colloidal nanoparticles was achieved
by three methods. The first method involved a one-step synthesis
of p-mannose-coated nanoparticles by the in situ alkaline
coprecipitation of iron precursors in an aqueous solution of p-
mannose, alternatively the coating was done post-synthesis [19].
In the second, a two-step post-synthesis procedure, PLL stabilizer
protecting the nanoparticles from aggregation was added to the
primary uncoated maghemite cores obtained by the above
precipitation in the first step [21]. While p-mannose-coated
nanoparticles were prepared at p-mannose/y-Fe,03 ratios on the
order of units, the PLL/iron oxide ratio was lower by an order of
magnitude in the synthesis of PLL-coated nanoparticles [19,21].
Finally, the post-synthesis coating of maghemite was achieved by
the solution radical polymerization of N,N-dimethylacrylamide
(DMAAm) in the presence of y-Fe,O3; nanoparticles [22]. The
nanoparticles were compared with commercially available dex-
tran-coated iron oxide nanoparticles (Endorem®, Guerbet, Roissy,
France) and poly(i-lysine) (M, = 93,800) coated Endorem®. All
the nanoparticles were analyzed by transmission electron micro-
scopy (TEM) and dynamic light scattering (DLS) to obtain
information on their size, shape, and distribution; FTIR spectra
were recorded to confirm the coating [19,21,22].

2. DLS and TEM

Fig. 1 shows TEM images of all four types of the nanoparticles.
Similarly as in previous reports [19,21,22], the post-synthesis
coating of the primary iron oxide colloid with either PLL or
poly(N,N-dimethylacrylamide) (PDMAAm) changed neither the
morphology or the size of the iron oxide crystallites, which was
about 10nm (Fig. 1c and d) and did not differ from that of
uncoated maghemite (Fig. 1a). A noticeable difference was,

however, found for in situ coating with p-mannose. These
nanoparticles were much smaller with a typical diameter of
about 2 nm (Fig. 1b).

Iron oxide nanoparticle colloids obtained by post-synthesis
coating were also investigated by dynamic light scattering. The
hydrodynamic diameter of the nanoparticles calculated from DLS
was about 10 times larger than that from TEM (Table 1), which is
quite normal [19]. This is due to the fact that the hydrodynamic
nanoparticle diameter is measured in their dispersion state in
water, in contrast with TEM which analyzes the particle core.
Moreover, DLS provides the z-average of the diameter, which is
strongly affected by the presence of large particles, while TEM
gives the number average. Moreover, the formation of iron oxide
aggregates in water cannot be ruled out. Table 1 shows the
dependence of the hydrodynamic particle diameter, measured by
dynamic light scattering of uncoated, p-mannose-, PLL- and
PDMAAm-coated y-Fe,03, on time ranging from 1 to 150 days
after synthesis. Coated iron oxide particles were moderately larger
than those uncoated due to the presence of a thick hydrated
coating shell. The increased hydrodynamic particle size of PLL-
coated maghemite nanoparticles 150 days after synthesis can be
attributed to particle aggregation. This can also be inferred from
the higher polydispersity of such samples. On the other hand
PDMAAm-coated y-Fe,O; were colloidally stable in aqueous
solutions as well as in cell culture medium for at least 6 months.

Table 1
Hydrodynamic diameters Dy, (nm) of differently coated y-Fe,O3 nanoparticles over
time.

Nanoparticles 1st day 30th day 90th day 150th day
Uncoated y-Fe,03 63 66 70 512
p-mannose-coated y-Fe,03 73 66 61 83
PLL-coated y-Fe,03 90 128 145 166
PDMAAm-coated y-Fe,03 78 80 85 110

Fig. 1. TEM images of (a) uncoated, (b) p-mannose-, (c) PLL- and (d) PDMAAm-coated y-Fe,03 nanoparticles.
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3. FTIR spectra

The structure of the surface and the efficiency of the coating of
magnetic nanoparticles were analyzed by surface sensitive ATR
FTIR spectroscopy. FTIR spectra of magnetic y-Fe,O3 particles
before and after coating with p-mannose, PLL, and by radical
polymerization of DMAAm in the presence of y-Fe,O3; nanopar-
ticles are shown in Fig. 2. Two broad bands of iron oxide dominate
in the spectrum of the magnetic particles before modification
(Fig. 2a). The typical peaks of the C-H, C-OH, and C-O-C
vibrations present in the spectrum (Fig. 2b) indicate that the
surface of the y-Fe,03 nanoparticles was covered with p-mannose
[19]. p-mannose can be attached to iron oxide nanoparticles by
the hydroxy group located on the C2 carbon in the axial position
[23]. This is a configuration specific to po-mannose, in contrast to,

Ab sorbance, a.u.

2000 1500 1000
Wavenumbers, cm ™

Fig. 2. ATR FTIR spectra of maghemite nanoparticles before (a) and after surface
modification with (b) p-mannose, (¢) PLL and (d) PDMAAm. Spectra of
corresponding pure (b;) D-mannose, (c;) PLL and (d;) PDMAAm are shown for
comparison (dash).

e.g., glucose and other common sugars that have this hydroxy
group only in the equatorial position.

The spectrum of particles after modification with PLL (Fig. 2c)
differed from the spectrum of uncoated iron oxide (Fig. 2a). The
band of Amide I situated at 1648 cm™! in the spectrum of pure PLL
was only slightly shifted to higher wavelengths by the coating
[21]. The Amide II band was shifted from 1539cm™! in the
spectrum of pure PLL to 1502cm™! in the spectrum of coated
nanoparticles. We assume that the bands of ~-CH,-NH3 deforma-
tion and rocking vibrations influence the spectrum in this region.
A broad, strong absorption above 1800cm™~! (only the beginning
is shown in Fig. 2c) was observed in the spectrum, corresponding
most probably to ionic interactions between PLL and the iron
oxide particles. This strongly indicates that positive charges of the
amine groups terminating the PLL side chains interact with
citrates complexed on the iron oxide surface.

The spectrum of the coating formed by the solution radical
polymerization of DMAAm in the presence of maghemite
nanoparticles (Fig. 2d) also differed from the spectrum of
uncoated particles. The band of Amide I observed at 1618 cm™!
in the spectrum of pure PLL was shifted to 1608 cm™! and the
intensity of the band of Amide II observed at 1404 cm™! increased
after the polymerization. The peaks of CH; deformation vibration
at about 1495 and 1354 cm™~! decreased in their relative intensity
[22]. We hypothesize that these changes correspond to the
interaction of the protonated NH* groups of PDMAAm with
citrates complexed on the iron oxide surface. Citrate is adsorbed
on the ferric oxide surface via one or two carboxylate moieties,
allowing the use of one of the ungrafted carboxylic acid groups to
bind a polycation. This confirms that a PDMAAm shell has been
effectively formed at the surface of the iron oxide particles.

4. Cell labeling

As a model for cell labeling, mesenchymal stem cells (MSCs)
were investigated, since they are already used in human clinical
studies for the treatment of heart ischemic diseases [24,25],
ischemic limbs [26,27] and spinal cord injury [28,29]. The cells
were labeled with p-mannose-, PLL-, PDMAAm-, and dextran-
coated iron oxide nanoparticles (Endorem®), PLL-coated Endor-
em® and uncoated y-Fe,03 nanoparticles. A nanoparticle suspen-
sion (1.54 g of iron per 1 mL for all types of nanoparticles) was
added to the cell culture. After 72h, the nanoparticles were
washed out by replacing the culture medium. The viability of rat
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Fig. 3. Viability of unlabeled rat MSCs from the 1st to 5th passages (left to right columns, respectively), labeled with uncoated iron oxide, PLL-, p-mannose-, and PDMAAm-

coated iron oxide nanoparticles, Endorem® and PLL-modified Endorem™.
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(r) MSCs (1st to 5th passage) or human (h) MSCs (2nd to 4th
passage) labeled with different superparamagnetic maghemite
nanoparticles was determined using a WST-1 colorimetric assay
based on the cleavage of the tetrazolium salt (4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) to a
highly water-soluble formazan dye by mitochondrial dehydro-
genases in viable cells [30]. The viability of MSCs, irrespective
of the number of passages (length of cultivation), labeled with

a

p-mannose-, PLL-, PDMAAm-coated iron oxide nanoparticles,
PLL-coated Endorem™ or Endorem® did not decrease under 75%
compared to unlabeled MSCs (Fig. 3). The only marked drop in
viability was observed in the cells of the 1st passage labeled with
uncoated maghemite nanoparticles due to many cells undergoing
apoptosis. Some decrease in viability under 80% was detected in
the 1st and 2nd passages of cells labeled with PLL-coated iron
oxide nanoparticles: however, the decrease was not significant and

Fig. 4. Photomicrographs of Prussian Blue stained rMSCs labeled with (a) Endorem®, (b) PLL-modified Endorem®, (c) uncoated y-Fe,0s, (d) p-mannose-coated y-Fe,0s, ()
PLL-coated y-Fe,03 and (f) PDMAAm-coated y-Fe,03 nanoparticles. Counterstained with nuclear fast red, scale bar 100 pm.
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can be explained by the heterogeneity of the cell populations in
the culture. These results are in agreement with earlier published
findings [19,21], where similar viabilities were detected in human
and rat MSCs. In previous experiments, the cell viability dropped to
as low as 50% if the concentration of Endorem® was higher than
0.11 pg of Fe304/mL [31].

Labeling efficiency was determined by relaxometry, spectro-
photometrical iron content analysis and by manual evaluation of
Prussian Blue stained nanoparticle-labeled MSCs (Fig. 4). The cells
took up smaller amounts of Endorem® and uncoated maghemite
nanoparticles (less intensive staining for iron) than of b-mannose-

Table 2
Percentage of human and rat MSCs labeled with differently coated y-Fe O3
nanoparticles.

Nanoparticles Labeled cells (%)

hMSCs rMSCs
Uncoated y-Fe,03 74+6 4445
Mannose-coated y-Fe,03 84+5 57+6
PLL-coated y-Fe,03 84+4 7245
PDMAAm-coated y-Fe,03 77+6 59+6
Endorem®™ 62+5 37+6
PLL-coated Endorem® 77+5 49+9

14
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Labeled cells (%)
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Fig. 5. Distribution of the intensity of Prussian Blue staining (x-axis) in rMSCs
labeled with (O) uncoated, (<) bp-mannose-coated, (A) PLL-coated, (M)
PDMAAm-coated iron oxide nanoparticles, (0) Endorem®™ and (@) PLL-coated
Endorem™.

90

, PLL-, PDMAAm-coated nanoparticles or PLL-coated Endorem®
(Fig. 4). The percentage of labeled hMSCs and rMSCs is
summarized in Table 2. Comparing hMSCs and rMSCs, the trends
in labeling were the same: however, a higher percentage of
labeled hMSCs was found. This can be partly explained by using
cells from the 2nd to 4th passages, which represent the best time
for labeling (see below). The best results for hMSC labeling were
obtained with PLL-coated vy-Fe,O; nanoparticles, followed
by p-mannose-coated ones, PDMAAm-coated ones, PLL-coated
Endorem®, uncoated y-Fe,05; nanoparticles and Endorem®. The
distribution of the intensity of Prussian Blue staining is shown in
Fig. 5. The percentage of intensely stained rMSCs was highest in
cells labeled with PLL-coated y-Fe,03; nanoparticles, followed by
PDMAAm-coated ones, bp-mannose-coated ones, PLL-coated
Endorem™, uncoated y-Fe,03 nanoparticles and Endorem®.

The efficiency of labeling with different nanoparticles was
dependent on the number of cell passages (Fig. 6), with lower
passages being labeled more efficiently than higher ones. The
most pronounced effect of cultivation time was observed in
Endorem®™- and PLL-coated Endorem®-labeled cells. Endorem®
was also the least efficient labeling agent of all the tested
nanoparticles. This can be explained by the low concentration of
iron, which did not affect cell viability, but did affect labeling
efficiency. The best efficiency of labeling, up to 70-80%, was
achieved with PLL-coated y-Fe,O5; nanoparticles. The PLL coating
of Endorem® increased the labeling efficiency of Endorem®;
however, it did not reach the level of PLL-coated vy-Fe,0O3
nanoparticles. This might be due to the larger size of the
nanoparticles, since Endorem® itself has a diameter of about
130nm and the PLL coating increased the size to 145-260 nm.
p-mannose- and PDMAAm-coated y-Fe,03 nanoparticles achieved
labeling efficiencies of around 60% (Fig. 6) that were less
dependent on time in culture/number of passages than in the
case of PLL-coated y-Fe,O3; nanoparticles or PLL-coated Endor-
em®. In general, nanoparticle uptake seems to be related to cell
expansion and proliferation. The first passage contains the most
heterogeneous population; therefore, the nanoparticle uptake
varies depending not only on the type of coating, but also on the
cell types present in the culture. The highest labeling efficiency
was obtained during the 2nd-4th passages when the cells are
growing and expanding rapidly. The 2nd-3rd passages are mostly
used in cell therapy experiments. At the 5th passage, cell growth
and expansion are not so robust nor is the nanoparticle uptake.

70
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Labeled cells (%)
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PDMAAmM I.0O. Endorem PLL Endorem

Fig. 6. Labeling efficiency of rat MSCs from the 1st to 5th passages (left to right columns, respectively) with uncoated iron oxide, p-mannose-, PLL- and PDMAAm-coated

iron oxide nanoparticles, Endorem®™ and PLL-modified Endorem®.
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The internalization of coated y-Fe,03; nanoparticles by rat and
human MSCs was verified on 65-nm-ultrathin sections of cells
embedded in epoxy resin using TEM. Large numbers of free
magnetic nanoparticles were mostly seen inside numerous
vacuoles (Fig. 7). A small number of nanoparticles were dispersed
within the cytoplasm (Fig. 7f), but the cells, organelles and cell
structures were not affected by the presence of coated nanopar-
ticles inside the cells. However, the majority of cells labeled with
uncoated maghemite were undergoing programmed cell death,
probably by autophagia. The cells contained large autophago-
somes, recognized in micrographs as membrane-bound organelles
with other organelles clearly contained within them, together
with uncoated nanoparticles (Fig. 7b). MSCs stained with
Endorem® showed a heterogeneous distribution of the nanopar-
ticles. Some of the cells contained numerous endosomes filled
with nanoparticles, others only a few or none (Fig. 7a). In the cells
labeled with PLL-coated <y-Fe,Os; nanoparticles, nanoparticle
clusters were seen in higher numbers in all cells (Fig. 7c and d)
than in Endorem®-labeled cells. This finding is in agreement with
the results obtained from Prussian Blue staining. p-mannose-
coated nanoparticles were present in large numbers in all of the
cells (Fig. 7e). Nanoparticles were seen dispersed also in the
cytoplasma not only in membrane-bound vacuoles (Fig. 7f). PLL-
coated y-Fe,O3; nanoparticles appeared as large numbers of
clusters inside the vacuoles in the cells (Fig. 7g and h). Likewise,
PDMAAm-coated y-Fe,03; nanoparticles were also seen in large
numbers in the cells (Fig. 7i and j) and were not harmful to either
the nucleus or other organelles. The mechanism of nanoparticle

a

uptake into the cells is presumably different depending on the
type of the coating. While p-mannose-coated iron oxide nano-
particles are taken up by the mannose transport that is present in
the majority of mammalian cells, PLL serves as a transfection
agent and PLL-coated nanoparticles are therefore entering the cell
via the different charges of PLL and the cell surface. This can be
confirmed by our findings that the PLL-coated nanoparticle
clusters are mainly found close to the cell surface. PDMAAm-
coated y-Fe,03 nanoparticles and Endorem® are taken up by
endocytosis, which can be facilitated in the case of PDMAAm-
coated nanoparticles by their positive surface charge interacting
with the negatively charged cell membrane and their smaller
diameter compared to that of Endorem®.

5. MR relaxometry

Suspensions of contrast agents at different concentrations
were prepared together with suspensions of rat and human MSCs
labeled with Endorem®, PLL-coated Endorem®, uncoated y-Fe,03
nanoparticles and p-mannose-, PLL- and PDMAAm-coated y-Fe,03
nanoparticles in 4% gelatin and examined by MR relaxometry. T
relaxation times were measured at different field strengths of 0.5,
3 and 4.7T, converted to relaxivities r, and, after deducting the
contribution of pure gelatin, related to actual iron concentration c,
i.e,, 73 = (1/T2-1/Txger)/c. In the samples containing labeled cells,
the relaxation rate R, was related after deducting the contribution
of unlabeled cells to 10° cells in 1 mL.

Fig. 7. TEM micrographs of rMSCs labeled with (a) Endorem™®, (b) uncoated y-Fe,0s, (c, d) PLL-coated Endorem®, (e, f) p-mannose-, (g, h) PLL- and (i, j) PDMAAm-coated -
Fe,03 nanoparticles (arrows). Arrows and arrow head indicate nanoparticles inside the endosome/autophagosome and in the cytoplasma, respectively. A-autophagosome,
m-mitochondrion, N-nucleus, n-nucleolus. Scale bar (d, f, j) 1 um, (a, b, ¢) 2 pum, (g, h, i) 5pm, (e) 10 pm.
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Fig. 7. (Continued)

Surface modification strongly affected the relaxivity properties
of the y-Fe,O5; nanoparticles (Table 3). As expected, uncoated
v-Fe,03 nanoparticles achieved the highest r, relaxivity, where
the distance between the water molecules and the particles was
smallest. PLL- and p-mannose-coated nanoparticles also reached
higher r, relaxivities than did the commercial contrast agents
including Endorem®. On the other hand, PDMAAm-coated

particles had a lower relaxivity than the commercially available
contrast agent.

As the nanoparticles are intended for T, contrast enhancement
only, r; relaxivities are not important for their characterization
and thus they were not considered.

However, for cell detection not only is the relaxivity of the
cellular contrast agent important, but also the absolute amount of
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the contrast agent inside the cells. Therefore, a crucial role is
played by the uptake of the nanoparticles into the cells, which in
turn is strongly affected by the surface modification of the
particles [32,33]. Compared with the conventionally used contrast
agent Endorem®, the newly coated vy-Fe,Os nanoparticles
entered the cells more easily and significantly higher amounts
of iron were detected inside the cells by spectrophotometry after
mineralization (Table 4). Improved cellular uptake significantly
contributes to the higher R, relaxation rate of cells labeled
by modified iron oxide nanoparticles. Both higher relaxivity
and greater uptake improved the relaxation rate R, per 10°
cells labeled with uncoated iron oxide, p-mannose- or PLL-coated
nanoparticles. Higher cellular uptake also significantly increased
the R, relaxation rate of cells labeled by PDMAAm-coated
nanoparticles, although the relaxivity of pure PDMAAm-coated
nanoparticles was much lower than that of Endorem®
The amount of iron inside the cells in the case of labeling
with modified iron oxide nanoparticles was up to ten times
higher than in the case of cells labeled with Endorem®
(Table 4).

The relaxivity r, of iron oxide crystals strongly depended on
the field strength [34]. Relaxivity field dependence was observed
in suspensions of pure contrast agents (Table 3). The behavior of
cell suspensions differs, probably due to the clustering of iron
oxide nanoparticles inside the cells. This clustering probably
differs among different cell types and might be affected by the
internal cellular environment (Table 4).

Table 3
Relaxivities r, (s~!/mM) of rMSCs labeled with p-mannose-, PLL-, PDMAAm-coated
v-Fe,03 nanoparticles and commercial contrast agents.

6. In vitro MR imaging of cell suspensions

To check the sensitivity of the magnetic resonance imaging
(MRI) using a 4.7 T Bruker spectrometer and to compare different
types of y-Fe,03 nanoparticles to commercially available Endor-
em®, rMSCs were labeled with nanoparticles and suspended in
gelatin. The concentration of cells was 50,000 cells/mL, which
represents 2 cells per image voxel on average. Even this low
number of cells labeled by PLL-coated Endorem® (Fig. 8c), PLL-
coated iron oxide nanoparticles (Fig. 8d), p-mannose-coated iron
oxide (Fig. 8e) or PDMAAm-coated iron oxide (Fig. 8f), or uncoated
iron oxide nanoparticles (Fig. 8g) provided visible contrast on MR
images compared to samples containing unlabeled cells (Fig. 8a)
or cells labeled by Endorem®™ without any transfection agent
(Fig. 8b), which did not provide any contrast. As Endorem®-
labeled cells can be detected at numbers of 70 or more [35], the
newly synthesized particles represent a significant improvement
in cell detection using MRI.

Surface modification of iron oxide nanoparticles with
p-mannose, PLL or PDMAAm also had a strong impact on
cell viability. The mechanism of nanoparticle internalization into
the cells differed depending on the type of coating. Iron
oxide nanoparticles are believed to be biodegradable with
the iron being used/recycled by cells through normal bio-
chemical pathways for iron metabolism [36]. Non-invasive MR
imaging of p-mannose-, PLL- and PDMAAm-coated iron
oxide nanoparticle-labeled cells has been demonstrated, opening
up possibilities for tracking grafted cells as well as monitoring
their migration, proliferation and differentiation in a host
organism.

Field strength (T) 0.5 3 4.7 Acknow]edgements
Uncoated y-Fe;03 383+87 429+13 549 +22
p-mannose-coated y-Fe,03 409+ 14 434419 509+ 16 . )
PLL-coated y-Fe,05 413423 432426 492430 The financial support of the Center for Cell Therapy and Tissue
PDMAAm-coated y-Fe,03 46+18 83+46 89+22 Repair No. 1M0021620803, the Grant Agency of AS CR (Grants
FLL-EndO‘,rem’“’ 87+16 246+11 290+1 KAN201110651 and KAN200200651), the Grant Agency of the
R 156£4 17416 235+7 Czech Republic (Grants 203/09/1242 and 309/08H/079) and the
Sinerem™ 129+4 114+6 177+5 . . .
Resovist® 21744 207424 26547 EC-FP6 project DiMI (LSHB-CT-2005-512146) is gratefully ac-
knowledged.
Table 4

Relaxation rates R, (s~'/10° cells/mL) of rMSCs and hMSCs labeled with several types of iron oxide nanoparticles and the amount of iron internalized inside the cells.

Field strength (T) 0.5 4.7 Fe content (pg/cells)
rMSC hMSC rMSC hMSC rMSC hMSC

Uncoated y-Fe,03 3.67+0.62 7.13+0.77 4.95+0.17 4.88+1.65 29.3+4.9 171+0.3
Mannose-coated y-Fe;03 412+0.13 46.63+0.79 492+0.58 32.07+1.10 211435 34.6+0.5
PLL-coated y-Fe;05 4.27+0.08 10.77+0.62 5.98+0.82 8.90+0.39 24.5+4.1 271+0.4
PDMAAm-coated y-Fe,03 2.91+0.50 27.26+0.24 4.18+0.40 20.42+0.78 232429 36.9+0.5
Endorem® 0.13+0.14 0.88+0.33 0.72+0.09 0.83+0.27 -2 32405
PLL-coated Endorem®™ 2.23+0.08 4.4440.12 3.95+0.62 4.02+0.27 16.3+4.1 121405

¢ Undetectable.

L0000

Fig. 8. MRI images of gelatin phantoms containing (a

a) unlabeled or (b-g) labeled rat mesenchymal stem cells measured by a T»-weighted turbo-spin echo sequence. Test

tubes contained 25,000 cells in 0.5 mL. Cells were labeled with (b) Endorem™, (c) PLL-coated Endorem®, (d) PLL-coated iron oxide, (e) p-mannose-coated iron oxide, (f)

PDMAAm-coated iron oxide and (g) uncoated iron oxide nanoparticles.
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Preparation and properties of magnetic nano- and
microsized particles for biological and
environmental separations

The paper presents a critical overview on magnetic nanoparticles and microspheres
used as separation media in different fields of chemistry, biochemistry, biology, and
environment protection. The preparation of most widely used magnetic iron oxides
in appropriate form, their coating or encapsulation in polymer microspheres, and
functionalization is discussed in the first part. In the second part, new develop-
ments in the main application areas of magnetic composite particles for separation
and catalytical purposes are briefly described. They cover separations and isolations
of toxic inorganic and organic ions, proteins, and other biopolymers, cells, and
microorganisms. Only selected number of relevant papers could be included due to
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1 Introduction

Magnetic field-based separations using magnetic nano-
and microparticles have received considerable attention
in recent two decades. They opened widespread opportu-
nities for application in chemistry, biochemistry, biol-
ogy, and medicine [1, 2|. Above all, they enable rapid and
easy removal of functionalized magnetic particle-bound
compounds and organisms from complex heterogeneous
reaction mixtures both on micro- and pilot plant scale.
In addition to easy manipulation, possible automation,
and miniaturization, no dilution of the sample or loss of
the carrier occur during washing. Fast and cost-effective
separation of magnetic carriers from the reaction mix-
ture without filtration or centrifugation makes the mag-
netic materials useful not only in daily laboratory work,
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sky Sq. 2, 162 06 Prague 6, Czech Republic
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Abbreviations: ATRP, atom transfer radical polymerization;
GMA, glycidyl methacrylate; HEMA, 2-hydroxyethyl methacry-
late; IMAC, immobilized metal affinity chromatography; IDA,
iminodiacetic acid; IMS, immunomagnetic separation; KPS, po-
tassium persulfate; MRI, magnetic resonance imaging; NMP, ni-
troxide-mediated polymerization; NOM, natural organic materi-
als; PHEMA, poly(2-hydroxyethyl methacrylate); PS, polystyrene;
PVA, poly(vinyl alcohol); reversible addition fragmentation
chain transfer; SPION, superparamagnetic iron oxide nanopar-
ticles
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but also in production practice. Similar to chromato-
graphic separations, analogous interactions are realized
on magnetic particles starting from general nonspecific
(ionic, hydrophobic, hydrogen bond), through group-spe-
cific (dye ligand, immobilized metal affinity chromatog-
raphy (IMAC), chelating), up to specific affinity interac-
tions (antigen -antibody, avidin - biotin, enzyme - inhibi-
tor, etc.). Such systems offer sophisticated analysis, sep-
aration, and purification of compounds starting from
inorganic ions, biopolymers (enzymes, antibodies,
nucleic acids, and other proteins), to cell populations.
For these applications, magnetic particles of suitable size
(nano-, micro-) and with modified surface are required
carrying functional ionic groups (strongly or weakly
basic, or acid), selected dye ligands (e.g., Cibachrom Blue
F3GA) or chelates of transition metals, and, finally, a
bound component of affinity pair. Typically, the mag-
netic particles are of the “core-shell” type. Magnetic core
is preferably coated with inert low- or high-molecular-
weight compound preventing at the same time undesir-
able nonspecific interactions and ensuring stabilization.
A number of procedures are available to obtain such par-
ticles: (i) preparation of parent particles of the required
size and magnetic properties, (ii) coating of their surface
with low- or high-molecular-weight compound or their
encapsulation in polymers and inorganic materials, (iii)
functionalization to introduce required groups for the
intended application.

Control of particles by a magnetic field can be advanta-
geously applied also in the opposite direction, not for
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separation, but for the localization of functionalized
magnetic particles at the required site in the organism,
e.g., in in vivo targeting chemotherapeutic drug delivery
systems and in hyperthermia (controlled heating of mag-
netic particles by alternating electric field for triggering
and necrotization of solid tumors). Superparamagnetic
nanoparticles are traced in aqueous environment in
magnetic resonance imaging (MRI) for the visualization
of tissues and monitoring labeled cells in tissue repair,
etc. [3]. Other biomedical applications include magneto-
fection. Also for these applications, the particles must
have combined properties of high magnetic saturation,
biocompatibility, and interactive functions at the sur-
face.

Diagnostic (immunoassays) and therapeutic applica-
tions of magnetic particles were recently reviewed [3-7]
and therefore will not be covered in this review. Prepara-
tion and application of magnetic particles in various
fields was also described in numerous monographs [2,
8-20] and review articles [3, 5, 6, 21-52|. Magnetic par-
ticles are also the subject of a plethora of patent litera-
ture and many companies market various magnetic car-
riers and instruments for their separation, manipula-
tion, and monitoring (Table 1). To complete the picture,
it is also necessary to mention the use of magnetic par-
ticles in electrotechnique and as magnetically control-
lable sealants [12]. These are not covered in this article,
although they found widespread applications. It is the
aim of this paper to review methods of magnetic particle
preparation, and to describe their properties as well as
applications of these systems in the separation of biolog-
ically active species. The survey is by no means complete.
It only demonstrates the wealth of the work done in the
field and many directions pursued up to the end of 2006.

1.1 Ideal versus real magnetic support

The use of magnetic materials in practice depends on
their properties, including magnetization, morphology,
shape, size, polydispersity, to name just the most impor-
tant. Out of many conceivable shapes (rod, wire, tube,
membrane, slab, irregular, etc.), the bead form is essential
for practical applications if the best possible hydrody-
namic (flow) properties are required. It offers important
practical advantages of easy handling both in batch and
continuous separation processes. Irregularly shaped par-
ticles are much more susceptible to mechanical attrition
and breakdown to “fines” than spherical ones. In con-
trast to conventional particles with a broad particle size
distribution, monodisperse microspheres (or at least
with a narrow size distribution) provide a great advant-
age, because they possess uniform physical and chemical
properties and do not aggregate in liquids so easily as
polydisperse particles do. Large particles have the disad-
vantage of a small specific surface area available for the

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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attachment of functional groups or immobilization of
biomolecules (including enzymes). This is the reason
why microspheres (micrometer-size and smaller) are
required, because they ensure a sufficiently high specific
surface area available for the immobilization of reactive
groups, enzymes, and other biologically active com-
pounds and boost the catalytic activity in phase transfer
reactions. However, too small a particle may cease to be
magnetically responsive. The magnetic susceptibility of
magnetic microspheres needs to be as high as possible. In
practice, a compromise between active surface and suffi-
cient magnetic properties must be, therefore, found.

Particles for magnetic separations available in the mar-
ket are coated or encapsulated with synthetic or natural
polymers, or also inorganic materials. Polystyrene (PS) or
poly(methyl methacrylate) (PMMA) are historically most
frequently used matrices for magnetic microparticles.
Despite their widespread use, they show some drawbacks
in connection with their hydrophobicity. PS exhibits
residual nonspecific protein adsorption which produces
an undesirable background signaling, e.g., in immunoas-
says. PS is not easy to chemically modify to introduce spe-
cific ligands or recognition groups. Moreover, the hydro-
phobic nature of PS hinders swelling in polar solvents
like water and alcohol. This led to the idea to investigate
magnetic poly(2-hydroxyethyl methacrylate) (PHEMA)-
based microspheres. PHEMA was selected as a hydro-
philic support (hydrogel) since it offers the advantage of
biocompatibility and low nonspecific adsorption which
are so important in the biomedical field. PHEMA has a
long history of application as a biocompatible, nontoxic,
mechanically stable material with decreased nonspecific
protein adsorption (compared with hydrophobic
matrixes) [53]. The reactivity of the hydroxy group, how-
ever, is low and it is therefore necessary to introduce
functional groups on the matrix (amino, poly(ethylen-
imine), tosyl group) to enable binding or immobilization
of various ligands. Other polymers leading to magnetic
microparticles with functional groups include polysac-
charides, dextran, albumin, cellulose, poly(lactic acid),
etc.

2 Preparation of magnetic microspheres

Magnetic microspheres consist mostly of superparamag-
netic cores embedded in a polymer shell protecting the
analyte from a direct contact with the metal (mostly
iron) oxide. The advantage of polymer shell surrounding
the magnetic core consists in the possibility of surface
functionalization and subsequent immobilization of a
target biomolecule. The magnetic colloid (ferrofluid) is
an important starting component in the preparation of
magnetic polymer nano- and microspheres. Various
methods and materials were used for their synthesis. The
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factors, such as the carrier type (chemical composition,
particle size, porosity, hydrophilic or hydrophobic char-
acter, magnetic properties, and minimal nonspecific
sorption of analytes) and immobilization procedure can
be broadly varied. Magnetic properties of the micro-
spheres are mostly determined by the selection of mag-
netic material, its weight concentration, and distribu-
tion inside the polymer particles.

2.1 Magnetic cores

2.1.1 Magnetic characteristics

To describe magnetic properties of the material, a rela-
tionship between magnetization M (magnetic polariza-
tion) and magnetic field H inside substances has to be
determined. According to the behavior of the material in
magnetic field, substances (except supraconductors) can
be divided into two groups. First group involves materi-
als with weak magnetic behavior. Their magnetization
reaches only small values. On the other hand, substances
belonging to the second group with strong magnetic
behavior reach high values of magnetization. Substances
with weak magnetic behavior are classified into para-
magnetic and diamagnetic ones. They show a linear
dependence on field intensity and magnetization (Fig.
1a) described as

M(r) = xmH(r) (1)

where yn is magnetic susceptibility. It has small negative
values for diamagnets (typically (10~°) and small positive
values for paramagnets (typically 0-0.01), the tempera-
ture dependence of which is described by Curie law

Jm=C[T (2)

where T is absolute temperature (in °K) and C is the Curie
constant characteristic of each substance. Both groups of
the materials are not suitable to design media for separa-
tion and transport. Substances with strong magnetic
behavior caused by spontaneous ordering of uncompen-
sated magnetic moments of atoms into magnetic
domains are classified as ferromagnets, ferrimagnets,
antiferromagnets, and others. They differ from para/dia-
magnets not only by higher magnetization and suscepti-
bility (0.01-10°), but also by a complex dependence of
magnetization on the field intensity, the so-called hyste-
resis loop (Fig. 1b).

Magnetic ordering always exists below a certain crit-
ical temperature, called the Curie temperature T¢ for fer-
romagnets and Neel temperature Ty for ferrimagnets and
antiferromagnets. Below the critical temperature, an
increasing field applied to ferromagnetic substance
increases magnetization to saturation magnetization Ms
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Figure 1. (a) Magnetization curve of a paramagnetic (1) and
a superparamagnetic (2) material possessing zero rema-
nence. The superparamagnetic material (2) reaches much
higher values of both magnetization M and saturated mag-
netization Ms. (b) Magnetic hysteresis loop of a ferromagnet.
Magnetization M of a sample, which was not magnetized in
the initial state, increases with increase in field intensity H
primarily according to the 0—P curve. The curve slope corre-
sponds to the definition of susceptibility (see Section
2.1.1.1). The magnetization decreases with a consequent
decrease in the field intensity — see the arrow. Repeated
cyclic changes of the field intensity cause cyclic changes of
the magnetization as the arrows show. The magnetization
curve is similar if the sample does not reach the saturation
magnetization Ms.

(Fig. 1b). The M;s value is a very important characteristic
of any magnetic material and is dependent on tempera-
ture. Below T¢ (Tn), the Ms value decreases with an
increase in temperature. Another important characteris-
tic is the value of magnetization corresponding to the
zero applied field, called remanent magnetization (M)
(Fig. 1b). The zero M, value can be achieved either by
applying magnetic field with opposite orientation (coer-
cive field Hc), or by a temperature increase above T¢ (Ty).
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Materials lose their magnetic properties and become par-
amagnetic above the Tcor Ty. It can be said that the mate-
rial has lost its magnetic history, which also affects the
general magnetic behavior. T¢ (Ty) temperature is there-
fore a very important characteristic.

Superparamagnetic behavior can be described as a
combination of paramagnetic and ferromagnetic behav-
ior. Superparamagnetic materials show mostly a linear
dependence of magnetization on the field intensity
below T¢ (Ty) temperature, as paramagnets do, but the
magnetization is almost constant after reaching the Ms
value (Fig. 1a). In comparison with ferromagnets, super-
paramagnetic substances do not exhibit any hysteresis
and have zero remanence (Fig. 1a). Their magnetic sus-
ceptibility is between that of ferromagnetic and para-
magnetic materials. Superparamagnetism is exhibited
by very small (1-30 nm) crystallites of the material,
which is ferro/ferrimagnetic in the bulk state. This was
observed for different materials, such as iron oxides, fer-
rites, alloys (Fe-C, Fe-Co), etc. Complex superparamagnetic
behavior depends not only on material composition,
crystallite size, and temperature, but is also influenced
by the adjacent particles and the character of their sur-
face. Due to the nanometric particle size, each particle
affects the magnetic behavior of adjacent particles by its
generated magnetic field [54, 55|. The character and com-
position of the surface plays a crucial role in the behavior
of the particle material in contrast to volume (bulk) prop-
erties. Surface-bound surfactants and residual com-
pounds from the particle preparation thus have a consid-
erable impact on the magnetic properties [55-57|.

2.1.2 Requirements of inorganic nanoparticles as
cores of polymer microspheres

Several essential features are expected from inorganic
magnetic core materials: (i) good response to the applied
external magnetic field - the better the response, the
lower the necessary intensity of the applied field and the
better the process dynamics, (ii) very low remanence -
the lower the remanence, the better the particle dispersi-
bility after switching off the external magnetic field.
Zero remanence causes noO mmagnetic interactions
between the particles (aggregation) after the removal of
external field, (iii) small size (diameter); most of the sep-
aration/transport processes are heterogeneous, i.e., the
smaller the particles the higher the surface available for
potential interactions, (iv) good chemical stability at
different pH and redox conditions, (v) reasonable price,
and (vi) easy production.

Superparamagnetic or paramagnetic particles with
low Curie temperature (up to ca. 100°C) fulfill the
requirements. Low Curie temperature (temperature of
transition from the ordered ferri-/ferromagnetic to para-
magnetic state) is a prerequisite for controlling magnet-
ism. The diameter of superparamagnetic particles is in
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the nanometer range. Superparamagnetic particles also
give a sufficient response to the applied magnetic field
and have almost zero remanence. Colloid dispersions of
magnetic nanoparticles (typically magnetite or maghe-
mite) in water or nonpolar solvents called magnetic flu-
ids or ferrofluids were recently reviewed in several
papers [51, 58] and monographs [10, 13].

2.1.3 Iron oxides/ferrites

Term “iron oxides” covers numerous families of substan-
ces generally described by the formula Fe,O,H, (in most
of the cases, z = 0). Chemical formula of ferrites is gener-
ally expressed as MO * Fe,05. Transition metals like Mn,
Co, Zn, Cu, and Ni are typical M atoms in the ferrite struc-
ture. The material (with M = Fe) called magnetite belongs
to the ferrite family as well. Out of the materials, magnet-
ite and maghemite have an exceptional importance.
They have the highest saturation magnetization (80-
100 A - m*kg '), which is two orders of magnitude higher
than in other iron oxides [59]. The superparamagnetic
behavior was observed for their crystallites with a diame-
ter below 30 nm. Such crystallites are commonly named
superparamagnetic iron oxide nanoparticles (SPION).
The saturation magnetization of SPION is usually 20-
50% lower than in the bulk state. Biocompatibility of
SPIONs was recently reviewed [6]. Both superparamag-
netic substances are easy to prepare at a reasonable price.
Iron oxide-based ferrofluids often contain a mixture of
maghemite and magnetite.

Magnetite, Fe;0, (FeO - Fe,05) is a black, ferrimagnetic
oxide with an inverse spinel structure containing both
Fe(II) and Fe(IlI) ions [59]. It is often used as a precursor of
maghemite. Its micrometer-size crystallites (Fig. 2a and
b) have been widely used for the production of magnetic
tapes and in other industrial applications due to their
high M;s. It should be, however, noted that micrometer-
sized magnetite has a nonzero remanence. SPION par-
ticles therefore prevail as core materials for separation/
transport processes.

Also maghemite, y-Fe,0s, is a reddish brown black fer-
rimagnetic material, isostructural with magnetite, but
with cation deficient site. It is an important magnetic
pigment with properties similar to Fe;O4 [59]. Due to its
similarity with magnetite it is commonly classified as fer-
rite, although it does not have a proper composition. It is
usually prepared from magnetite by oxidation. As an oxi-
dizing agent, hydrogen peroxide [60], ferric nitrate [61],
and air [62] can be employed. Maghemite is more suitable
for biological applications due to its higher stability.

2.1.4 Preparation of superparamagnetic iron oxide
and ferrite nanoparticles

Many methods are available for tailoring size, distribu-
tion, and magnetic properties of the nanoparticles by
controlling reaction and process parameters. Unfortu-
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Figure 2. Scanning electron micrograph of (a) needle-like and (b) cubic magnetite, (c) transmission electron micrograph of citric

acid-stabilized maghemite obtained by coprecipitation.

nately, methods yielding monodisperse nanoparticles
with excellent magnetic properties often make impossi-
ble the chemical modification (functionalization) of the
material surface. Thus a compromise has to be carefully
found depending on the prospective application. Among
a plethora of techniques developed for the preparation
of magnetic materials, only those suitable for separation
media are discussed further.

2.1.4.1 Mechanical procedures

Historically, superparamagnetic magnetite was prepared
by wet grinding of bulk magnetite in organic solvents in
the presence of large amounts of oleic acid as the surfac-
tant. The surfactant facilitated grinding and also inhib-
ited the particle agglomeration. The process was per-
formed in a ball mill and the typical charge was 4 vol.%
magnetite, 10—20 vol.% surfactant, and the rest was a sol-
vent [63]. Because the procedure was costly and time con-
suming and the particles had a broad size distribution, it
was replaced by chemical and thermal methods.

2.1.4.2 Chemical procedures
2.1.4.2.1 Coprecipitation with bases

It is the most widespread method of SPION preparation
performed in water, resulting in a rather narrow particle
size distribution compared with the wet grinding proc-
ess. The process provides magnetite particles up to
10 nm in diameter (Fig. 2c). In general, the synthesis can
be expressed by the following equation:

2Fe* + Fe** + 80OH™ — Fe;04 + 4H,0 (3)

Typically, ammonia solution is added under stirring to
a water solution of trivalent and divalent iron salts at a
molar ratio of Fe(IIl)/Fe(Il) near 2, or vice versa [64]. The pro-
cedure depends on the type and concentrations of salts
(chlorides being predominant) and base, addition of che-
lating agents, temperature, rate of addition, and aging.
The precipitate is left to grow and then repeatedly
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washed with distilled water by magnetic separation until
the colloid is formed by the process called peptization.
Formation of the product and particle morphology is
affected by different parameters of the coprecipitation
process. A rapid pH increase in the range of 8.5-10 is
essential [65]. Slow addition of a base may lead to the for-
mation of a brown nonmagnetic precipitate, probably
hydroxides. Rapid introduction of alkali into the solu-
tion under intensive agitation permits simultaneous pre-
cipitation of both Fe(II) and Fe(III) hydroxides resulting in
a black magnetite precipitate. Also, iron salt solution can
be slowly added to the base. If strong bases such as NaOH,
KOH, and LiOH are used, nonmagnetic products may be
obtained. Ammonium hydroxide is therefore preferred,
where such an effect was not observed. Precipitation and
aging of the precipitate also depend on temperature, the
appropriate one being typically 25-80°C to obtain par-
ticles smaller than 10 nm [65]. The dependence of par-
ticle growth on the aging process was described.
Water-based colloidal oxides are mostly prepared in
the absence of surfactants [66, 67]. Stabilization is then
achieved by electric charges on the particles, e.g., from
perchlorate, citrate, nitrate or tetramethylammonium
ions, providing alkaline or acidic ferrofluid [67, 68]. The
dispersion is then stable due to electrostatic repulsion of
the particles carrying the same charge. Its stability, how-
ever, is very sensitive to electrolytes present in the
medium and is limited only to extremely high or low pH
and low ionic strength. Colloid particles form aggregates
of 5-100 magnetite nanoparticles depending on the sur-
face charge. Precipitated nanoparticles can be stabilized
(peptized) in water or nonpolar liquids by the addition of
a surfactant with a proper hydrophilic/hydrophobic bal-
ance. As surfactants, various low-molecular-weight com-
pounds, such as higher fatty acids [69] and saccharides
were reported [70, 71]. The effect of different surfactants
on size and magnetic properties of maghemite nanopar-
ticles was already reported [72]. Ferrofluids can be stabi-
lized also by the addition of various polymers, such as
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polysaccharides (73], typically dextran [74-77], poly-
(vinyl alcohol) (PVA) [78 - 84], poly(ethylene glycol) (PEG)
[85], poly(oxyethylene-co-propene) bisphosphonates [86],
poly(methacrylic acid), polyacrylamide, etc. The well-
known dextran-stabilized magnetite available under the
trade names Feridex 1.V.® (http:/[www.advancedmagne-
tics.com/doc/prod/feridex. htm), Combidex® (http://
www.advancedmagnetics.com/doc/prod/combidex.htm),
Endorem?®, and Resovist® found applications as a contrast
agent in MRI of liver, spleen, and bone marrow, or for
tumor or cell hyperthermia [87-90]. PEG coating became
popular due to its very good biocompatibility. To
improve the adsorption of PEG on the particles during
coprecipitation, chemical bonding by silanization of
magnetite with (trimethoxysilyl)PEG was proposed [91].
Stabilization is generally achieved either by coprecipita-
tion of ferrous/ferric salts in a polymer solution (in situ
synthesis), or a polymer solution is added after the pre-
cipitation (postsynthesis modification). The presence of a
dissolved polymer during the formation of magnetic par-
ticles influences the precipitation, nucleation, and stabil-
ity of resulting colloid particles. Polymer stabilizers
improve not only the stability of the colloid, but also
boost surface properties of the particles and contribute
to their biocompatibility.

In addition to magnetite, particles of other ferrites are
prepared by the coprecipitation of corresponding diva-
lent metals salts, such as Co(II), Cu(II), Ni(II), Mn(II), and
Fe(III) with an alkali [92-97]. Unlike magnetite, Co and
Ni ferrites are formed at higher temperatures (80-
100°C) [98]. Both, the duration of aging and the pH of the
medium, affect the diameter of the resulting particles
after precipitation [92]. Other parameters influencing
the coprecipitation of Co(II) and Fe(III) salts include tem-
perature and nature of precipitant [99]. Strong alkali
hydroxides (LiOH, KOH, NaOH) are preferred to NH,OH in
the preparation of ferrites. Co, Mn, and Ni ferrites have
generally slightly higher magnetic susceptibility and sat-
uration magnetization than magnetite. Their applica-
tion in biology and medicine, however, is limited due to
the toxicity of their divalent metals.

2.1.4.2.2 Thermolysis of organometallic
precursors

A two-step thermal decomposition of iron pentacarbonyl
in the presence of a stabilizing polymer provides 10—
20 nm (alternatively up to 25 nm) monodisperse magnet-
ite nanoparticles [100]. The process is based on the forma-
tion of primary Fe nanoparticles in a nonpolar liquid fol-
lowed by their subsequent oxidation to magnetite par-
ticles. The decomposition temperature plays the crucial
role in the determination of the particle size and polydis-
persity [101]. Surfactant (e.g., oleic acid) has to be used; it
can, however, hinder subsequent surface modification.
Decomposition of iron pentacarbonyl was also used for
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the preparation of maghemite [102]. Alternatively, spher-
ical maghemite nanoparticles are formed by the rapid
injection of iron cupferon complex in trioctylamine at
300°C[103].

2.1.4.2.3 Hydrothermal procedure

Generally, hydrothermal processes are reactions of
mixed oxides or hydroxides of iron and other selected
metals carried out in water under supercritical condi-
tions, i.e., at temperatures above 200°C and under a pres-
sure higher than 14 MPa. Water plays the role of a hydro-
lytic reactant. Size and morphology of the product are
controlled by reaction time and temperature. Purity of
the forming solid phase depends on pH. Two main chem-
ical processes lead to the formation of ferrites under
hydrothermal conditions: (i) neutralization (or hydroly-
sis) and oxidation of Fe(II) and divalent metal ions [104]
and (ii) neutralization of mixed metal hydroxides [105].
Alternative modifications include the use of mixed metal
oxides [106] or ethylene glycol under supercritical condi-
tions [107]. Hydrothermal procedures are experimentally
demanding and the resulting properties, such as mag-
netic behavior, particle size, size distribution, do not off-
set the technical complications.

2.1.5 Metals, alloys, and other compounds

Magnetic fluids based on various amorphous metal nano-
particles, such as Co, Fe, FeCo, and FePt are obtained by
metal carbonyl decomposition [108-111]. Due to the
above mentioned toxicity of Co, only iron and iron alloys
can be considered for bioapplications. A great advantage
of iron magnetic fluids consists in their saturation mag-
netization higher than that of the conventional SPION
ferrofluids. Well-dispersed iron particles were prepared
by the thermal decomposition of iron pentacarbonyl in
organic liquid media of different polarities [112]. Poly-
mer stabilizers influenced the decomposition of iron
pentacarbonyl and undesirable oxidation of iron nano-
particles [113]. Magnetite, maghemite, and akaganeite
(B-FeOOH) were formed in the air at various humidities.
The uncontrolled oxidation was accompanied by the
deterioration of magnetic properties, which limits appli-
cations of iron nanoparticles. Also ultrafine amorphous
Fe-C nanoparticles were obtained by the decomposition
of iron pentacarbonyl [114]. Alternatively, iron nitride
magnetic fluid was synthesized from the gas reaction of
iron carbonyl and ammonia [115]. The fluid had a high
M; and was expected to be more stable against oxidation
than pure iron. However, this was not confirmed [116].

2.1.6 Surface modification of magnetic
nanoparticles

Surface modification of magnetic nanoparticles is neces-
sary for three reasons: (i) it stabilizes colloid dispersion,
(ii) ensures biocompatibility and prevents undesirable
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interactions with components of the medium (nonspe-
cific interactions with proteins, phosphates, etc.), and (iii)
facilitates attachment of functional groups necessary for
interaction-based applications (ionic, chelating, biospe-
cific separation, targeting, etc.).

Colloids modified with various low-molecular-weight
chelating agents possess substantially higher stability
than those stabilized conventionally. The agents are
linked to surface Fe(Ill) and Fe(Il) ions (or other M(II)
metal ions in ferrites) possessing unsaturated valences in
the crystal lattice via a coordination bond. The first large
group contains agents possessing one or more carboxyl
groups, possibly in combination with OH, NH,, or SH
groups. It includes highly chelating ethylenediamine-
tetraacetic acid (EDTA) [117], tartaric, citric, and (disulfa-
nyl)succinic acids (DMSA), which substantially broaden
the scope of applicable pH [118]. Simple amino acids pro-
vide weaker bonds. The second group includes agents
carrying phosphorous ligands, such as phosphoric acid
and one or more of its derivatives, e.g., phosphates, di-
and polyphosphates, phosphonates and diphosphonates,
monoesters of acid [119-121]. They are often combined
with COOH, NH,, OH, SH groups. Some strongly chelat-
ing agents (diphosphonates, EDTA) partly dissolve the
oxides or change their structure.

Polyfunctional low-molecular-weight chelating agents
containing reactive groups besides moieties binding the
iron oxide are suitable for a more sophisticated function-
alization. DMSA-modified maghemite contains free sul-
fanyl groups suitable for various reactions including
immobilization via disulfidic bonds [122]. Other modifi-
cations take advantage of primary amino groups intro-
duced by the reaction of maghemite with [(2-amino-
ethyl)hydroxymethylen|bisphosphonic or [(5-aminopen-
tyl)hydroxymethylen|bisphosphonic acid [121]. To pre-
pare magnetic nanoparticles carrying amino groups, sila-
nization with (3-aminopropyl)trialkoxysilanes is com-
mon [123-126]. PEGylated maghemite was obtained by
three-step functionalization starting from silanization
with (3-aminopropyl)trimethoxysilane, followed by
Schiff base formation with oxidized dextran and amino-
PEG [127].

Polymers with groups interacting with surface ions of
magnetic oxides are useful also for the modification.
Stability of the coating depends on the type of the inter-
action. While one carboxyl group of a low-molecular-
weight compound ensures a weak bond, attachment to
more carboxyl groups of the polymer is more stable,
even in the absence of convenient mutual 1,2 or 1,3
arrangement. Poly(acrylic acid) [128-131], carboxyme-
thylated polysaccharides [132-135], and other natural
polymers containing carboxyl groups (hyaluronic,
alginic, pectic acid, heparin [136]) were thus used to coat
magnetic oxides. Alginic acid carrying chelating OH and
carboxyl groups provided even stronger bonds. Aldehyde
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groups were introduced into dextran-coated iron oxide
nanoparticles to immobilize and detect DNA [137].
Strong binding of PVA was achieved by crosslinking PVA
with glutaraldehyde [82] or by coating iron oxide nano-
particles with PVA functionalized with carboxyl, thiol
[138], or phosphate groups [139]. Poly(2-methoxyethyl
methacrylate) shell rendered magnetite nanoparticles
thermoresponsive [140]. Magnetite nanoparticles coated
with cationic polyethylenimine simplified the purifica-
tion of plasmid DNA from bacterial cells [141].

2.1.6.1 Magnetic particles by grafting

Several “living” radical polymerization techniques, such
as nitroxide-mediated polymerization (NMP), atom trans-
fer radical polymerization (ATRP), and reversible addi-
tion fragmentation chain transfer (RAFT) have been
developed in recent years and also employed for grafting
polymers on magnetic nanoparticles, yielding magnetic
core-polymer shell particles stable in liquids. They show
characteristics of “living” systems, e.g., predefined molec-
ular weight, narrow molecular weight distribution, and
active polymer end groups. A major difference between
conventional and controlled radical polymerization is
the lifetime of the propagating radical during reaction.
While in conventional radical polymerization the radi-
cals generated by the decomposition of the initiator
undergo propagation and terminate within seconds, the
lifetime of the living radical can be extended up to sev-
eral hours.

2.1.6.1.1 NMP

NMP often employs 2,2,6,6-tetramethylpiperidinyl-1-oxyl
(TEMPO) to reversibly deactivate/trap growing polymer
radicals making them dormant. This reduces the proba-
bility of bimolecular termination. Because monomer can
only add to the growing polymer radical between its acti-
vation and deactivation reactions, the rate of polymeriza-
tion is slower than in conventional free radical polymer-
ization. By initiating polymer radicals at nearly the same
instant, polymers with narrow molecular weight distri-
bution are synthesized by NMP. Being a free radical proc-
ess, NMP is relatively insensitive to impurities. It can be
performed without the need to purify solvents or
reagents, unlike conventional living polymerization
processes (e.g., ionic and group transfer polymerization).
Additionally, NMP can be performed in commonly used
heterogeneous systems, such as suspension and emul-
sion. The system uses various alkoxyamines to polymer-
ize vinyl monomers yielding polymers of moderately low
polydispersities and relatively low molecular weights. PS
and poly(3-vinylpyridine) were thus directly attached on
10 nm magnetite nanoparticles by the method of “graft-
ing from” the surface (Fig. 3). 4-Hydroxy-1-|(2-hydroxy-1-
phenylethyl)oxyl-2,2,6,6-tetramethylpiperidine (TEMPO-
based alkoxyamine) initiator with a phosphoric acid
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Figure 3. Surface-initiated NMP of 3-vinylpyridine on magnetite nanoparticles. (a) Starting, (b) initiator-modified, and (c) resulting

poly(3-vinylpyridine) brush/magnetite core nanoparticles.

group was chemisorbed on the surface of magnetite ini-
tiating NMP of styrene and 3-vinylpyridine. With this
method, it was possible to control the length of polymers
grafted on the nanoparticles. PSt- and poly(3-vinylpyri-
dine)}modified magnetite particles were ca. 50 nm in
diameter and formed fine and stable dispersions in
appropriate solvents [142].

2.1.6.1.2 ATRP

ATRP is an efficient route for synthesizing polymers with
well-controlled molecular weight, low polydispersity,
and novel architectures. The advantage of ATRP over the
traditional living processes is its great tolerance to pro-
tonic reagents. The fast and reversible equilibrium
between growing radicals and dormant species results in
a low and constant concentration of growing radicals,
which, along with the fast initiation and negligible irre-
versible termination, makes the polymerization proceed
in a living manner. ATRP has succeeded in the polymer-
ization of methacrylates, acrylates, styrene, and func-
tional monomers, such as 2-hydroxyethyl methacrylate
(HEMA) and 2-(dimethylamino)ethyl methacrylate, or in
grafting PEG monomethacrylate onto magnetic nanopar-
ticle surface to produce “brush” morphology. The surface
of magnetic nanoparticles is first modified with a suit-
able initiator, e.g., 2-bromo-2-methylpropanoic acid
[140], trichloro[4-(chloromethyl)phenyl]silane [143], 3-
chloropropanoic acid [144], 12-2-bromopropanoyloxy)-
dodecanoic acid [145], trichloro{2-[4-(chlorosulfonyl)phe-
nyljethyl}silane [146]. One end group of the initiator is
chemically attached to iron oxide core (via COOH or OH)
and the other end has a functional group (e.g.,
—CH,(CsHs)CHBr, —~OCOCHBrCH;, —OCOC(CHj3),Br) facili-
tating polymerization of the respective monomer in a
suitable solvent under the catalysis of, e.g., CuBr, CuCl,
and amine (N,N,N’,N”,N"-pentamethyldiethylenetri-
amine). The advantage of the method consists in the for-
mation of uniform chains on the surface of iron oxide,
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whereas the disadvantage is a rather low conversion
(10-15 wt.%) and difficult practicability in water.

2.1.6.1.3 RAFT

RAFT has recently emerged as a promising controlled
radical polymerization technique due to its versatility
and simplicity. Its main advantage consists in that the
polymer is free from the contamination with metal cata-
lyst. The RAFT technique is compatible with almost all of
the conventional monomers for radical polymerization.
The polymerization conditions are similar to the conven-
tional radical polymerization, but with the addition of
selected thiocarbonylthio chain transfer agents, such as
trithiocarbonates, (dibenzyl trithiocarbonate), dithioest-
ers (phenylethyl dithiobenzoate), dithiocarbamates, xan-
thates, etc. The requirements for an effective RAFT agent
are that both rates of addition and fragmentation must
be fast relative to the rate of propagation and the
expelled radical must be capable of reinitiating polymer-
ization. The first requirement is ensured by the rapid
consumption of the initial RAFT agent and fast equilibra-
tion of the dormant and active species, while the second
requirement ensures the continuity of the chain process.
The conception was applied onto the preparation of
5 nm magnetic PS and poly(acrylic acid) particles. Peroxi-
dic or hydroperoxidic groups were introduced on the
surface of magnetite by an O,/O; treatment thermally ini-
tiating RAFT polymerization of styrene and acrylic acid
in the presence of a chain transfer agent [147].

2.2 Preparation of magnetic polymer
microspheres

Magnetic polymer microspheres are composites of an
inorganic and organic material. A variety of methodolo-
gies were used for their preparation. Every method, how-
ever, has its limitations in terms of the amount of mag-
netic material encapsulated in the particles, their size,
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Figure 4. Different morphologies of composite magnetic
polymer microspheres. (a) Single-core, (b) multicore, (c)
strawberry and (d) brush (hair) morphology.

and polydispersity. No method can fulfil all the require-
ments expected from the use of microspheres, e.g., to pro-
duce functionalized monodisperse spherical particles
completely encapsulating magnetic cores, control the
size, and with a biocompatible surface. The desirable
affinity of a polymer, or a monomer to a magnetic filler
is often ensured by functional groups (OH, COOH,
PO(OH),, NH,), suitably selected environment, or electro-
static interactions. Various preparation methods provide
magnetic polymer microspheres differing in morphol-
ogy (Fig. 4a-d), including magnetic core-polymer shell
(Fig. 4a), magnetic multicores homogeneously dispersed
within the polymer matrix (Fig. 4b), magnetic nanopar-
ticles located on the surface of a polymer core (“straw-
berry” morphology, Fig. 4c), “brush” (hair) morphology
(polymer chains attached to the magnetic core, Fig. 4d).

Nanocomposite microspheres can be prepared from
separately obtained polymers and magnetic cores (phase-
separation, solvent evaporation, layer-by-layer process).
Alternatively, they are in situ precipitated infon polymer
microspheres, e.g., by chemical metal oxide deposition.
Out of the methods, heterogeneous polymerizations in
the presence of magnetic nanoparticles are by far most
frequently used. They involve polymerization in a contin-
uous (often aqueous) phase in the presence of inorganic
particles by suspension, dispersion, emulsion, miniemul-
sion, and microemulsion polymerization methods.

2.2.1 Composite microspheres obtained from
separately prepared magnetic cores and
polymers

2.2.1.1 Phase separation method

Phase separation involves the formation of water-in-oil
or oil-in-water emulsion. The polymer is precipitated
from the continuous phase onto the magnetic particle by
a change of pH, temperature, ionic strength, or by the
addition of precipitants. Magnetic HSA microspheres,
0.8-1 um in diameter, were prepared by dispersing suffi-
cient amounts of magnetically responsive material (y-
Fe,03, 26 nm in size) with albumin in cottonseed oil con-
taining sorbitan sesquioleat [148]. The system was sub-
jected to chemical (glutaraldehyde) or thermal (130°C)
crosslinking. In thermal crosslinking, intramolecular
disulfide bridges between free SH groups on adjacent
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protein albumin chains were formed. Heatstabilized
magnetic albumin microspheres were more stable than
chemically crosslinked ones. In another example, Fe;0,
and poly(D,I-lactide-co-ethylene glycol) were dispersed in
acetone by sonication and the dispersion was dropped
into water. After the polymer was precipitated and sol-
vent evaporated, the magnetic spherical particles were
obtained with the size range of 100—200 nm and Fe con-
tent from 0.5 to 5.2 wt.%. Properties of magnetic particles
were controlled by changing the molecular weight and
ratio of the lactide and ethylene glycol blocks [149].

2.2.1.2 Solvent evaporation method

Solvent evaporation is the easiest way to encapsulate
magnetic particles in a polymer. The resulting micropar-
ticles, however, are polydisperse and usually rather
large. The magnetic material is dispersed in a polymer
solution (typically dichloromethane) and then emulsi-
fied with a surfactant until the solvent evaporates. Mag-
netic spherical particles (125-250 pm) were prepared
from a chloroform solution of poly(vinyl butyral) con-
taining magnetite, which was stirred in water with PVA,
sodium dodecyl sulfate (SDS) and Pluronic F6800 (ethyl-
ene oxide/propylene oxide block copolymer) emulsifiers
until chloroform was evaporated [150].

2.2.1.3 Layer-by-layer process

The layer-by-layer method is based on the electrostatic
attraction between the oppositely charged particles. It
produces coated colloids of different shapes, sizes, uni-
form layers of diverse compositions and controllable
thickness [151]. As an example, monosized magnetic
latex particles were prepared by a two-step procedure
using anionic iron oxide (5-10 nm) and cationic poly-
mer latexes. Core-shell particles (470-150 nm) based on
poly(styrene-co-2-aminoethyl methacrylate) and poly(styr-
ene-co-N-isopropylacrylamide) functionalized with 2-ami-
noethyl methacrylate or poly(N-isopropylacrylamide-co-
N,N’-methylenebisacrylamide-co-2-aminoethyl methacry-
late) were prepared by precipitation polymerization.
Iron oxide nanoparticles were then adsorbed on the
latexes via electrostatic interaction depending on the
concentration and type of nanoparticles. The highest
adsorption was achieved with pure cationic poly(N-iso-
propylacrylamide) latexes [152, 153].

2.2.1.4 Sol-gel transition

The sol-gel process involves the transition of a system
from a liquid (“sol”) into a solid (“gel”) phase. In a typical
sol-gel process, the precursor is subjected to a series of
hydrolysis and polymerization reactions to form a colloi-
dal suspension, the particles then aggregate in a new
phase, the gel. Magnetic bead cellulose, 100 pm-1.1 mm
in size, was obtained by thermal sol-gel transition
(90°C) of viscose in the presence of a ferrite powder
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Figure 5. (a) Optical micrograph of 125—250 um magnetic bead cellulose. (b) Scanning electron micrograph of 77 nm magnetic
PGMA microspheres obtained by emulsion polymerization. (c) 1.5 um magnetic poly(2-hydroxyethyl methacrylate-co-ethylene
dimethacrylate) microspheres obtained by dispersion polymerization.

(<10 um) suspended in chlorobezene using oleic acid as a
stabilizer (Fig. 5a) [154]. Silica-coated magnetite was
obtained by the sol-gel transition of tetraethyl orthosili-
cate in propan-2-ol by the addition of aqueous ammonia
at room temperature. The surface of the particles was
modified with [3-(glycidyloxy)propyl]trimethoxysilane
and iminodiacetic acid (IDA) [155]. Magnetic calcium
alginate particles with bis(2,4,4-trimethylpentyl) phos-
phinic acid as an extractant of metal ions were prepared
by dropping maghemite dispersion in sodium alginate
and extractant into a CaCl, bath [156].

2.2.2 Preparation of magnetic nanoparticles in
porous microspheres

Magnetic compounds can be obtained in situ inside the
polymer matrix by the same techniques as used in the
preparation of magnetic colloids, e.g., by coprecipitation,
decomposition of metal carbonyls, or reduction of metal
salts [157]. The key to success is to use such a medium, in
which the prospective magnetic compound does not
coagulate, which penetrates the microspheres, either
into the pores or swells the particles. Alternatively, con-
ventional supports (seed particles) were “postmagne-
tized” by the treatment (impregnation) with magnetic
ferrofluid, or by chemical metal deposition [158]. Prob-
ably the best known magnetic monodisperse polymer
microspheres were developed by Ugelstad in a multistep
procedure [159], which are commercially available from
Dynal. Iron oxides formed in situ by the precipitation of
Fe(II) and Fe(III) salts with a base (NH,OH or NaOH) inside
the preformed porous monodisperse polymer micro-
spheres produced by the staged templated suspension
polymerization (method of activated swelling) followed
by coating [160]. However, the multistep process is tedi-
ous requiring the preparation of monosized seed par-
ticles, usually by emulsion polymerization, in the very
beginning.
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Impregnation of 0.2-0.4 mm hypercrosslinked poly-
(styrene-co-divinylbenzene) microspheres having high
specific surface area and 2-3 nm pore diameter with
Co,(CO)s in propan-2-ol, evaporation of the solvent, and
following thermolysis resulted in discrete 2 nm Co nano-
particles. An increase in the Co content was accompa-
nied by an increase in the mean microsphere diameter
due to an increase in the population of large Co nanopar-
ticles (up to 15 nm). The controlled nanoparticle growth
over a wide range of Co concentrations was attributed to
nanoscale hypercrosslinked PS cavities, which physically
restricted the size of growing Co nanoparticles [161].

2.2.3 Preparation of magnetic microspheres by
heterogeneous polymerization techniques in
the presence of magnetic nanoparticles

Various monomers are polymerized in the presence of
magnetic dispersions to yield magnetic microspheres. In
these systems, the type and size of magnetic nanopar-
ticles, their polydispersity and good dispersibility, or
stability in an appropriate medium are important.
Although polymerization techniques are traditionally
classified into suspension, emulsion, miniemulsion,
microemulsion or dispersion methods, it is not always
possible to place a given system in a particular category.
In the same manner, the presence of the polymer during
the precipitation affects the quality and stability of the
forming magnetic colloid, and magnetic nanoparticles
present in the polymerization also influence reaction
kinetics and precipitation and stability of the system.
According to the recent information, magnetic material
should possess higher affinity to monomers forming
polymer chains and, at the same time, have minimal
interaction with all other components of the system.
This does not depend much on the phase, in which the
magnetic material is dispersed, but rather on the kind of
stabilizer of the nanoparticles and on whether they ther-
modynamically prefer (especially in the interaction with
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common emulsifiers and stabilizers) to stay at the inter-
phase boundary, where they act as a colloidal stabilizer.

2.2.3.1 Suspension polymerization

Suspension polymerization is the oldest of all heteroge-
neous polymerization techniques. It provides micro-
spheres of broad size distribution with diameters rang-
ing from micrometers to millimeters. The suspension
procedure is an effective platform for the encapsulation
of not only magnetic colloids, but also drugs. Monomer,
magnetic filler, and initiator make a separate phase in
the form of droplets dispersed in the continuous phase
(typically aqueous). The droplets are stabilized either by
inorganic colloidal stabilizers, or by polymer surfactants
to prevent aggregation. Polymerization proceeds in drop-
lets, which transform into microspheres.

Preparation of hydrophobic polymer microspheres is
most illustrative. Here, the dispersed phase typically con-
sists of a styrene and divinylbenzene monomer mixture,
and porogen agents (e.g., toluene/heptane mixture), ini-
tiator (2,2"-azobisisobutyronitrile, AIBN). It also contains
3-4 um iron particles. The dispersed phase is stirred in
the continuous aqueous phase (typically at 400 rpm).
Depending on the reaction conditions, resulting micro-
spheres are often 65-300 um in size and contain 2-
7 wt.% Fe [162]. Magnetic poly(styrene-co-divinylbenzene-
co-glycidyl methacrylate) microspheres were prepared by
modified suspension polymerization and the micro-
spheres were reacted with ethylenediamine and Ciba-
chrom Blue F3GA as a dye ligand for affinity protein
adsorption [163].

Since hydrophilic polymers mostly cannot be prepared
in an aqueous phase, inverse suspension polymerization
was developed. As an example, magnetic, molecularly
imprinted poly(4-vinylpyridine-co-ethylene dimethacry-
late) particles were prepared by inverse suspension poly-
merization in the presence of 2,4-dichlorophenoxyacetic
acid and [3-(methacryloxy)propyl|trimethoxysilane-
modified magnetic nanoparticles in silicone oil. A highly
viscous dispersion phase avoided coalescence of the dis-
persed droplets. Other reasons why silicone oil was suit-
able as a continuous phase were its nonpolarity, immisci-
bility with the monomer mixture, and low cost. The
redox initiator dibenzoyl peroxide/dimethylaniline initi-
ated the polymerization at 10°C. The diameter of the
resulting magnetic microspheres was 20 um and the
Fe;04content amounted to 1.1 wt.% [164]. Another exam-
ple of magnetic hydrophilic polymer microspheres pre-
pared by the water-in-oil inverse suspension polymeriza-
tion is spherical thermosensitive poly(N-isopropylacryl-
amide) microspheres. Ferrofluid and ammonium persul-
fate (APS) solution were added to N-isopropylacrylamide
and N,N(-methylenebisacrylamide monomer phase con-
taining Igepal CO-520 (poly(oxyethylene)nonylphenyl
ether) under sonication. The potential of this technology
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for a new contactless controllable drug releasing system
was exemplarily demonstrated using Rhodamine B and
Methylene Blue as drug-analogous substances. Depend-
ing on the stirring speed (800-2000 rpm) and surfactant,
microspheres with a size of 10-200 pm were obtained
[165]. The presence of the magnetic colloids allowed an
inductive heating of the particles using an alternating
magnetic field above the polymer volume phase transi-
tion temperature (~35°C). This resulted in a pronounced
microsphere deswelling accompanied with a release of
the encapsulated substances.

2.2.3.2 Emulsion polymerization

It is a process in which a monomer is emulsified in aque-
ous continuous phase and transformed into latex by
polymerization. The size of resulting nano- and mico-
spheres ranges from tens of nanometers to one micro-
meter. Microspheres are stabilized with emulsifiers or
protective colloids adsorbed on surface. Several emulsion
polymerization mechanisms were proposed, the most
recognized being micellar and homogeneous nucleation.
In seeded emulsion polymerization, the concentration of
the emulsifier has to be lower than its critical micellar
concentration in order to avoid the formation of new
micelles free of any magnetic material. The least possible
solubility of the monomer in the continuous phase is
required. Nonionic initiators are often used to avoid
chain growth in the continuous phase [166].

In principle, two concepts exist for the preparation of
magnetic microspheres by emulsion polymerization. In
the first one, magnetic nanoparticles are dispersed in the
monomer phase, possibly also with an organic solvent.
The latter one consists of dispersing magnetic nanopar-
ticles in the continuous, typically aqueous phase stabi-
lized preferably by a hydrophilic compound. While the
first concept is applicable to polymerizations of hydro-
phobic monomers, the other one is suitable for hydro-
philic monomers. The initiator is always dissolved in the
continuous phase. A typical example of polymerization
of a hydrophobic monomer is AIBN- or potassium persul-
fate (KPS)yinitiated seeded emulsion copolymerization of
styrene and divinylbenzene. Oleic acid-stabilized mag-
netic nanoparticles in octane (y-Fe,O;, diameter 7 nm)
were emulsified in water containing nonionogenic Tri-
ton X-405 surfactant [poly(oxyethylene) isooctylphenyl
ether]. The dispersion was added to a styrene and divinyl-
benzene mixture, AIBN was admixed, and the mixture
stirred at laboratory temperature to enable monomer
droplets with the initiator to adsorb onto the ferrofluid
drops. Polymerization was started by heating the reac-
tion mixture. If the polymerization was initiated with
KPS, aqueous solution of the initiator was added until
the emulsion of maghemite was swollen with the mono-
mer. While the oil-soluble AIBN initiator produced hemi-
sphere-type latex particles, much more homogeneous
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microspheres were produced with KPS. The microspheres
had an extremely low sedimentation rate [167]. An exam-
ple of the inverse emulsion polymerization is the copoly-
merization of acrylamide with N,N’-methylenebisacryl-
amide in dodecane. Sodium citrate-stabilized maghemite
was added to aqueous solution of the monomers, the dis-
persed phase was stabilized with Span 80 and the poly-
merization initiated with 2,2-azobis(2-isobutyramidine).
Size of the resulting microspheres was surprisingly large,
10-60 um [168]. Another example is copolymerization of
HEMA and methacrylic acid. The magnetic material sta-
bilized with poly(oxyethylene-block-methacrylic acid) was
mixed with monomers and then added to a mixture of
decane and poly(ethene-co-butene)-block-poly(ethylene
oxide), and finally the initiator 2,2"-azobis(2-methylbuta-
nonitrile) was added. The microspheres formed by the
polymerization were 50-250 nm in diameter [169].

A less common procedure involves dispersing mag-
netic nanoparticles in an aqueous continuous phase
assuming the homogeneous nucleation mechanism,
which is based on a limited solubility of the monomer in
the continuous phase. The initiation then starts in the
continuous phase, followed by the growth of oligomer
chains, their precipitation when reaching the critical
chain length, and finally nuclei and particle formation.
The dispersed phase consisted of glycidyl methacrylate
(GMA); aqueous ferrofluid was stabilized with dextran,
(carboxymethyl)dextran or [2-(diethylamino)ethyl]dex-
tran or D-mannose [170]. Disponil AES 60 (sodium poly-
(oxyethylene) alkylaryl ether sulfate) served as an emulsi-
fier and 4,4-azobis(4-cyanopentanoic acid) or APS as an
initiator. Depending on the reaction conditions, micro-
spheres were obtained in the size range of 70-400 nm
(Fig. 5b).

The emulsifier-free emulsion polymerization, which is
a special type of the emulsion polymerization, provided
magnetic poly(styrene-co-butyl acrylate-comethacrylic
acid) microspheres [171]. Ferrofluid (Fe;0.) stabilized
with dodecyl sulfate, KPS, and a mixture of a polar sol-
vent (methanol, ethanol, or acetone) and water consti-
tuted the continuous phase; monomers formed the dis-
persed phase. The aqueous phase was homogenized at
room temperature, and then the dispersed phase was
added for 5 min. Depending on the polymerization con-
ditions, monodisperse 100-400 nm microspheres were
prepared. The magnetite nanoparticles (~10 wt.%) were
localized at the surfaces of the microspheres.

2.2.3.3 Microemulsion polymerization

Microemulsion is defined as a stable isotropic and opti-
cally transparent dispersion of two immiscible liquids
prepared in the presence of a stabilizing system, which
can be a surfactant, a mixture of surfactants, or a mix-
ture of a surfactant and a cosurfactant [172]. To prepare a
thermodynamically stable microemulsion (a large
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amount of the surfactant (ca. 10-15 wt.%) is required),
the weight fraction of the dispersed liquid at the same
time does not exceed 10-15 wt.%. Microemulsion poly-
merization produces very small particles, typically 12—
30 nm in size; as a result, their specific surface area is
very large (~450 m?g). Surprisingly large (1-5pm)
homogeneous polymer-coated magnetite-containing
microparticles were obtained by dispersing 10 nm oleic
acid-stabilized magnetite nanoparticles in styrene,
divinylbenzene, methacrylic acid, and acrylamide micro-
emulsion polymerized in a continuous phase containing
emulsifier (SDS), coemulsifier (cetyl alcohol), and KPS
[173]. Submicrometer-sized magnetic hydrophilic poly-
mer particles were prepared by 2,2"-azobisisobutyroni-
trile-initiated inverse microemulsion polymerization of
acrylamide and N,N"-methylenebisacrylamide added to a
suspension of trisodium citrate-stabilized iron oxide
nanoparticles. Aqueous phase was dispersed in Aerosol
OT (sodium bis(2-ethylhexyl) sulfosuccinate) surfactant
in toluene solution to form a water/oil microemulsion.
The particle size ranging from 80 to 180 nm was con-
trolled by the concentration of the water-soluble cross-
linker and the surfactant/water ratio. The magnetite con-
tent in polymer particles was 5-23 wt.%, which is in
agreement with its concentration in the initial recipe
thus confirming the total incorporation of iron oxide
nanoparticles [174].

2.2.3.4 Miniemulsion polymerization

Miniemulsions are prepared under high mechanical
shear (sonication, homogenizers) and are distinguished
by high stability. They consist of mostly homogeneous
monodisperse droplets in the range of 30-500 nm
obtained using a low-molecular-weight costabilizer,
which is soluble in the dispersed, but insoluble in the
continuous (water) phase. A typical costabilizer is hexa-
decane, which reduces the diffusion of monomers from
smaller to larger monomer droplets (Ostwald ripening)
resulting in a relatively long stability of the miniemul-
sion system. An anionic, cationic, or nonionic surfactant
present in the continuous phase prevents coalescence
during particle collision. In the second step, the droplets
(sometimes called nanoreactors) are polymerized with-
out changing their identity, in contrast to microemul-
sions, where the droplets do not retain their identity
[175].

A styrene miniemulsion was prepared using the fol-
lowing recipe. Styrene and the hydrophobic agent (costa-
bilizer) hexadecane were added to SDS (surfactant) solu-
tion in water and the miniemulsion was obtained by son-
ication. For the encapsulation, styrene miniemulsion
and water-based SDS-stabilized magnetite dispersion
(~10 nm) were mixed and cosonified. To start the poly-
merization, KPS was added and the temperature
increased. After completion of the polymerization, the
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latex particles had a size of about 60 nm and the content
of magnetite was 20-35 wt.% [176].

Polyacrylamide particles (60-160 nm) containing
nanosized magnetic iron oxide were prepared by AIBN-
initiated inverse miniemulsion polymerization. First,
acrylamide, N,N’-methylenebisacrylamide, and meth-
acrylic acid-stabilized magnetic fluid were homoge-
nously mixed in a dilute aqueous ammonium and the
dispersion was then added to a Span 80 (sorbitol mono-
oleate) solution in cyclohexane under stirring. Minie-
mulsion was obtained by sonication. The size of super-
paramagnetic polymer particles was about 100 nm. The
magnetite content in the particles was 13 wt.%, which
was in agreement with the magnetite concentration in
the feed ([177]. Similarly, thermosensitive magnetic
poly(N-isopropylacrylamide-co-methacrylic acid) particles
were obtained in cyclohexane with the Span 80 emulsi-
fier [178].

Finally, an emulsifier-free miniemulsion polymeriza-
tion employing 10 nm oleic acid-stabilized magnetite
(Fe;04) nanoparticles for the encapsulation in PS micro-
spheres used 2,2"-azobis(2-isobutyramidine) dihydro-
chloride as a cationic water-soluble initiator and hexade-
cane as a hydrophobic agent (costabilizer) [179]. The
resulting 100-300 nm microspheres were monodis-
perse.

2.2.3.5 Dispersion polymerization

The original investigations of the dispersion polymeriza-
tion, which is a kind of the precipitation polymerization,
can be traced to ICI industrial research aimed at develop-
ing nonaqueous dispersion coating technology [180]. The
dispersion polymerization is advantageous because
micrometer-size polymer microspheres of a narrow size
distribution can be obtained in a single step, i.e., the
process is simple and without tedious operations. The
technique may be a useful alternative to the complicated
Ugelstad method. Of utmost importance for the tech-
nique is the appropriate selection of the reaction
medium, in which the monomer(s) is (are) soluble, but
not the polymer and magnetic material. By heating the
polymerization mixture, the initiator is decomposed
and oligomer radicals are formed. The oligomeric chains
do not remain dissolved in the medium, but precipitate
when reaching the critical chain length. The chains asso-
ciate forming nuclei, which aggregate and at the same
time adsorb the stabilizer forming primary mature par-
ticles containing magnetic cores. Under the condition
that no new nuclei are formed, the primary particles
grow and reach the same (uniform) size. Two mecha-
nisms of particle growth then follow. The first consists in
the polymerization inside the particles, which are swol-
len with the monomer and oligomer chains. The second
involves the particles growing by accumulation on the
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surface of polymers formed by solution polymerization
[181,182].

As an example, acetate butyrate cellulose-stabilized
and dibenzoyl peroxide-initiated dispersion polymeriza-
tion of HEMA in toluene/2-methylpropan-1-ol mixture in
the presence of iron oxide needles (ca. 100 x 500 nm) or
cubes produced 1-2 pm magnetic microspheres [183]. To
obtain crosslinked microspheres, ethylene dimethacry-
late (EDMA) was added 2 h after the start of the polymer-
ization (Fig. 5c). Similar microspheres were prepared by
the dispersion polymerization of GMA using AIBN as an
initiator and poly(vinyl pyrrolidone) (PVP) stabilizer in
an alcohol/water medium in the presence of iron oxide
needles [184]. The amount of iron found in the micro-
spheres was typically 12-15 wt.%.

3 Applications of magnetic particles in
separations

Magnetic particles permit manipulation and in vitro sep-
aration of selected target species in the presence of other
suspended solids. The isolated or purified species include
simple inorganic compounds and biomolecules, such as
antibodies, peptides, nucleic acids, enzymes, and even
cells, bacteria, and viruses. It is thus possible to separate
them directly from process liquors or complex biological
mixtures, like fermentation broth, cell disruptates,
blood or plasma, tissues, foodstuffs, whey, soil, or from
water of different sources. Magnetic separations elimi-
nate pretreatment, such as centrifugation, or filtration.
The separations are fast, gentle, and scalable, easily auto-
mated and can be used in situations, in which other tech-
niques are impossible or impractical to perform. With
the exception of wastewater treatment, they are, how-
ever, employed mostly only on laboratory scale.

3.1 lon exchange separations

Ion exchange-based separations on a magnetic support
were already developed years ago, tested on pilot-plant
scale and finally used successfully on production scale.
Microparticles with weakly acidic (COOH), weakly (NH,)
and strongly basic groups (N*(CHs);) found applications
in water treatment providing drinking water supplies
from low quality resources, sewage treatment, and puri-
fication of industrial wastewaters [185-188]. Magnetic
supports carrying carboxylic groups were obtained by
Ce(IV)initiated grafting of acrylic acid to magnetite
coated with crosslinked PVA [189, 190]. Both batch and
continuous procedures were developed for desalting
brackish water, or the treatment of industrial and house-
hold wastewater. The magnetic support with carboxylate
groups in Na form found applications in removal of
nickel from electroplating rinse water. A weakly basic
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magnetic exchanger was able to decolorize the pulp mill
eluent [191]. The magnetic ion exchanger with quater-
nary ammonium groups removed particulates as well as
dissolved compounds from water [192]. A strongly basic
magnetic ion exchanger effectively removed negatively
charged colloid turbidity and dyes in one-step coagula-
tion process [192]. A cost-effective process was developed
for a continuous removal of dissolved organic com-
pounds from natural organic materials (NOM) [193]. In
1995, MIEX® magnetic ion exchangers were introduced
for the removal of NOM from ambient raw water (http://
www.environmental-expert.com/technology/orica/Scal
eupAUSAWAFC97.pdf), which was superior to the stand-
ard coagulation process [194-197]. NOM are undesirable
in water resources because they react with chlorine and
other organochlorine compounds forming trihalome-
thanes which are harmful to health and deteriorate the
taste of water. Pretreatment of water with MIEX ozoniza-
tion and disinfection resin significantly reduced the con-
tent of the dissolved organic compound and bromide
ions [198]. MIEX can remove a majority of hydrophilic
and significant amounts of hydrophobic compounds
from the biologically treated wastewater before using
the membrane system [199]. Magnetic ion exchangers
also found applications in the isolation of enzymes and
other proteins. By combining the cation and anion
exchange, bovine whey proteins were fractionated and
purified [200, 201]. Basic proteins adsorbed first on a cat-
ion exchanger (quantitatively lactoferin and lactoperoxi-
dase, and some immunoglobulins). Then, they were
partly separated by desorption with increase in the con-
centration of NaCl in elution buffer. The anion
exchanger bound serum albumin and selectively B-lacto-
globulin. Lysozyme was also adsorbed on a cation
exchanger [201]. Magnetic (diethylaminoethyl)agarose
(DEAE-Magarose®) effectively bound DNA from crude cell
lysates [1, 202].

Magnetic chelating ion exchangers, such as a meth-
acrylate-based sorbent with immobilized ethylenedi-
amine, effectively adsorbed toxic cations in the order,
Cu(Il) > Pb(Il) > Cd(I) > Hg(Il), under competition [203].
Sorption of Pb(Il) was investigated on hexamethylenedi-
amine analog [204]. Magnetic chelating resins found
broad applications in IMAC. If they contained chelates of
transition metal ions such as Ni(II), Co(Il), Zn(II), Ni(II),
Fe(Ill), they bound proteins possessing affinity to metal
ions via the ligand. IMAC provided a mild and rapid pre-
purification step in HPLC [205]. A new adsorptive capture
technique, termed “high gradient magnetic fishing”
(HGMF), was developed for the isolation of hexahistidine-
tagged L1 coat protein of human papillomavirus type 16
on two types of silanized metal chelator particles derivat-
ized with IDA [206]. The particles were micrometer sized,
superparamagnetic, and nonporous. Protein isolation
from extracts of E. coli lysate was demonstrated on the
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magnetic agarose adsorbent with bound iminodiacetic
groups in the Cu(Il) or Zn(Il) form [207]. A methacrylate
sorbent with IDA ligand and chelated Ni(II) or Fe(III) spe-
cifically bound human immunoglobulins, porcin pepsin
and other phosphoproteins. Magnetite nanoparticles
coated with silica with IDA groups in the Zn(II) form sep-
arated bovine hemoglobin and BSA [208]. A porous meth-
acrylate sorbent with cysteine groupings in the Fe(III)
form specifically bound ferritin [209] and catalase [210].
Analogous adsorbents with bound histidin in the Fe(III)
form or glutamic acid in the Cu(Il) form adsorbed cata-
lase [211] or cytochrome C [212], respectively. Cyto-
chrome C adsorbed also on a magnetic methacrylate sup-
port with polyethylenimine in the Cu(Il) form [213]. Mag-
netic alginate support with immobilized Cu(Il) had spe-
cificity for bovine hemoglobin [214].

3.2 Separations based on affinity interactions

Affinity chromatography is a method of choice for the
separation of biochemical mixtures, based on biological
interactions of two complementary components, differ-
ing in types of specificity, such as between antibody and
antigen/virus/cell, lectin and polysaccharide/glycopro-
tein/cell surface receptor/cell, nucleic acid and comple-
mentary base sequence/histone/nucleic acid polymerase,
biotin and avidin/streptavidin, etc. Out of the plethora of
applications described for column affinity chromatogra-
phy, the most important interactions were realized also
on magnetic supports.

3.2.1 Isolation of enzymes and other proteins

Affinity separations and purifications of proteins and
peptides on magnetic particles were recently reviewed
[215-217]. Briefly, they include magnetic dye-ligand
chromatography, magnetic supports with chelates of
transition metals and affinity ligands for the isolation of
complementary substances. Magnetic supports with
reactive dyes, e.g., Cibachrom Blue F3GA, or Procion Red
120, were used as group-selective ligands for the isolation
and purification of lysozyme [218], albumin, alcohol
dehydrogenase [218], and lactate dehydrogenase [219].
Magnetic supports with chelates of transition metals
(IMAC - see Section 3.1) found widespread applications
in the purification of cytochrome C, uricase, hemoglo-
bin, etc. Magnetic alginate microparticles (crosslinked
with Ca(ll)) were used for specific purification of amy-
lases [220]. Finally, typical affinity ligands for the isola-
tion of complementary substances include bound pro-
tein A or G for the separation of immunoglobulins [221],
and bound streptavidin for the isolation of biotinylated
proteins. Other examples are monoclonal antibodies
(mAb) for interferon [222], or soybean trypsin inhibitor
and benzamidine for the separation of trypsin [223].
Affinity interactions can be used also for the detoxifica-
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tion of biological fluids [224, 225]. Tumor necrosis factor
o and interleukin were thus adsorbed on the magnetic
support with the corresponding monoclonal or polyclo-
nal antibody [226, 227].

3.2.2 Separations of nucleic acids

Selective separation of DNA and RNA is an important
tool in clinical diagnostics of microorganisms and
viruses, genomic profiling, gene manipulation, etc. The
separation is commonly performed using functionalized
magnetic supports [228], many of which are commer-
cially available. The separation of a nucleic acid is always
an integral part of a multistep identification procedure.
It often precedes or follows PCR which is known as a spe-
cific and sensitive method for the direct identification of
microorganisms. Two basic principles are used for the
separation of target nucleic acid from a mixture. The
magnetic support is functionalized with streptavidin, or
with a short oligonucleotide [229-231]. While in the first
method the target nucleic acid or oligonucleotide is
modified with biotin, in the other one the target comple-
mentary nucleic acid or oligonucleotide is bound by
hybridization. The target nucleic acid can be separated
either by capturing on the solid phase (sequence or
hybridization capture) or by retaining the background
on the solid phase (substractive hybridization) [232].
Originally, both approaches were multistep ones. Selec-
tive capture, however, was also attempted in a single
hybridization step directly on the solid phase. The appli-
cation of nested primers reduced the occurrence of false
results caused by the presence of extracellular inhibitors
in the samples. Such a combination of PCR and immuno-
magnetic separation (IMS) reduced the identification
time of diagnostically important genes for a target
organism and increased both the specificity and sensitiv-
ity of the method. The magnetic capture hybridization
PCR (MCH-PCR) took advantage of the capture probe to
separate DNA template for the detection of pathogens,
such as Escherichia coli, Bacillus cereus and B. thuringiensis,
Mycobacterium paratuberculosis, or Staphylococcus from food
and other sources by DNA hybridization and biotin-—
streptavidin-based magnetic separation. The effect of
inhibitors present in the samples on PCR amplification
was thus eliminated [233, 234]. Similarly, false negative
results could be avoided by the isolation of lactic acid
bacteria DNA in the presence of PEG and sodium chloride
on magnetic poly(HEMA-co-GMA) (P(HEMA-co-GMA))
microspheres containing carboxyl groups [235]. Micro-
bial DNA was isolated from different probiotic dairy
products, such as cheese, yoghurt, and fermented milk
products, or from Trichophyton fungi [236] and Baikal sedi-
ments [237]; finally, it was checked by PCR. The PCR
amplicons were used also as templates in the robot-
assisted DNA sequencing. The biotin-labeled amplicons
from the target genes were bound to streptavidin-modi-
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fied magnetic support and then made single-stranded by
denaturing with NaOH or heat. The support-bound and
free dissolved strands were magnetically separated and
recovered for sequencing [238].

3.2.3 Cell separation and detection

A variety of magnetic cell separation methods have been
described for the isolation of cells already in the 1990’
[44, 46, 239, 240]. The magnetic cell separation is benefi-
cial in terms of the direct isolation of target cells from
crude biological samples, such as blood, bone marrow,
stool, food, water, soil, etc. The sheer forces associated
with the separation are minimal compared with centri-
fugation or filtration, the isolated cells are pure, viable
and unaltered, and automation is possible. It is easy to
separate magnetic cells, such as erythrocytes and magne-
totactic bacteria. Nonmagnetic cells have to be magneti-
cally labeled with magnetic particles via affinity ligands,
typically antibodies against specific cell surface epitopes.
Magnetic labels do not need to be detached from target
microbial cells since the attachment to immunomag-
netic beads has no effect on their growth and cells con-
tinue to multiply. Magnetically labeled cells can be
directly used for cultivation or the cells can be disrupted
and analyzed. Magnetic separation of the cells is per-
formed in two modes, either direct or indirect. In the
direct method, an affinity ligand-coupled magnetic par-
ticle binds the cells forming a stable magnetic conjugate.
In the indirect method, the cells sensitized with a pri-
mary affinity ligand are first incubated with a primary
antibody against the target structure and the formed
conjugate is then captured by an appropriate affinity
magnetic support with an immobilized secondary anti-
body. The support can be functionalized with protein A
or protein G which bind the antibody of the conjugate. If
the antibody in the first step is biotinylated, the mag-
netic support contains bound streptavidin (or avidin).
The indirect technique is the method of choice if a cock-
tail of mAb is used. Alternatively, the target cells are iso-
lated by the depletion of the unwanted cells, the advant-
age of which is that the target cells remain unlabeled in
the separation process [239]. Another classification of
magnetic cell separation includes negative or positive
selection. While in the former case, all unwanted cell
types are removed from the sample, in the latter the tar-
get cells are isolated from the cell suspension. The immu-
nomagnetic cell separation is mostly based on the anti-
gen-antibody interaction, where an antibody is coupled
to the magnetic microparticles usually by a covalent
bond or adsorption via amino, carboxyl, hydroxy, tosyl,
hydrazide groups of the carrier, possibly with streptavi-
din and protein A or G. IMSs found applications espe-
cially in food, clinical, veterinary, and environmental
microbiology for the detection of pathogenic microor-
ganisms. Examples include numerous separations and
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Table 1. Examples of some commercial magnetic particles
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Product

Company

Note

Adembeads

Combidex, Feridex

AGOWA® mag Particles

BioMag®

BcMag®

M-PVA Magnetic Beads

fluidMAG

MagaPhase®

Dynabeads®

MagSi

MagSense

Estapor®

Nanomag, Micromer®

MicroBeads®

SupraMag®

Sera-Mag®

SPHERO®

Ademtech, Pessac, France
http://www.ademtech.com

Advanced Magnetics, Cambridge, USA

http://www.advancedmagnetics.com

Agowa, Berlin, Germany
http://www.agowa.de

Bangs Laboratories, Fishers, USA,
http://www.bangslabs.com

Bioclone, San Diego, USA
http://www.bioclon.com

Chemagen Biopolymer Technology,
Baesweiler, Germany
http://www.chemagen.de

Chemicell, Berlin, Germany
http://[www.chemicell.com
Cortex Biochem, San Leandro, USA

www.cortex-biochem.com

Invitrogen, Carlsbad, USA
http://www.invitrogen.com

MagnaMedics, Aachen, Germany
http://www.magnamedics.com

MagSense Life Sciences, West Lafayette, USA

http://www.magsenselifesci.com

Merck, Fontenay, France
http://www.estapor.com

Micromod Partikeltechnologie, Rostock,

Germany http://www.micromod.de

Miltenyi Biotec, Bergisch Gladbach, Germany

http://www.miltenyibiotec.com

PolyMicrospheres, Indianapolis, USA
http://www.polymicrospheres.com

Seradyn, Indianapolis, USA
http://www.seradyn.com

Spherotech, Lake Forest, USA
http://www.spherotech.com

200, 300, 500 nm; amine, carboxylic acid, strep-
tavidin, protein A and G, histidine, antibodies

>8-10 nm

>53 pm

Monodisperse 3-12 pm PS particles; amine, car-
boxylic acid, biotin, proteins A and G, streptavi-
din, antibodies

1 or 5 pm silica particles; amine, carboxylic acid,
aldehyde, epoxy, hydrazide, IDA

2 um PVA particles; amine, carboxylic acid, alde-
hyde, epoxy, streptravidin

0.5-1 pm silica particles; amine, carboxylic
acid, cyanuric, OH, hydrazide, carbodiimides,
protein A, G

Cellulose, acrolein, polyacrylamide; amine, car-
boxylic acid, OH, aldehyde

Amine, carboxylic acid, epoxy, tosyl, streptavi-
din, protein A and G, antibodies

Monodisperse 150 nm-20 pm silica, gelatin;
amine, carboxylic acid, C18, sulfo, aldehyde,
thiol, streptavidin, protein A, G, fluorescent

1 pm carboxylic acid

Monodisperse 700 nm -2 pm PS particles;
amine, carboxylic acid, OH

Monodisperse 250 nm - 12 pm silica particles;
amine, carboxylic acid, thiol, epoxy, avidin, bio-
tin, albumin, streptavidin, protein A, antibodies
50 nm antibodies

Monodisperse 0.2—-500 um PS particles; amine,

thiol, chloromethyl, OH

1 um PS particles; amine, carboxylic acid, thiol,
epoxy, biotin, albumin, streptavidin

Monodisperse 1-20 pm PS particles; amine, car-
boxylic acid, epoxy, biotin, avidin, protein G,
antibodies

For details, see http://www.magneticmicrosphere.com/suppliers/magnetic_microspheres.php and the manufacturers’ web sites.

subsequent determinations of microbial pathogens,
such as E. coli, Salmonella enteritidis, Staphylococcus aureus,
and Listeria monocytogenes in foodstuffs [241-243]. Com-
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mercial magnetic particles are available for the detection
of most important microbial pathogens (see Table 1;e.g.,
anti-Salmonella magnetic particles, (http://[www.invitro-

WWW.jss-journal.com



J. Sep. Sci. 2007, 30, 1751-1772
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Figure 6. Sandwich enzyme immunoassay. First step: cova-
lent attachment of antibody (IgG) to the magnetic PGMA
microspheres, saturation of the solid phase surface with
BSA; second step: incubation with the sample; third step:
addition of the second antibody (IgY); fourth step: addition of
the anti-IgY antibody—enzyme complex; fifth step: addition
of enzyme substrate, removal of microspheres and absorb-
ance measurement.

gen.com/content.cfm?pageid=11049). The IMS is often
associated with the PCR (IMS-PCR) to identify target cells
in processed foods, where extracellular inhibitors are
present. The method successfully and quickly identifies
nontypical Salmonella strains isolated from the human
stool and rabbit meat [244]. Magnetic hydrophilic micro-
spheres, based, e.g., on P(HEMA-co-EDMA) functionalized
with polyclonal Salmonella antibodies [245] are preferred
for IMS of Salmonella cells to hydrophobic ones. IMS of
cells thus solved problems associated with false negative
PCR results caused by PCR inhibitors present in proc-
essed food products, e.g., milk powder and dried eggs.
IMS cannot, however, eliminate intracellular PCR inhibi-
tors in Salmonella cells isolated from field samples. Mag-
netically captured cells can also be detected by ELISA. As
an example, sandwich ELISA for the detection of Campylo-
bacter jejuni in food or clinical and environmental sam-
ples using magnetic poly(GMA) (PGMA) microspheres
with an immobilized antibody is shown in Fig. 6 [246].
Compared with conventional microbiological separation
methods, which take approximately 5 days and are labo-
rious and time consuming, both the number of washing
steps and overall time for the Campylobacter detection are
substantially reduced. Magnetic particles are used also
for the isolation and detection of parasites, e.g., Crypto-
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sporidium in water. In biomedicine, removal of cancer
cells from the bone marrow is probably the most impor-
tant application of the IMS. Together with the isolation
of a plethora of other human cell subsets from the blood,
this is, however, beyond the scope of this review.

3.3 Other separations

Iron oxides and ferrites interact with many compounds
including proteins, higher carboxylic acids, chelating
agents, etc., which seriously impedes the majority of their
biological applications. Iron oxide particles have to be
therefore properly coated or embedded in polymer
microspheres. The adsorption ability of magnetic oxides,
however, can be utilized not only for coating, but also for
the convenient removal of strongly interacting com-
pounds from water media. Magnetic hydrated iron oxide
embedded in a macroporous ion exchanger is thus effec-
tive in the removal of As(Ill) and As(V) traces [247| or
heavy metal ions, like Zn(II) and Cu(Il) from water [248|.
The azo dye Acid Red B was effectively removed by
adsorption on Cu or Mn ferrite (CuFe,O, or MnFe;0.)
[249, 250]. Also catalytic properties are closely related to
the sorption ability of magnetite, maghemite, and Cu,
Mn, Co ferrites. They catalyze the decomposition of
hydrogen peroxide providing highly reactive hydroxyl
radicals which can be utilized for the decolorization of
wastewaters containing synthetic dyes or polycyclic aro-
matic hydrocarbons [251].

3.4 Immobilized enzymes and nucleic acids

Immobilization of enzymes on magnetic nanoparticles
imparts them potentially unique properties. In contrast
to micrometer-sized particles, a highly specific surface
area of the nanoparticles facilitates the immobilization
of a larger amount of enzyme, which is accompanied by
an increased specific enzyme activity. The easy dispersi-
bility of the nanoparticles also enables smooth contact
with the substrate alleviating mass-transfer limitations.
This lowers the detection limit and speeds up the anal-
ysis time [252]. Like in conventional polymer supports,
various enzymes were immobilized via chemical bonds
on coated or embedded magnetic nanoparticles. The
enzymes include glucoamylase [253], cytochrome c oxi-
dase [254], B-lactamase [255], chymotrypsin [256-258],
alcohol dehydrogenase [259, 260], glucose oxidase, galac-
tose oxidase, urease [261], neuramidinase [262, 263],
papain [264], DNase [265], RNase [266], etc. Enzymes
immobilized on magnetic supports generally have
higher thermal and storage stability facilitating repeated
applications, but lower activity than free enzymes in sol-
ution. Trypsin-immobilized magnetic polymer particles
smaller than 1 pm can digest proteins in microchip (u-
chip) protease microreactor. This helps to elucidate pri-
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mary structure of the proteins and their post-translation
modification. A unique fingerprint for each protein
called a “peptide map” can thus be obtained. Digestion
in p-chip immobilized magnetic enzyme reactor (IMER)
using magnetic nano- and microparticles is a preferable
alternative to the conventional batch mode for numer-
ous large globular and highly glycosylated proteins [267].
On-line connection with mass spectrometer opens the
route to automated, high-throughput proteomic devices,
which significantly simplifies proteomic analysis proto-
cols without compromising the quality and specificity of
analysis.

4 Conclusions

Functionalized magnetic nano- and microparticles have
evolved into a powerful instrument for separation, diag-
nostics, catalytic, and many other systems employed,
e.g., in chemistry, biochemistry, biology, environment
protection, etc. In the first part of this review, various pro-
cedures for preparation, characterization, coating, or
embedding of magnetic materials, including their func-
tionalization, have been summarized. The materials dif-
fer both in the type and the size. The applications of the
particles are presented in the second part of the review.
They are limited only to the applications assisted with
separationsfisolations and catalytic effects of both the
unmodified and modified magnetic particles. Other
important applications, such as MRI, drug targeting,
hyperthermia, diagnostic, etc., could not be described.
Some directions discussed in the review are already
established and belong to a standard laboratory practice,
other new analytical procedures and IMSs are perma-
nently appearing especially on the laboratory scale.
Together with improvements in the design of new
sophisticated methods for magnetic particle preparation
and characterization, quite new separation strategies
can be foreseen. Besides the amenability of magnetic sep-
arations to automation and miniaturization, the isola-
tions on large industrial scale will undoubtedly continue
to grow in the near future as well. Magnetic isolations
can be targeted to high value-added compounds present
in low concentrations in various raw materials. The lim-
iting factors are the cost of magnetic separation media
and availability of effective magnetic separators.
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Poly(N,N-dimethylacrylamide)-Based
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Heterogeneous Polymerizations

Michal Babi¢, Daniel Horak*

PDMAAmM microspheres have been obtained by inverse suspension, inverse emulsion, and
dispersion polymerization. Conventional inverse suspension polymerization in toluene/tri-
chloroethene is modified by the use of ultrasound. The resulting hydrogel microspheres are
examined by dynamic light scattering and scanning electron microscopy to afford the
morphology, dispersity, and size of the microspheres. Inverse suspension polymerization
yields 100-pm particles, while those obtained by
inverse emulsion polymerization are 0.13-1 pm
in diameter. While the inverse techniques pro-
duce particles of broad size distribution, mono-
disperse microspheres are obtained by the
Kraton G 1650-stabilized dispersion polymeri-
zation of DMAAm in a toluene/heptane med-
ium. The particle size and polydispersity could
be controlled by the addition of water into the
dispersed phase, and by varying the cellulose
acetate butyrate or Kraton G 1650 concentration
and the toluene/trichloroethene or toluene/
heptane ratio.

Introduction used as a solvent-free system in organic reactions™ and

metal catalysis,® and is promising in the separation of

The scientific and practical interest in poly(N,N-di-
methylacrylamide) (PDMAAm) is increasing because of its
high hydrophilicity and thermal responsivity.[) PDMAAmM
copolymers are known to produce smart polymers that
are used in oil recovery™® and in slow-release medical
materials.*! Solid-phase-supported PDMAAmM has also been
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nucleic acid (DNA) in microfluid systems. Unlike acrylamide
(AAm), N,N-dimethylacrylamide (DMAAm) does not show
strong hydrogen bond interactions. Poly(N-substituted
methacrylamide)s are inert, non-toxic, and biocompati-
ble,#) which makes them suitable for substitution of
AAmM.

Copolymerization of DMAAmM enables tailoring of the
hydrophilic/hydrophobic character of the resulting pro-
ducts. DMAAmM has been employed to adjust the lower
critical solution temperature (LCST) of poly[(N-isopropyl-
acrylamide)-co-DMAAm)] in water to approx. 37 °C because
both of the monomers exhibited similar reactivity.l An
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increase in the length of the hydrophilic DMAAmM
segments of the copolymer increased the LCST.*) DMAAmM
copolymers with hydrophobic comonomers such as allyl
methacrylate undergo thermal phase separation.**! More-
over, copolymerization makes possible the incorporation
of small amounts of a monomer that contains a reac-
tive chemical function with the potential for polymer
modification, which is attractive for the immobilization of
biological molecules.

PDMAAm-based microspheres have been rarely
described in the literature. In order to utilize the particles
in applications, precise control of their properties is
important. Their size, size uniformity, functionality,
morphology, and the degree of crosslinking are main
concerns in controlling their properties. The present report
is devoted to the synthesis of crosslinked and uncros-
slinked PDMAAmM microspheres by inverse suspension,
inverse emulsion, and dispersion polymerization. Atten-
tion is paid to the effect of numerous parameters, such as
the crosslinker content, initiator, stabilizer, and monomer
concentrations, and composition of the solvent system on
the morphology, size, and polydispersity of PDMAAmM
hydrogel particles.

Experimental Part

Materials

DMAAm (Aldrich, Milwaukee, USA) was distilled (56 °C at 267 Pa),
N,N'-methylenebisacrylamide (MBAAm, Aldrich), and cellulose
acetate butyrate (CAB 381-20, Eastman Chemical Company,
Kingsport, USA) were used as received. Kraton G 1650 (Shell,
Houston, USA) is polystyrene-block-(hydrogenated polybutadi-
ene)-block-polystyrene with M,, =74 000, M, =70 000, and a
polystyrene/hydrogenated polybutadiene ratio of 29/71 w/w.
Medical grade petroleum ether was from Kulich, Hradec Kralové,
Czech Republic. Ammonium persulfate (APS) was from Lachema,
Brno, Czech Republic, 2,2"-azoisobutyronitrile (AIBN) was obtained
from Fluka, Buchs, Switzerland and recrystallized from ethanol. All
other solvents and chemicals were from Aldrich and used as
received.

Preparation of Poly(DMAAm-co-MBAAm) Particles

Inverse Suspension Polymerization

In a typical experiment, a mixture of 8.55 g of DMAAm, 0.45 g of
MBAAm, 3 g of water, and 0.09 g of APS as the polymerization
initiator was dispersed in a continuous phase that contained a
solution of 1.36 g of CAB suspension stabilizer in 43 g of toluene
(Tol) and 25 g of trichloroethene (TCE) in a glass 100 mL reactor
equipped with a mechanical anchor stirrer. The reactor was
purged with nitrogen for 10 min, the stirring speed was adjusted

Macromol. React. Eng. 2007, 1, 86—94
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to 400 rpm, and the mixture was polymerized at 70 °C for 8 h. The
resulting beads were washed by repeated decantations with Tol
(6x) to remove excessive CAB, 1/1 Tol/ethyl acetate mixture (5x),
ethyl acetate (5x), 1/1 ethyl acetate/acetone mixture (5x), acetone
(5x), and finally with water. The particles thus obtained were then
freeze-dried.

Inverse Emulsion Polymerization

The above-described reactor was used. Briefly, water (2 g) was
dispersed under 5 min of sonication (Ultrasonic Homogenizer
4710 Series, Cole-Palmer Instruments, USA, 30% power) in the
continuous phase (solution of 3 g of CAB in a Tol/TCE mixture 10/
58 g-g '), the mixture was ice-cooled and a solution of 0.02 g of
AIBN initiatorin 1.9 g of DMAAm and 0.1 g of MBAAmM was added,
and again sonicated (30% power, 1 min) under cooling. After
purging the mixture with nitrogen for 10 min, polymerization
proceeded with stirring (400 rpm) at 70 °C for 8 h. The resulting
particles were washed with Tol (5x) and ethyl acetate before
transferring them into diethyl ether. Finally the particles were
dried.

Dispersion Polymerization

Dispersion polymerization was conducted in a glass 30 mL
reaction vessel equipped with an anchor stirrer (400 rpm). In a
typical procedure, 27 g of a mixture of 17.5 g of heptane and 9.5 g
of Tol with 0.27 g of dissolved Kraton G 1650 stabilizer, 1 g of
DMAAm, and 0.01 g of AIBN was charged in the reactor and the
system was purged with nitrogen for 10 min. The reactor was then
heated at 70 °C with stirring for 8 h. At the end of the reaction, the
polymer was removed and washed with petroleum ether (30 mL,
six times each) and finally dried. If the colloid did not sediment,
the sample was centrifuged at 14 000 rpm before washing.

Characterization

Particle size was determined at 25 °C by dynamic light scattering
(DLS) with an AutoSizer Lo-C (Malvern, UK). The measured
diameter is the z-average diameter (D,). The average particle
sizes (weight-average (D) and number-average (D,)) and the
polydispersity index (PDI=D,,/D,) were obtained from optical
(Meopta Pferov, Czech Republic, digital camera Minolta Dimage
Al) or scanning electron microscopy (SEM, JEOL JSM 6400)
photographs using Atlas software (Tescan Digital Microscopy
Imaging, Brno, Czech Republic) by counting some 500 micro-
spheres. The water regain of the microspheres was measured in
fritted glass columns at room temperature.*?

Results and Discussion

Inverse Suspension Polymerization of DMAAm

Suspension polymerization is a process in which mono-
mers are dispersed as liquid droplets in a continuous phase
by stirring and then polymerized essentially by the
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bulk polymerization mechanism. The advantage of sus-
pension polymerization is that it is suitable for the
preparation of porous particles in contrast to emulsion and
dispersion polymerizations. Suspension polymerization of
a water-soluble monomer, such as DMAAm, is always
much more challenging than that of water-insoluble
compounds. In order to prepare PDMAAmM microspheres,
crosslinking is needed as it prevents polymer dissolution
in water. In this study, DMAAm is copolymerized with
MBAAmMm crosslinker. However, it should be noted that the
maximum degree of crosslinking is limited to 20 wt.-% of
MBAAmM in the monomer phase, because MBAAm is not
soluble at higher concentrations. DMAAm is suspension-
polymerized in an inverse mode in a Tol/TCE mixture; the
polymerization is stabilized with CAB and initiated with
APS. A Tol/TCE mixture has been selected as a medium that
dissolves the suspension stabilizer and prevents the
droplets from sedimentation (which occurs in neat Tol).
Because DMAAmMm dissolves in the Tol/TCE mixture, water,
which is insoluble in this medium, has been added to act as
an extraction agent for the monomer. In the absence of

a)

I Figure 1. Optical microscopy of a) water-swollen and b) dry

P(DMAAmM-co-5%MBAAmM) microspheres obtained by inverse sus-
pension polymerization in Tol/TCE.

Macromol. React. Eng. 2007, 1, 86—94
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Table 1. Effect of MBAAm crosslinker on swelling of PDMAAm
particles prepared by inverse suspension polymerization in

water.

Sample’  MBAAM Dy wet Dn ay  Water
content regain

wt.-% wm wm mL.-g*

1 2.5 74 63 1.56

2 5 120 50 1.66

3 10 65 61 0.90

4 20 66 59 0.72

Apolymerization conditions (weight ratios): dispersed/
continuous phase 12/80, water/monomers 3/9, APS 1%
(relative to monomers), Tol/TCE 43/25, CAB 2% in the
continuous phase; 70 °C for 8 h.

water, the polymerization does not produce any particles,
only a microgel. As DMAAm is more soluble in water than
in Tol/TCE, its solubility in the continuous phase is thus
restricted and the monomer droplets are formed. The
obtained P(DMAAmM-co-MBAAm) particles are of spherical
shape, mostly approx. 60 pm in diameter irrespective of
the content of the MBAAm crosslinker. At the same time,
the particle size distribution is broad, which is typical of
any suspension polymerization (Figure 1a,b). Swelling in
water (characterized by water regain) is the most impor-
tant single property of any hydrogel particle. As follows
from Figure 1 and Table 1, low-crosslinked P(DMAAmM-
co-MBAAm) beads possess a substantial swelling ability in
water (approx. 1.6 mL of water per g of dry polymer
particles). As expected, increasing the content of MBAAmM
leads to a decrease in swelling.

Inverse Emulsion Polymerization of DMAAmM

Inverse emulsion polymerization of DMAAm is similar to
the inverse suspension polymerization, with the exception
of the intensive monomeric phase homogenization under
high-shear mixing (sonication) into a continuous medium
formed by the CAB solution in Tol/TCE. CAB is an effective
polymeric emulsifier and dispersed monomer minidro-
plets are formed in the medium. Another substantial
difference from the suspension polymerization consists in
the selection of an initiator: oil-soluble AIBN has been used
instead of water-soluble APS. These changes evidently
cause particle nucleation and the subsequent propagation
reaction to occur primarily in the small-sized polymeri-
zation loci, which introduces segregation effects.**
However, the effect of homogenization conditions on
the particle size distribution and the prediction of poly-

lacromolecular
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Table 2. Effect of MBAAm crosslinker concentration, water content, AIBN initiator concentration in the monomers, CAB stabilizer
concentration in the polymerization feed, and Tol/TCE ratio on the D, and PDI of P(DMAAm-co-MBAAm) microspheres prepared by

inverse emulsion polymerization.

Sample? MBAAm®? Water cAB? AIBN® Tol/TCE D, PDI
wt.-% g wt.-% wt.-% g-gt pm

5 5 2 4 1 10/58 0.87 1.18
5 3 4 1 10/58 0.95 1.28

7 5 4 4 1 10/58 1.35 1.13
gP) 5 4 3.7 1 10/58 0.28 1.71
9P 10 4 3.7 1 10/58 0.13 2.80
10? 5 4 49 1 10/58 0.25 3.86
11? 5 4 6.2 1 10/58 0.29 3.19
12 5 2 4 0.5 10/58 0.54 1.51
13 5 2 4 15 10/58 0.99 1.37
14 5 2 4 2 10/58 0.93 1.17
15 5 2 4 2.5 10/58 0.74 1.36
17 5 2 4 1 20/48 0.69 1.16
18 5 2 4 1 34/34 0.31 2.46
19 5 2 4 1 48/20 0.27 2.54

a)Polymerization conditions: 2.8 wt.-% of monomers in the feed, 70 °C for 8 h; )11 wt.-% of monomers in the feed; 9IRelative

to monomers; YRelative to feed; ®)Relative to monomers.

merization mechanisms are far from being established.
A given polymerization system cannot always be easily
classified, if at all, as one of the ‘classical’ polymerization
mechanisms (dispersion, emulsion, and suspension poly-
merization).**!

2000
o [m]
a

E
= 1000 [
Q m]

0 1

100 200 300

Dn,SEM (nm)

Figure 2. Correlation of P(DMAAmM-co-5%MBAAmM) microsphere
size by DLS (Dpis) and SEM (Dp, sem)-

Macromol. React. Eng. 2007, 1, 86—94
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The recipes for inverse emulsion polymerization of
DMAAm and some characteristics of the products are
shown in Table 2. The resulting PDMAAmM microspheres
have been measured by two independent methods: DLS
and SEM. DLS measurement in water is feasible because
the microspheres are crosslinked. This is in contrast to the
particles obtained by the dispersion polymerization, which
are uncrosslinked and, therefore, water soluble. Figure 2
compares the microsphere diameter determined by both of
these methods. The diameters found by DLS are substan-
tially larger than those determined by SEM, because the
former technique measures the diameter of water-swollen
particles, whereas the latter determines the unswollen size
of the particles in the dry state. Moreover, while the SEM
shows number-average diameters, scattering techniques
measure z-average diameters, which are sensitive to large
particles, while the number-average diameter is strongly
influenced by the presence of small ones. According to
SEM, the size of the P(DMAAmM-co-MBAAmM) microspheres
prepared by inverse emulsion polymerization is substan-
tially smaller (typically in the submicrometer range,
Figure 3) than those obtained by inverse suspension
polymerization.

To better control the size and polydispersity of the
microspheres, the effect of the main experimental para-
meters (water/monomer and Tol/TCE ratio, crosslinking
degree, and concentration of initiator and stabilizer) on the
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Figure 3. SEM  of P(DMAAm-co-5%MBAAmM)
obtained by inverse emulsion polymerization in Tol/TCE. a)
Run 5 and b) run 18 in Table 2.

microspheres

morphology of the emulsion particles have been investi-
gated.

Effect of Water Addition

In analogy to the suspension polymerization, addition of
water to the system is of primary importance to keep the
monomer in the dispersed phase and not allow its transfer
into the continuous phase. In the absence of water or with
addition of 1 g of water to the feed, only a microgel is
formed. Microspheres result from the mixtures containing
2—-4 g of water, and a macrogel is formed with five and
more grams of water in the feed because of the disruption
of the micelles. The effect of the amount of water added to
the feed is listed in Table 2, samples 5—7. The microsphere
size increases with increasing water content in the range
of 2—4 g probably because their solubility is improved. This
is in agreement with a general observation that a change
in the system that tends to enhance the solubility of the

Macromol. React. Eng. 2007, 1, 86—94
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polymer initially formed causes an increase in the particle
size.'*] The microspheres, however, are not monodisperse.

Effect of Crosslinking

As follows from Table 2 (samples 8 and 9), the P(DMAAm-
co-MBAAmM) microsphere size decreases with increasing
MBAAm crosslinker content. A similar effect has been
observed in other systems, where the microspheres are
formed from monomer minidroplets, and it has been
explained by two factors.l*! One factor is the hardness of
the primary microspheres with a high degree of cross-
linking, which prevents particle growth. The second factor
may be the larger size of MBAAmM with two double bonds
compared with DMAAm, which lowers the solubility and
favors the formation of smaller minidroplets. Attempts to
crosslink DMAAm with ethylene dimethacrylate (EDMA)
by inverse emulsion polymerization do not produce the
desired microspheres. At relatively low EDMA concentra-
tions (up to 4 wt.-%), a microgel is formed. A block polymer
is then formed at and above 6 wt.-% of EDMA.

Effect of CAB Concentration

CAB has been used as a polymeric emulsifier. In contrast to
the inverse suspension polymerization, the inverse emul-
sion polymerization requires rather a high CAB concentra-
tion, which is accompanied by an enhanced viscosity of
the continuous phase. As a result, the particle size
distribution is broad (Table 2, samples 9-11) because
relatively large particles are formed because of incomplete
mixing at high CAB concentrations in the polymerization
mixture (4.9 and 6.2 wt.-%). There are also other possible
factors that lead to broad particle size distributions at
higher contents of the emulsifier in the feed:*”! 1) its
higher concentration is favorable to the formation of more
particle nuclei, and 2) the higher contents lead to changes
in the polarity and solvency of the media, thus increasing
the possibility of secondary nucleation during the poly-
merization. Generally, the higher the emulsifier concen-
tration, the greater the chance of secondary nucleation. An
optimal emulsifier concentration is thus needed to prepare
more uniform polymer particles.

Effect of Initiator Concentration

In contrast to the suspension polymerization, the initiator
is soluble in the continuous medium but not in the
monomer in the emulsion polymerization. Accordingly,
emulsion polymerization of DMAAm in the Tol/TCE
medium is initiated with AIBN and not with APS initiator,
as the former is soluble in the organic (continuous) and not
in the aqueous (dispersed) phase. A pronounced depen-
dence of the microsphere size on the AIBN concentration is
not observed (Table 2, samples 5 and 12-15): the particle
size distribution remains broad. The probable reason is
that the generation rate of the oligomers is much faster

DOI: 10.1002/mren.200600008
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than the absorption of the CAB because of the fast
decomposition rate of the AIBN initiator at higher
temperatures.

Effect of Tol/TCE Ratio

This effect has been investigated with 5 wt.-% MBAAmM
crosslinking agent and Tol/TCE ratios of 10/58-48/20
g-g ' (Table 2, Runs 5 and 17-19). At a low Tol/TCE ratio
(10/58 g- g 1), the density of the swollen polymer approxi-
mately corresponds to the density of the medium, and the
resulting particles are thus well dispersed without
sedimenting. However, the solubility of CAB improves
with higher Tol contents in the mixture. The P(DMAAmM-
co-MBAAmM) microsphere size thus decreases with increas-
ing proportion of Tol in its mixture with TCE as a
consequence of the better solubility of CAB (Figure 3a,b). At
the same time, the particle polydispersity increases
(Table 2), presumably because of the difference in the
density of the dispersed (monomer) and continuous (oil)
phases.

Dispersion Polymerization of DMAAmM

The advantage of the dispersion polymerization consists in
the capability of producing monosized microspheres in the
size range that is difficult to produce by suspension or
emulsion polymerization. Its mechanism is different from
that of suspension or emulsion polymerization and is
described elsewhere.l*¥! Unlike emulsion and suspension
polymerizations, all polymerization ingredients, including
the monomer, initiator, and stabilizer, are initially
dissolved in the polymerization medium. The particles
are developed at the beginning of the polymerization by
the precipitation of growing oligomeric chains from
solution upon reaching a critical length. The precipitated
precursor particles (nuclei) capture newly formed oligo-
mers and/or aggregate, adsorb the polymer stabilizer, and
become sterically stabilized. The anchor segment of the
stabilizer must possess a good affinity to the formed
polymer particles and the solvent-soluble segment pro-
vides a good dispersion of the stabilizer in the media.

Here, DMAAm is dispersion polymerized in a Tol/
heptane medium. Kraton G 1650 and AIBN are the
stabilizer and initiator, respectively.

Effect of Tol/Heptane Ratio

Apparently, Tol/heptane mixtures meet the solvency
conditions required for narrow size or monodisperse
particle formation: it dissolves the monomer but pre-
cipitates the forming polymer. According to theories of
particle formation, the solvency of the reaction medium
for growing polymer chains controls the critical molecular
weight above which the polymer precipitates during the

Macromolecular
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Figure 4. Dependence of PDMAAmM microsphere size D, and
polydispersity PDI on the solubility parameter § of the system
(effect of the Tol/heptane solvent). Polymerization conditions of
dispersion polymerization: 3.6 wt.-% monomer, 1 wt.-% Kraton G
1650, 1 wt.-% AIBN (relative to the monomer) in the feed.

nucleation stage in the dispersion polymerization. This in
turn regulates the size of the particles.**! In the dispersion
polymerization of DMAAm, the solvency of the polymer-
ization mixture could be finely tuned by the Tol/heptane
ratio. Solvency is expressed in terms of liquid polarity as
defined by the solubility parameter. The solubility para-
meter of the reaction mixture § is calculated from those of
components §; according to the equation §=(Sv;-§2)*/2,
where v; is the volume fraction of the i-th component,
§ (DMAAmM)=21.48 MPa'?, § (MBAAm)= 26.35 MPa'/?,
§ (TCE)=17.96 MPa*? § (Tol)=18.2 MPa'? and &
(heptane) =15.1 MPa'/2. While the first two solubility
parameters have been calculated according to Fedors,!*!
the other values are taken from tables.?”! Figure 4 and 5
show that the PDMAAmM microsphere size is proportional
to the solubility parameter of the medium. This is typical
of a dispersion polymerization of hydrophilic monomers,
e.g,, of 2-hydroxyethyl methacrylate,*!! acrylamide,?? or
N-vinylformamide.**) On the contrary, an inverse correla-
tion between the polystyrene or poly(methyl methacry-
late) particle size and the dispersion medium polarity has
been found.!** This distinction results from poor solubility
of non-polar polystyrene or poly(methyl methacrylate) in
polar solvents, in contrast to polar polymers. Because
heptane is a thermodynamically poorer solvent for
PDMAAmMm than Tol, the critical chain length of precipitated
oligomers decreases with increasing heptane content in
the polymerization mixture, i.e., with decreasing solubility
parameter. This results in an increase in the number
of nuclei and, correspondingly, in a smaller size of the
particles. The monodispersity of the resulting PDMAAmM

*' Macromolecular
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microspheres is documented in Figure 5. The figure reflects
a short particle nucleation stage and a particle growth
stage free from both the formation of new particles and the
coalescence of existing particles.

Effect of Stabilizer Concentration

Selection of a suitable stabilizer for the dispersion
polymerization is always determined by its ability to be
dissolved in the polymerization medium. The steric
stabilizer has to prevent particles from approaching each
other closely. Here, Kraton G 1650 is the stabilizer of choice
for the dispersion polymerization of DMAAm in Tol/
heptane medium. As expected, the PDMAAm particle
size decreases with increasing stabilizer concentration
(Figure 6) because more stabilizer stabilizes more particles
and, in return, their size is smaller. Monodisperse micro-
spheres are formed in the presence of 1-4 wt.-% of Kraton

Figure 5. SEM micrograph of PDMAAmM microspheres obtained by
dispersion polymerization. Polymerization conditions (weight
ratios are given): Tol/heptane a) 9.5/17.5 and b) 13.5/13.5; 3.6%
monomer and 1% Kraton G 1650 in the feed, 1% AIBN relative to
the monomer.
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Figure 6. Dependence of ((J) PDMAAmM microsphere size D, and
(A) polydispersity PDI on the concentration c of Kraton G 1650 in
the polymerization mixture. Polymerization conditions of dis-
persion polymerization: Tol/heptane 9.5/17.5 (g/g) and 3.6 wt.-%
monomer in the feed, 1 wt.-% AIBN relative to monomer.

G 1650 in the feed. Concentrations higher than 4 wt.-% are
impractical from an application point of view.

Effect of AIBN Initiator Concentration

The concentration of initiator also partially affects the size
of the PDMAAmM microspheres as shown in Figure 7. As the
initiator concentration increases from 0.5 to 8 wt.-%, the
diameter of the microspheres decreases from 0.9 to 0.7 pm.
The formation of smaller microspheres at a higher initiator
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Figure 7. Dependence of ([]) PDMAAmM microsphere size D,, and
(A) polydispersity PDI on the concentration of AIBN initiator c.
Polymerization conditions of dispersion polymerization: 3.6 wt.-%
monomer, 1wt.-% Kraton G 1650, and Tol/heptane 9.5/17.5 (g/g) in
the feed.
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Figure 8. Dependence of ((J) PDMAAm microsphere size D,, and
(A) polydispersity PDI on the concentration of monomer c in the
feed. Polymerization conditions of dispersion polymerization:
Tol/heptane ratio 9.5/17.5 (g/g), 1 wt.-% of Kraton G 1650 in
the feed, and 1 wt.-% of AIBN relative to the monomer.
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concentration has also been observed by Kawaguchi
et al®*! and Wang et all*®! and can be in favor of a
homogeneous nucleation mechanism similar to emulsion
polymerization. Increasing the initiator concentration
causes an increase in the oligomeric radical concentration
and thus an increase in the numbers of particles if
sufficient particle stabilizer is available. This would lead to
a smaller particle size.

Effect of Monomer Concentration

Variations in the monomer concentration can also have an
effect on the nucleation process in a dispersion polymer-
ization and, therefore, on the particle size and distribution.
Stable and monodisperse particles are generated without
coagulation with up to 7 wt.-% of DMAAm in the Tol/
heptane medium. Significant coagulation is observed
above 7 wt.-% of monomer. The effect of the monomer
concentration on the size and uniformity of the micro-
spheres is shown in Figure 8. The observed increase in
PDMAAmM microsphere size with the monomer concentra-
tion is usually explained by increased polymer solubility in
the system as the monomer is a good solvent for the
polymer, and this leads to an increase in the critical
chain length of the oligomers before precipitation.!?”2%]
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Figure 9. Schematic comparison of a) inverse suspension, b) inverse emulsion, and c) dispersion polymerization of PDMAAm in terms of
microsphere size D, and polydispersity PDI.
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The delayed precipitation of polymer nuclei reduces
the number of resulting particles and increases their
size. In addition, an increase in the monomer concentra-
tion decreases the stabilizer-to-monomer ratio and
enhances the extent of aggregation, which leads to larger
particles.

Conclusion

PDMAAmM microspheres have been prepared by inverse
suspension, inverse emulsion, and dispersion polymeriza-
tion. Figure 9 compares the methods in terms of their
applicability to the preparation of particles of various sizes
and polydispersities. The results demonstrate the feasi-
bility of the suspension copolymerization of DMAAmM and
MBAAm in inverse mode to afford highly hydrophilic
polydisperse beads of around 100 pm in diameter. The
inverse emulsion copolymerization of DMAAmM and
MBAAm produces highly polydisperse microspheres,
typically in the size range of 130 nm to 1 pm. The
formation of microspheres is investigated using different
emulsifier and initiator concentrations, crosslinker con-
tents, and medium polarity. An advantage of inversion
emulsion polymerization consists in the possibility of
modification of the process to enable, e.g., the introduction
of a functional monomer or incorporation of a magnetic
core. Dispersion polymerization of DMAAm is unique in
that it produces microspheres of uniform size of 1-2 pm.
The method is simple, however, the system is sensitive to
any changes in reaction parameters and, therefore, it is not
very versatile. The microsphere size is controlled by the
composition of mixed solvents (Tol/heptane). Hydrophilic
PDMAAm microspheres can find applications, especially in
biomedicine.
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Description
Technical field

[0001] The invention concerns a method of preparation of superparamagnetic nanoparticle probes based on iron
oxides with modified surface and superparamagnetic nanoparticles obtained by such a method.

Background art

[0002] The development of medical diagnostics in recent years aims more and more at earlier diagnosis of frequently
very serious diseases. A part of the new techniques is cell labelling or cell imaging by magnetic resonance. Magnetic
resonance imaging (MRI) makes it possible to visualize internal organs of humans and hence is a great contribution not
only in diagnostics but also in therapy and surgery. Medical diagnostics requires the use of nanometre particles. MRI
makes use of the fact that magnetic nanoparticles create a magnetic field and influence the environment (Shinkai M.,
Functional magnetic particles for medical application, J. Biosci Bioeng 94, 606-613, 2002). The range of patticle sizes
can be divided, depending on application, into "large” (diameter > 50 nm) and "small" (diameter < 50 nm) particles. MR
diagnostics of liver and spleen is their main application field as the particles of this size are readily and almost completely
taken up by the macrophages of these organs (Kresse M., Pfefferer D., Lawaczeck R., EP 516,252 A2; Groman E.V.,
Josephson L., U.S. Pat. 4,770,183). The patrticles find applications also in clinical hyperthermia (Hasegawa M., Nagae
H., Ito Y., Mizutani A., Hirose K., Ohgai M., Yamashita Y., Tozawa N., Yamada K, Kito K, Hokukoku S., WO 92/22586
A1; Gordon R.T., U.S. Pat. 4,731,239).

[0003] Forlabelling of cells it is of key importance to prepare monocrystalline nanoparticles of an iron oxide dispersible
in water, which are also biocompatible, superparamagnetic, surface functionalizable and which are, at the same time,
completely taken up by the cells.

[0004] At present, superparamagnetic iron oxides (without magnetic memory) are the class of materials with the
strongest contrastin MR (Gromann E.V., Josephson L., Lewis J. M., US 4 827 945 A; Stark D.D., Weissleder R., Elizondo
G., Hahn P.F., Saini S., Todd L.E., Wittenberg J., Ferrucci J.T., Superparamagnetic iron oxide: clinical application as a
contrastagentfor MR imaging of the liver, Radiology 168, 297-301, 1988), hence they are in low concentrations especially
suitable for tissue-specific applications. A critical size namely exists, below which the particles can have only a single
magnetic domain even in zero magnetic field. The condition for superparamagnetism is KV ~ kT, where KV is the
anisotropy energy (K is the anisotropy constant, V is the particle volume) and k T is the thermal energy of motion (k is
the Boltzmann constant, T is absolute temperature). If this condition is fulfilled, particle magnetization can be caused by
thermal energy kT provided that it exceeds the potential bartier of anisotropic energy. The critical size of superparamag-
netic particles of magnetite is ca. 25 nm. Supetparamagnetic iron oxides make it possible to enhance the tissue contrast
by increasing the relaxation rates of water. Varying the size, coating, thickness, surface chemical reactions and targeting
ligands, the nanoparticle probes can be targeted on specific organs and cells or can even become in vivo molecular
markers for various diseases. However, the size of crystal core of iron oxides, which causes a specific character to the
materials, is problematic because it shows an essential influence on biological behavior. A small size of the particles
improves their precise targeting but the efficiency of the material decreases due to interdependence of the particle size
and magnetic moment. As a consequence, it is hecessary to seek a compromise between good contrast effect of the
material and precise targetability (Kresse M., Pfefferer D., Lawaczeck R., Wagner S. Ebert W., Elste V., Semmler W.,
Taupitz M. Gaida J., Herrmann A., Ebert M., Swiderski U., U.S. Pat. Appl. 2003,0185757). As a rule, the iron-containing
core should be as large as possible to obtain a high imaging effect (contrast), but the overall diameter should be small.
[0005] Examples of MRI contrast agents include injectable nuclei, radionuclides, diamagnetic, paramagnetic, ferro-
magnetic, superparamagnetic materials, contrast materials containing iron (e:g., iron oxide, iron(lll) ions, ammonium
iron(lll) citrate), gadolinnium agents (e.g. gadolinium diethylenetriaminepentaacetate) and manganese paramagnetic
materials. Typical commercial MRI contrast agents are, e.g., Magnevist® and Resovist® (both Schering); Omniscan®;
Feridex®, and Combidex® (all three Advanced Magnetics), Endorem® and Sinerem® (Guerbet), and Clariscan® (Ny-
comed). A number of various methods of preparation of crystals containing iron (iron oxides) with superparamagnetic
properties have been described. These can be classified according to many aspects. Two basic methods of manufacture
of superparamagnetic crystals are based on sintering at high temperature and subsequent mechanical disintegration or
chemical synthesis in aqueous solution. For applications in medicine, effective particles were produced by wet synthetic
techniques; in contrast, sintering is described for production of iron oxides for technological (audio/video media, pigments
for dyes, toners) and biotechnological applications such as magnetic separations (Schostek S., Beer A., DE 3,729,697
A1; Borelli N.F., Luderer A.A., Panzarino J.N., U.S. Pat. 4,323,056; Osamu ., Takeshi H., Toshihiro M., Kouji N., JP
60,260,463 A2). The wet chemical synthesis can be divided into a "two-step” synthesis, which first prepares iron oxide-
containing nuclei by increasing pH, to which is subsequently added a stabilizer providing physical and other required
properties (Kresse M., Pfefferer D., Lawaczeck R., Wagner S., Ebert W., Elste V., Semmler W., Taupitz M. Gaida J.,
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Herrmann A., Ebert M., Swiderski U., U.S. Pat. Appl. 20030185757). In a "one-step” synthesis, iron oxides are prepared
by precipitation of iron salts in the presence of a stabilizer, which coats the nuclei in the course of nucleation and thus
hinders aggregation and sedimentation of nanoctystals. In addition to classification into "two-step" and "one-step" meth-
ods, there exists another differentiation, accordingto the type of the used solvent, into the methods using water (Hasegawa
M., Hokukoku 8., U.S. Pat. 4,101,435; Fuji Rebio K.K, JP 59,195,161) or organic solvents (Porath J., Mats L., EP 179,039
A2; Aoyama S., Kishimoto M., Manabe T., Interaction between polymers and magnetic particles - effect on the properties
of particulate magnetic recording media, J. Mater. Chem. 2, 277-280, 1992; Norio H., Saturo O., JP 05,026,879 A2).
Various order of iron (I1) and iron (Ill) mixing with base influences the amount of produced iron oxide (Kunda W. Rudyk
B. DE 2 642 383 A1). The crude product must be always carefully purified and excess admixtures and impurities thus
removed. The method of choice is then thermal sterilization. The iron oxides used at present are charactetized by particle
polydispersity expressed by the polydispersity index, PDI > 1.3, (PDI = D,/D,,, where D, = £ Di/N , D, =% D45 D3;
where N is the number of particles, Di is the diameter of an individual particle). Polydisperse particles have different
physical and chemical properties, in contrast to monodisperse ones, the properties of which, including magnetic, are
uniform. A drawback of classical magnetite particles also is that they change their properties in air. Their chemical
instability causes uncontrolled oxidation with air oxygen, magnetic susceptibility decreases, the colloid loses stability
and the nanoparticles aggregate, which is unacceptable for applications in medicine. Therefore, it is better to subject
the freshly prepared magnetite particles, immediately after synthesis, to controlled oxidation to maghmite (y-Fe,0s),
which is stable in air and does not change its properties.

[0006] Generally, the surface of magnetic particles for imaging in medicine is covered by polymers. Aimost all nano-
particles commonly used in medicine at present are iron oxides prepared in the presence of polysaccharide dextran as
stabilizer (Weissleder R. US 5 492 814 A; Hasegawa M., Hokukoku S., US 4 101 435, Bacic G., Niesman M.R, Bennett
H.F., Magin R.L., Schwarz H.M., Modulation of water proton relaxation rates by liposomes containing paramagnetic
materials, Magn. Reson. Med. 6, 445-58, 1988; Ohgushi M., Nagayama K., Wada A., Dextran-magnetite: a new relaxation
agent and its application to T2 measurements in gel systems, J. Magn. Reson. 29, 599-601, 1978; Pouliquen D., Le
Jeune J.J., Perdrisot R., Ermias A., Jallet P., Iron oxide nanoparticles for use as an MRI contrast agent pharmacokinetics
and metabolism, Magn. Reson. Imaging 9, 275-283, 1991; Ferrucci J.T., Stark D.D., Iron oxide-enhanced MR imaging
of the liver and spleen: review of the first 5 years, Am. J. Roentgenol. 155, 943-950, 1990). Synthesis of such particles
is usually performed according to the Molday procedure (Molday R.S. US 4 452 773 A), (Molday R.S., MacKenzie D.,
Immunospecific ferromagnetic iron-dextran agents for the labelling and magnetic separation of cells, J. Immunol. Methods
52, 353-367, 1982) requiring laborious and costly purification procedures. Dextran, however, is chemically instable, for
example it depolymerizes in acid medium and various other reactions may lead to its complete destruction in alkaline
medium. Moreover, cells take up the dextran-covered nanoparticles insufficiently, which does not facilitate perfect MR
monitoring of cells, probably due to relatively inefficient endocytosis. In addition to dextran, the use of other polysaccha-
rides is described such as arabinogalactan (Josephson L., Groman E.V., Menz E., Lewis J.M., Bengele H., A function-
alized superparamagnetic iron oxide colloid as a receptor directed MR contrast agent, Magn. Reson. Imaging 8, 637-646,
1990), starch (Fahlvik A.K., Holtz E., Schroder U., Klaveness J., Magnetic starch microspheres, biodistribution and
biotransformation. A new organ-specific contrast agent for magnetic resonance imaging, Invest. Radiol. 25, 793-797,
1990), glycosaminoglycans (Kresse M. EP 0 516 252 A2), (Kresse M., Wagner S., Pfefferer D., Lawaczeck R., Elste V.,
Semmler W., Targeting of ultrasmall superparamagnetic iron oxide (USPIO) particles to tumor cells in vivo by using
transferrin receptor pathways, Magn. Reson. Med. 40, 236-42, 1998) or proteins (Widder D.J., Greif W.L., Widder K.J.,
Edelman R.R., Brady T.J., Magnetite aloumin microspheres: a new MR contrast material, Am. J. Roentgenol. 148,
399-404, 1987) such as albumin, even antibodies (Liberti P.A. WO 91/02811) or synthetic polymers such as polymeth-
acrylates and polysilanes. Also transfection agents are desctibed including also poly(amino acid)s (polyalanines, poly
(L-arginine)s, DNA of salmon eggs, poly(L-omithine)s), dendrimers, polynucleotides (Frank J.A., Bulte JW.M., Pat. WO
02100269 A1), polyglutamate, polyimines (Van Zijk P., Goffeney N., Duyn J.H., Bulte J.W.M., Pat. WO 03049604 A3).
[0007] Polymercoating considerably increases the particle size, which can affect their penetration and the rate of their
metabolic removal in the body. Recently, also dispersions of bare superparamagnetic nanoparticles (polymer-uncoated)
for MR imaging were described (Cheng F.-Y., Su C.-H., Yang Y.-S., Yeh C.-S., Tsai C.-Y., Wu C.-L., Wu M.-T., Shieh
D.-B., Characterization of aqueous dispersions of Fe304 nanoparticles and their biomedical applications, Biomaterials
26, 729-738, 2005). They were prepared in water and stabilized with, e.g., a citrate monomer (Taupitz M., Schnorr J.,
Wagner S.A., Abramjuk C., Pilgrimm H., Kivelitz D., Schink T., Hansel J., Laub G., Humogen H., Hamm B., Coronary
MR angiography: expetimental results with a monomer-stabilized blood pool contrast medium, Radiology 222, 120-126,
2002) or tetramethylammonium hydroxide (Cheng F.-Y., Su C.-H., Yang Y.-S., Yeh C.-S,, Tsai C.-Y., Wu C.-L., Wu
M.-T., Shieh D.-B., Characterization of aqueous dispersions of Fe304 nanoparticles and their biomedical applications,
Biomaterials 26, 729-738, 2005). The nanoparticles allegedly bring some advantages over those that require a polymer
addition to be protected against aggregation.

[0008] Stem cells show the ability to differentiate into any specialized cell of the organism and that is why they are in
the centre of interest of human medicine, in particular regenerative medicine and cell therapy, where their utilization can
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be assumed. (Park H.C., Shims Y.S., Ha Y., Yoon S.H., Park S.R., Choi B.H., Park H.S., Treatment of complete spinal
cord injury patients by autologous bone marrow cell transplantation and administration of granulocyte-macrophage
colony stimulating factor, Tissue Eng. 11, 913-922, 2005; Akiyama Y., Radtke C., Honmou O., Kocsis J.D., Remyelination
of the spinal cord following intravenous delivery of bone marrow cells, Glia 39, 229-236, 2002; Akiyama Y., Radtke C.,
Kocsis J.D., Remyelination of the rat spinal cord by transplantation of identified bone marrow stromal cells, J. Neurosci.
22, 6623-6630, 2002; Hofstetter C.P., Schwarz E.J., Hess D., Widenfalk J., EIManira A., Prockop J.D., Olson, L., Marrow
stromal cells form guiding strands in the injured spinal cord and promote recovery, Proc. Natl. Acad. Sci. USA 96,
2199-2204, 2002; Chen J., Li Y., Katakowski M., Chen X., Wang L., Lu D., Intravenous administration of human bone
marrow stromal cells induces angiogenesis in the ischemic boundary zone after stroke in rats, Circ. Res 92, 692, 2003;
Chen J., Zhang Z.G., Li Y., Wang L., Xu Y.X., Gautam S.C., Intraarterial administration of marrow stromal cells in a rat
model of traumatic brain injury, J.Neurosci.Res. 73, 778-786, 2003; Chopp M., Li Y., Treatment of neural injury with
marrow stromal cells, Lancet Neurol. 1, 92-100, 2002; Chopp M., Zhang X.H., Li Y., Wang L., Chen J., Lu D., Spinal
cord injury in rat: treatment with bone marrow stromal cell transplantation, Neuroreport 11, 3001-3005, 2000; Ramon-
Cueto A., Plant G.W., Avila J., Bunge M.B., Long-distance axonal regeneration in the transected adult rat spinal cord is
promoted by olfactory ensheathing gliatransplants, J. Neurosci. 18, 3803-3815, 1998; Sykova E., UrdzikovaL., Jendelova
P., Burian M., Glogarova K., Hajek M., Bone marrow cells - a tool for spinal cord injuty repair, Exp. Neurol. 193, 261-262,
2005).

Disclosure of invention

[0009] The subject of the invention is surface-modified superparamagnetic nanoparticle probes based on iron oxides
for diagnostic and therapeutical applications. Superparamagnetic nanoparticle probes based oniron oxides, to advantage
magnetite or maghemite, with modified surface are formed by a colloid consisting of particles, the size of which ranges
from 10 to 30 nm, and their polydispersity index is smaller than 1.3. Their surface is coated with mono-, di- or polysac-
charides, amino acids or poly(amino acid)s or synthetic polymers based on (meth)acrylic acid and their derivatives. The
saccharides are selected from the group formed by D-arabinose, D-glucose, D-galactose, D-mannose, lactose, maltose,
dextrans, dextrins. The amino acid or poly(amino acid) is selected from the group formed by polyalanine, polyglycine,
polyglutamine, polyasparagine; polyhistidine, polyarginine, poly(L-lysine), poly(aspartic acid) and poly(glutamic acid).
Polymers of derivatives of (meth)acrylic acid are selected from the group containing poly(N,N dimethylacrylamide), poly
(N, N-dimethylmethacrylamide), poly(N,N-diethylacrylamide), poly(N, N-diethylmethacrylamide), poly(N-isopropylacryla-
mide), poly(N-isopropylmethacrylamide). The surface layer of a modification agent amounts to 0.1-30 wt.%, to advantage
10 wt.%, and the iron oxide content to 70-99.9 wt.%, to advantage 90 wt.%. The agents on the surface of particles enable
their penetration into cells.

[0010] Superparamagnetic nanoparticle probes according to the invention are prepared by preprecipitation of colloidal
Fc(OH)4 by the treatment of aqueous 0.1-0.2M solution of Fe(lll) salt, to advantage FeClg, with less than an equimolar
amount of NH,OH, at 21 °C, under 2-min sonication at 360 W. To the hydroxide, 0.1-0.2 M solution of a Fe(ll) salt, to
advantage FeCl,, is added in the mole ratio Fe(lll)/Fe(ll) = 2 under 2-min sonicadon and the mixture is poured into five-
to tenfold, to advantage eightfold, molar excess of 0.5 M NH,OH. The mixture is left aging for 0-30 min, to advantage
15min, andthen the precipitate is repeatedly, to advantage 7-10 time, magnetically separated and washed with deionized
water of resistivity 18 MQ.cm™1. In contrast to the present state-of-the-art, 1-3 fold amount, to advantage 1.5 fold amount
relative to the amount of magnetite, of 0.1 M aqueous solution of sodium citrate is added and then, dropwise, 1-3 fold
amount, to advantage 1.5 fold amount relative to the amount of magnetite, of 0.7 M aqueous solution of sodium hy-
pochlorite. The precipitate is repeatedly, to advantage 7-10 times, washed with deionized water of resistivity 18 MQ.cm-1,
under the formation of colloidal maghemite to which, after dilution, is added

dropwise, possibly under 5-min sonication, an aqueous solution of a modification agent in the weight ratio modification
agent/iron oxide 0.1-10, to advantage 0.2 for amino acids and poly(amino acid)s and 5 for saccharides.

[0011] The thus prepared nanoparticles reach the size around 10 nm, according to transmission electron microscopy
(TEM), with comparatively narrow size distribution characterized by PDI < 1.3. The colloidal stability of the particles in
water is a consequence of the presence of the charges originating from Fe(lll) and citrate ions.

[0012] An essential feature of the preparation of superparamagnetic nanoparticle probes with modified surface ac-
cording to the invention consists in the fact that slow addition of a solution of modification agent follows precipitation. At
that, the modification agent nonspecifically adsorbs on the iron oxide surface. The interaction is a consequence of
hydrogen bonds between the polar OH groups of the modification agent and hydroxylated and protonated sites on the
oxide surface, or of the agent charge interacting with the citrate complexed on the iron oxide surface. The particles
coated with the modification agent do not aggregate as was confirmed by TEM micrographs, according to which the
size of surface-modified particles was the same as that of starting iron oxide particles.

[0013] Nanoparticles are modified with the agents based on poly(amino acid)s such as polyalanine, polyglycine,
polyglutamine, polyasparagine, polyarginine, polyhistidine or polylysine, poly(aspartic acid) and poly(glutamic acid),
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monosaccharides (e.g. arabinose, glucose, mannose, galactose), disaccharides (e.g. lactose, maltose) and polysac-
charides including starch, dextrans and dextrins, and polymers of derivatives of (meth)acrylic acid (e.g. poly(N, N-dimeth-
ylacrylamide), poly(N,N-dimethylmethacrylamide), poly(N, N-diethylacrylamide), poly(N,N-diethylmethacrylamide), poly
(N-isopropylacrylamide), poly(N-isopropylmethacrylamide)).

[0014] Superparamagnetic nanoparticle probes with modified surface according to the invention are

designed for labelling of living cells, in particular stem cells. The method will find broad applications in monitoring cells
suitable for cell therapy (e.g., stem cells of bone marrow, olfactory glial cells, fat tissue cells). After administration of
cells, their fate can be monitored in the recipient body by a noninvasive method, magnetic resonance.

[0015] It was found experimentally that the capability of targeting superparamagnetic nanoparticle probes according
to the invention in cells is significantly better than with iron oxide particles according to the hitherto used methods. The
uptake of poly(amino acid)-modified iron oxide nanoparticles by cells is made possible by their interaction with negatively
charged cell surface and subsequent endosomolytic absorption. The nanoparticles are in this way transferred into
endosomes, fused with lysosomes under simultaneous destruction of vesicular membrane. Another mechanism of trans-
port of nanoparticle probes into cells may consist in the mannose transporter present on the surface of many types of
mammalian cells. Compared with Endorem® (0.11 mg Fe;0,4, per ml of medium), considerably lower concentrations of
iron oxide nanoparticles modified according to the invention were sufficient for complete labelling of cells. An additional
advantage is that the patient organism is considerably less loaded with applied particles than it is necessary when using
currently commercially available agents.

[0016] The invention provides a tool for monitoring the history and fate of cells transplanted into organism including
their in vivo migration. Nanoparticle probes according to the invention are suitable for determination of diagnoses of
pathologies associated with cellular dysfunction. First, the stem cells of the patient are labelled ex vivo. In cell labelling,
5-20 pl, to advantage 10 pl, of a colloid containing 0.05-45 mg iron oxide per ml, to advantage 1-5 mg iron oxide per ml
of the medium, is added to complete the culture medium and the cells are cultured for 1-7 days, to advantage for 1-3
days, at 37 °C and 5 % of CO,. During the culturing, the cells fagocytize nanoparticles from the medium to cytoplasm.
The thus labelled cells are introduced

into the patient organism, which, when using magnetic field, makes it possible to monitor the movement, localization
and survival of exogenous cells by MRI imaging and thus to reveal pathologies associated with cellular dysfunctions.

Examples

Example 1
Preparation of starting (uncoated) superparamagnetic iron oxide nanoparticles

[0017] 12 mlof aqueous 0.2 M FeCl; was mixed with 12 ml of aqueous 0.5 M NH,OH under sonication (Sonicator W-
385; Heat Systems-Ultrasonics, Inc., Farmingdale, NY, USA) at laboratory temperature for 2 min. Then 6 ml of aqueous
0.2 M FeCl, was added under sonication and the mixture was poured into 36 ml of agueous 0.5 M NH,OH. The resulting
magnetite precipitate was left agingfor 15 min, magnetically separated and repeatedly (7-10times) washed with deionized
water of resistivity 18 MQ-cm™! to remove all residual impurities (including NH,CI). Finally, 1.5 ml of aqueous 0.1 M
sodium citrate was added under sonication and magnetite was oxidized by slow addition of 1 ml of 5 % aqueous solution
of sodium hypochlorite. The above procedure of repeated washing afforded the starting primary colloid.

[0018] For determination of the nanoparticle size, dynamic light scattering (DLS) was used, which gave the average
hydrodynamic diameter of particles amountingto 90 = 3 nm, suggesting a narrow size distribution. From TEM micrograph,
then D, = 6.5 nm a PDI = 1.26. PDI is the polydispersity index characterizing the size distribution width, PDI = D,/D,,
where D, and D, are the weight- and number-average particle diameter.

Example 2
Treatment of superparamagnetic iron oxide nanoparticles with poly(amino acid)s - "two-step synthesis"

[0019] To 10 ml of the starting colloid solution containing iron oxide nanoparticles prepared according to Example 1
and diluted to the concentration 2.2 mg iron oxide/ml, 0.01-2 ml (typically 0.2 ml) of aqueous solution of a poly(amino
acid) of concentration 0.5-10 mg/ml (typically 1 mg/ml) was added dropwise under stirring and the mixture was sonicated
for 5 min.

[0020] The poly(amino acid) can be polyalanine, polyglycine, olyglutamine, polyasparagine, polyarginine, polyhistidine
or poly(L-lysine), poly(aspartic acid) and poly(glutamic acid).
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Example 3
Treatment of superparamagnetic iron oxide nanoparticles with saccharides - "two-step synthesis”

[0021] Various volumes (0.1-5 ml) of 4 wt.% aqueous solution of a saccharide were added dropwise under stirring to
10 ml of the starting colloid solution containing iron oxide nanoparticles prepared according to Example 1, diluted to the
concentration 2.2 mg iron oxide/ml and the mixture was sonicated for 5 min. The particles were repeatedly washed.

[0022] The saccharide canbe D-arabinose, D-glucose, D-galactose, D-mannose, lactose, maltose, dextrans, dextrins.

Example 4

Treatment of superparamagnetic iron oxide nanoparticles with (meth)acrylic acid derivatives - "two-step syn-
thesis"

[0023] To an 0.003-0.07 wt.% (typically 0.03 wt.%) solution of 4,4’-azobis(4-cyanopentanoic acid) was added a cor-
responding amount of the colloid containing 0.1-2 g (typically 0.5 g) of particles prepared according to Example 1 so
that the total volume of the mixture was 30 ml. To the solution was added 0.1-2 (typically 1) g of a (meth)acrylic acid
derivative, the solution was bubbled with nitrogen for 10 min and heated at 70 °C for 8 h under stirring (400 rpm). The
resulting product was repeatedly (3-5 times) magnetically separated or centrifuged (14 000 rpm), washed with water or
isotonic 0.15 M sodium chloride and sonicated until the formation of a colloidal solution.

[0024] The (meth)acrylic acid derivative can be poly(N,N-dimethylacrylamide), poly(N,N-dimethylmethacrylamide),
poly(N,N-diethylacrylamide), poly(N,N-diethylmethacrylamide), poly(N-isopropylacrylamide), poly(N-isopropylmethacr-
ylamide).

Example 5
Example 5
Optical microscopy of labelled cells

[0025] Stromal cells of bone marrow (MSC) of rat labelled by both starting uncoated and surface-modified superpar-
amagnetic iron oxide nanoparticles were observed in optical microscope. The cells labelled with Endorem® (0.11 mg
Fez0,,ml) served as control (Fig. 1a). A drawback of Endorem® was its tendency to adhere to the cell surface; moreover,
it sticked also to the bottom of vessel.

[0026] The cells in contact with starting (uncoated) nanoparticles prepared according to Example 1 proliferated and
approximately one of every ten cells endocytized iron oxide nanoparticles of iron oxide (Fig. 1 b).

[0027] From observation of the cells in contact with superparamagnetic nanoparticles modified with D-mannose by
the "two-step method" (after the synthesis) according to Example 3, the

optimum concentration of D-mannose added to the colloid was assessed amounting to 12.8 mg D-mannose pet ml of
the colloid, which ensures labelling of ca. 50 % of cell population (Fig. 1¢)

[0028] Maximum labelling of cells (almost 100 %) was achieved with poly(L-lysine)-modified nanoparticles {0.02 mg
poly(L-lysine) per ml colloid (Fig. 1d)).

Example 6

Transmission electron microscopy of cells labelled with superparamagnetic iron oxide nanoparticles

[0029] Transmission electron micrograph of MSC cells labelled with superparamagnetic nanoparticles of iron oxide
modified with D-mannose according to Example 3 and with poly(L-lysine) (PLL) according to Example 2 is shown in Fig.
3. Numerous aggregates of both types of superparamagnetic nanoparticles inside cells labelled with nanoparticles
modified with both D-mannose and poly(L-lysine) are visible. The nanoparticle aggregates were evenly distributed in
cell cytoplasm; their accumulation on cell membranes was not perceptible.

Example 7

Quantitative determination of cells labelled with superparamagnetic iron oxide nanoparticles

[0030] Superparamagnetic iron oxide nanoparticles modified with both poly(L-lysine) according to Example 2 and with
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D-mannose according to Example 3 were successfully endocytized by MSC cells (as follows from Figs. 1 and 2). MSC
cells were cultivated in duplicate on uncoated six-well culture plates at the density 105 cells per mmZ2. Endorem® and
the nanoparticles modified with poly(L-lysine) or D-mannose were added to culture medium (10 pl/ml) and the cells
incubated for 72 h. After washing out excess contrast substance with the culture medium, the cells were fixed with 4 %
solution of paraformaldehyde in 0.1 M phosphate buffer (PBS) and tested for iron under the formation of iron(lll) ferro-
cyanide (Prussian Blue). The number of labelled and unlabelled cells was determined in an inverted light microscope
(Axiovert 200, Zeiss) by counting randomly selected five fields per well and two wells per each run (Table 1). The cells
in each image were manually labelled as Prussian Blue-positive or negative; the number of labelled cells was then
counted using the image analysis toolbox in

program Matlab 6.1 (The MathWorks, Natick, MA, USA). The best labelling of cells was obtained with nanoparticles
containing 0.02 mg poly(L-lysine) per ml of colloid.

Table 1. Percentage of stromal cells of bone marrow (MSC) labelled in vitro with superparamagnetic nanoparticles

Uncoated iron oxide PLL-modifid iron D-Mannose-modified Endorem®
oxide (0.02 mg iron oxide
PLL/mI)
MSC (rat) 27.9 92.2 50.8 60.0
MSC (human) not tested 87.5 not tested 65.2

Example 8
Relaxivity of cells labelled with superparamagnetic iron oxide nanoparticles modified with poly(L-lysine)

[0031] To further verify the presence of poly(L-lysine)-modified superparamagnetic iron oxide nanoparticles prepared
according to Example 2 in bone marrow cells (MSCs), samples with suspension of Endorem® and poly(L-lysine)-modified
superparamagnetic nanoparticles in a 4% gelatin solution and samples with suspensions of Endorem®-labelled cells
and poly(L-lysine)-modified superparamagnetic nanoparticles with various amounts of cells in gelatin solution were
prepared. Subsequently, relaxation times of samples were measured and their MR images were obtained.

[0032] Fordetermination of relaxation times T, a T, a relaxometer Bruker Minispec 0.5 T was used. The values were
recalculated to proton relaxivities Ry=1/T;, R, = 1/T; and related to real concentrations ry;= Ry/c (s1/mmol), r, = Ry/c
(s1/mmol), or they were related to the number of cells in 1 ml, where R, and R4 are corrected for gelatin. The relaxivity
values are given in Tables 2 and 3. From Table 3 follows that the r,, value of poly(L-lysine)-modified superparamagnetic
iron oxide nanoparticles according to Example 2 is considerably higher than with Endorem®.,

Table 2. 1 values of poly(L-lysine)-modiried superparamagnetic iron oxide nanoparticles (PLL) and Endorem®
Relaxivity ry of suspension of contrast ~ Relaxivity ry of suspension of labelled

agent in gelatin cell in gelatin
(s1/mmol Fe) (s71/108 cells per ml)
PLL-modified
iron oxide 17.4 0.32
Endorem 19.6 0.18

Table 3. r, values of poly(L-lysine)-modified superparamagnetic iron oxide nanoparticles (PLL) and Endorem®

Relaxivity r, of contrast material Relaxivity r, of labelled cell suspension
suspension in gelatin in gelatin
(F'/mmol Fe) (s71/108 cells per ml)
PLL-modified
iron oxide 213 4.29
Endorem® 126 1.24

The average iron content determined spectrophotometrically after mineralization amounted to 35.9 pg Fe per cell in poly
(L-lysine)-modified superparamagnetic iron oxide nanoparticles and 14.6 pg Fe per cell in Endorem®-labelled cells
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Example 9

[0033] In vitro MR imaging of cells labelled with superparamagnetic nanoparticle probes Imaging of labelled
cells in vitro is advantageous for proof of MRI sensitivity and, at the same time, for imitating the course of the signal in
brain tissue. Rat MSC cells were labelled with poly(L-lysine)-modified superparamagnetic iron oxide nanoparticles ac-
cording to Example 2 and a cell suspension in a 4 % gelatin solution of concentration 4,000, 2,000, 1,600, 1,200, 800,
400 and 200 cells per pl was prepared. The unlabelled MSC rat cells were suspended in a 4 % gelatin solution of
concentration 4,000, 1,200 and 200 cells per p.l.

[0034] The cell samples were subsequently imaged with a 4.7 T Bruker spectrometer using standard turbospin se-
quence (sequence parameters: repetition time TR = 2 000 ms, effective echo-time TE = 42.5 ms, turbo factor = 4, number
of acquisitions AC = 16, image field FOV = 64 x 64 mm, matrix MTX = 512 x 512, layer thickness 0.75 mm; the set
geometry affords a comparable size of voxel as in in vivo measurement) and the gradient echo sequence (TR = 180
ms, TE = 12 ms, the same geometry of imaging).

[0035] When using both sequences, the cells labelled with poly(L-lysine)- or D-mannose-modified superparamagnetic
iron oxide nanoparticles modified with poly(L-lysine) (Fig. 3 A, B) or D-mannose afford an excellent contrast compared
with unlabelled cells. A visible contrast in MR image was observed also in a sample, each image voxel of which contained
mere 2.3 cells on average. A similar series of experiments were given in the preceding work (Jendelova. P., Herynek
V., DeCroos J., Glogarova K, Andersson B., Hajek M., Sykova E., Imaging the fate of implanted bone marrow stromal
cells labeled with superparamagnetic nanoparticles, Magn. Reson. Med. 50, 767-776, 2003), where MR imaging of
gelatin phantoms showed a hypointensive signal at concentrations above 625 cells per pl.

Example 10
In vivo MR imaging of cells labelled with superparamagnetic nanoparticle probes

[0036] Wistar rats were in the course of measurement. The rats were monitored for 3 days after transplantation in a
Broker 4.7 T spectrometer equipped with a surface coil of domestic production. Simple sagital, coronal and transverse
scans were obtained by a fast gradient echo sequence for localization of subsequent T,- and T,*-weighted images
measured by standard turbospin sequence (TR = 2 000 ms, TE = 42.5 ms, turbo factor = 4, AC = 16, FOV = 30 x 30
mm, matrix MTX 256 x 2586, layer thickness 0.75 mm) and gradient echo sequence (TR =180 ms, TE = 12 ms, the same
geometry of imaging). Figure 3C proves that cells labelled with poly(L-lysine)-modified superparamagnetic iron oxide
nanoparticles according to Example 2 were clearly discernible also in vivo. Unlabelled cell implants were visible in MR
images as a tissue inhomogeneity without a hypotensive signal (Fig. 3C).

Industrial applicability

[0037] The invention can be exploited in human and veterinary medicine, biclogy and microbiology.

Claims

1. Method of preparation of superparamagnetic nanoparticle probes characterized in that colloidal Fe(OH), is pre-
precipitated by the treatment of aqueous 0.1-0.2 M solution of Fe(lll) salt, to advantage FeCly, under sonication,
with less than an equimolar amount of NH,OH, at 21 °C, to which 0.1-0.2 M solution of a Fe(ll) salt, to advantage
FeCl,, is added inthe mole ratio Fe(lll)/Fe(ll) = 2 and the mixture is poured into five- to tenfold, to advantage eightfold,
molar excess of 0.5 M NH,OH, the mixture is left aging for 0-30 min, to advantage for 15 min, then the precipitate
is repeatedly, to advantage 7-10 times, magnetically separated and washed with deionized water of resistivity 18
MQ cm-1, then a 1-3 fold amount, to advantage 1.5 fold amount relative to the amount of magnetite, of 0.1 M aqueous
solution of sodium citrate is added under sonication and then, dropwise, 1-3 fold amount, to advantage 1.5 fold
amount relative to the amount of magnetite, of 0.7 M aqueous solution of sodium hypochlorite. The precipitate is
repeatedly, to advantage 7-10 times, washed with deionized water of resistivity 18 MQ cm-1, under the formation
of colloidal maghemite to which, after dilution, is added dropwise, possibly under 5-min sonication, an aqueous
solution of a modification agent in the weight ratio modification agent/iron oxide 0.1-10, to advantage 0.2 for poly
(amino acid)s and 5 for saccharides.

2. Superparamagnetic nanoparticle probes based on iron oxides, to advantage magnetite or maghemite, with modified
surface obtained with the method according to claim 1, characterized in that they are coated with mono-, di- or
polysaccharides from the group including D-arabinose, D-glucose, D-galactose, D-mannose, lactose, maltose or
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poly(amino acid)s from the group including polyalanine, polyglycine, polyglutamine, polyasparagine, polyhistidine,
polyarginine, poly(L-lysine), poly(aspartic acid) and poly(glutamic acid) or polymers of (meth)acrylic acid derivatives
from the group containing poly(N,N-dimethylacrylamide), poly(N,N-dimethylmethacrylamide), poly(N,N-diethylacr-
ylamide), poly(N,N-diethylmethacrylamide), poly(N-isopropylacrylamide), poly(N-isopropylmethacrylamide) and
form a colloid consisting of particles with narrow size distribution with polydispersity index lowerthan 1.3, the average
size of which ranges from 10 to 30 nm, iron oxide content amounts to 70-99.9 wt.%, to advantage 90 wt.%, the
modification agent content makes 0.1-30 wt.%, to advantage 10 wt.%.

Patentanspriiche

1.

Verfahren zur Herstellung superparamagnetischer Nanopartikelsonden, dadurch gekennzeichnet, dass kolloida-
les Fe(OH)5 durch die Behandlung von 0,1 - 0,2 M wésseriger Losung eines Fe(lll)-Salzes, vorzugsweise von FeCl,,
unter Ultraschallbehandlung mit weniger als einer &quimolaren Menge an NH,OH bei einer Temperatur von 21 °C
ausgeféllt wird, zu der eine 0,1 -0,2 M Ldsung eines Fe(ll)-Salzes, vorzugsweise FaCl,, in einem Molverhéltnis Fe
(Ih/Fe(ll) = 2 hinzugefligt wird, das Gemisch in einen 5- bis 10-fachen, vorzugsweise 8-fachen, molaren Uberschuss
von 0,5 M NH,OH gegeben wird, das Gemisch fiir 0 - 30 min, vorzugsweise 15 min, ruhen gelassen wird, worauf
der Niederschlag mehrfach, vorzugsweise 7- bis 10-mal magnetisch getrennt und mit entionisiertem Wasser mit
einem Widerstand von 18 MQcm-! gewaschen wird, dann eine 1- bis 3-fache Menge, vorzugsweise eine 1,5-fache
Menge, bezogen auf die Magnetitmenge, einer 0,1 M wasserigen Lésung von Natriumcitrat unter Ultraschallbe-
handlung hinzugefligt wird und dann tropfenweise eine 1- bis 3-fache Menge, vorzugsweise eine 1,5-fache Menge,
bezogen auf die Magnetitmenge, einer 0,7 M wésserigen Lésung von Natriumhypochlorit hinzugefugt wird, und der
Niederschlag wiederholt, vorzugsweise 7- bis 10-mal, mit entionisiertem Wasser mit einem Widerstand von 18
MQem-! unter Bildung von kolloidalem Maghemit gewaschen wird, zu dem nach Verdiinnung tropfenweise, gege-
benenfalls unter einer 5-mindtigen Ultraschallbehandlung, eine wésserige Lésung eines Modifikators in einem Ge-
wichtsverhéltnis Modifikator/Eisenoxid von 0,1-10, vorzugsweise 0,2 flir Polyaminoséuren und vorzugsweise 5 flr
Saccharide, hinzugeflgt wird.

Superparamagnetische Nanopartikelsonden auf der Basis von Eisenoxiden, vorzugsweise Magnetit oder Maghemit,
mit einer durch das Verfahren geméan Anspruch 1 modifizierten Oberflache, dadurch gekennzeichnet, dass die
Nanopartikel mit Mono-, Di- oder Polysacchariden aus der Gruppe umfassend D-Arabinose, D-Glucose, D-Galac-
tose, D-Mannose, Lactose und Maltose, oder Polyaminoséduren aus der Gruppe umfassend Polyalanin, Polyglycin,
Polyglutamin, Polyasparagin, Polyhistidin, Polyarginin, Poly-L-lysin), Polyasparaginséure und Polyglutaminsaure,
oder Polymeren von (Meth)acrylséurederivaten aus der Gruppe Poly(N,N-dimethylacrylamid), Poly(N,N-dimethyl-
methacrylamid), Poly(N,N-diethylacrylamid), Poly(N,N-diethylmethacrylamid), Poly(N-isopropylacrylamid), Poly(N-
isopropylmethacrylamid) beschichtet sind, und die Nanopartikel ein Kolloid bilden, bestehend aus Partikeln mit einer
engen GrdBenverteilung mit einem Polydispersitétsindex kleiner als 1,3, wobei die mittlere GréBe im Bereich von
10 bis 30 nm liegt, und der Eisenoxidgehalt 70 bis 99,9 Gew.-%, vorzugsweise 90 Gew.-%, betragt, und der Modi-
fikatorgehalt 0,1 -30 Gew.-%, vorzugsweise 10 Gew.-%, ausmacht.

Revendications

Méthode de préparation de sondes & nanoparticules super paramagnétiques caractérisée en ce que du Fe(OH)g
colloidal est préprécipité par le traitement d’'une solution aqueuse de 0.1 & 0.2M de sel de Fe(lll), de préférence de
FeCl,, sous ultrasons, avec une quantité inférieure & une quantité équimolaire de NH,OH, a 21°C, puis on ajoute
une solution de 0.1 4 0.2 M de sel de Fe(ll), de préférence de FeCl,, dans un rapport molaire de Fe(lll)/Fe(ll) égal
a 2, et le mélange est versé dans un excédent molaire d’un facteur 5 a 10, de préférence d’un facteur 8, de NH,OH
0.5 M, on laisse agir le mélange pendant 0 a 30 min, de préférence pendant 15 min, et ensuite, a plusieurs reprises,
de préférence 7 & 10 fois, le précipité est séparé magnétiguement et est lavé avec de eau déminéralisée ayant
une résistivité de 18 MQ cm. Ensuite une quantité d’une solution aqueuse 0.1M de citrate de sodium de 1 & 3 fois,
de préférence de 1.5 fois, la quantité de magnétite est ajoutée en appliquant des ultrasons et ensuite, goutte a
goutte, une quantité d’'une solution aqueuse 0.7 M d’hypochlorite de sodium de 1 & 3 fois, de préférence 1.5 fois,
la quantité de magnétite. Le précipité est lavé a plusieurs reprises, de préférence 7 a 10 fois, avec de I'eau démi-
néralisée ayant une résistivité de 18 MQcm™1, jusqu’a la formation de maghémite colloidale & laquelle, aprés dilution,
on ajoute goutte a goutte, éventuellement en appliquant des ultrasons pendant 5 min, une solution aqueuse d’'un
agent de modification, dans un rapport en poids de I'agent de modification/oxyde de fer compris entre 0.1 et 10, de
préférence égal a 0.2 pour les poly(acides aminés) et a 5 pour les saccharides.
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Sondes a nanoparticules super paramagnétiques a base d’oxydes de fer, de préférence de magnétite ou de ma-
ghémite, ayant une surface modifiée obtenue a l'aide de la méthode selon la revendication 1, caractérisées en ce
qu’elles sont recouvertes de monosaccharides, de disaccharides ou de polysaccharides provenant du groupe
comprenant le D-arabinose, le D-glucose, le D-galactose, le D-mannose, le lactose et le maltose, ou recouvertes
de poly(acides aminés) provenant du groupe comprenant la polyalanine, la polyglycine, la polyglutamine, la poly-
asparagine, la polyhistidine, la polyarginine, la poly(L-lysine), le poly(acide aspartique) et le poly(acide glutamique)
ou recouvertes de polymeéres de dérivés d’acide (méth)acrylique provenant du groupe contenant le poly(N,N-dimé-
thylacrylamide), le poly(N,N-diméthylméthacrylamide), le poly(N, N-diéthylacrylamide), le poly(N,N-diéthylmétha-
crylamide), le poly(N-isopropylacrylamide), le poly(N-isopropylméthacrylamide), et forment un colloide constitué de
particules ayant une répartition granulométrique étroite avec un indice de polydispersité inférieur a 1.3, dont la taille
moyenne est comprise entre 10 et 30 nm, dont la teneur en oxyde de fer est de 70 & 99,9 % en poids, de préférence
de 90 % en poids, et dontlateneuren agent de modification estde 0.1 230 % en poids, de préférence de 10 % en poids.

10
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Fig. 1. Microscopic observation of stromal marrow bone cells labelled with (a) Endorem®
(control experiment, concentration 0.11 mg Fe,O,/ml), (b) starting uncoated
superparamagnelic iron oxide nanoparticles, (c) superparamagnetic iron oxide nanoparticles
modified with D-mannose according to the "two-step method" (concentration 0.022 mg iron
oxide/ml) and (d) superparamagnetic iron oxide nanoparticles modified with poly(L-lysine)
(concentration 0.022 mg ixon oxide/ml). Scale (2-¢) 100 um, (d) 50 pm.

12
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Fig. 2 TEM micrographs cells labelled with superparamagnetc iron oxide nanoparticles
modified with (a) D-mhannose and (b) poly(L-lysine). .

- B o b g
Fig. 3. A: Gelatin phantoms containing (a) 100,000, (b) 200,000, (c) 400,000, (d) 600,000, (e)
800,000, (f) 1,000,000 and (g) 2,000,000 cells labelled with superparamagnetic iron oxide
nanoparticles modified with poly(L-lysine) and controls with (h) 100,000, (i) 600,000,
(i) 2,000,000 unlabelled cells.
B: Gelatin phantoms containing (a, b) 100,000 cells labelled with superparamagnetc iron
oxide particles modified with poly(blysine) and (c, d) unlabelled cells in 0.5 ul. Scans (a, ¢)
wete obtained in standard turbospin echo sequence, (b, d) by gradient echo sequence. Even
though gradient echo sequence gives a2 worse signal/noise ratio, the higher sensitivity of
poly(L-lysine)-modified iron oxide nanoparticles markedly enhances the signal/noise ratio.
C: Rat hemispheres with (a) 90,000 implanted unlabelled cells and (b) 22,000, (c) 45,000,
(d) 90,000 cells labelled with superparamagnetc iron oxide nanoparticles modificd with

poly(L-lysine). MR imaging was scanned for 3 days after implantadon.

13
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