11 Piilohy



Dirug Dieliv. and Transl. Res
Ttpayidoi org 101007513 346-01 T0436-x

@ CrossMark

ORIGINAL ARTICLE

Biological characterization of a novel hybrid copolymer carrier

system based on glycogen

Markéta Jirdtovi'” - Aneta Pospiilova® - Maria Rabyk® - Martin Paiizek® - Jan Kovii' -

Andrea Galisovd ™ « Martin Hruby” - Daniel Jirdk ™

T Controlled Release Society 2017

Abstract The effective drug delivery systems for cancer
treatment are currently on high demand. In this paper, biolog-
il behavior of the novel hyvbrid copolymers based on poly-
sacchanide glveogen were characterized. The copolymers
wene modified by Muorsscent dyes for low cvtometry, confo-
cal microscopy, and n vivo flusrescence imaging. Momsover,
the effect of oxamline grafts on degradation rate was exam-
ined. Intracellular localization, cytotoxicity, and internaliza-
tion route of the modified copolymers were examined on
Hep(G2 cdl line Biodistibution of copolymers was addressed
by in vive flucrescence imagngg in C35TBLG rmace. Our results
indicate biocompatibility, biodegradability, and non-toxicity
of the glycogen-based hvbrid copolyvmers. Copolymers wens
endocvied into the cyioplasm, most probably via caveolae-
mediated endocytosis. Higher content of oxamline in poly-
meers slow ed down cal ular uptake. No strong colocalization of
the glycogen-based probe with lysosomes was observed: thus,
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it seems that the modified externally administered gheogen is
degraded inthe same way as an endogenous glyoogen. In vive
experiment showsd relatively st biodistibution and hiodep-
radation. In condusion, this novel nanoprobe offers unique
chermical and biologeal atnbutes for it use as a novel drog
delivery system that might serve as an efficient carnier for
cancer thempeutics with multimodal imaging properties.

Kevwords Glyvoopgen - Polymers - Drug delivery - Contrast
agents - Cancer

Introduction

Mowadays, there is an mereasing demand for new efficient
biodegradable drg delivery svstems based on natural or syn-
thetic polvmers, Synthetic polymers are considersd less im-
munogenic, bater defined, and provide more possibilities for
chemical modifications. On the other hand, natural polymers
offer better biodegradahility, especially when their deprada-
tion depends on eneyvmes normally presented in cells. Hybnd
copolymers contuning both natural and synthetic parts may
combing advantages of both these polymer types [1]. The
simes of all of these polyvmers cm be specifically defined to
enahle their tageting by passive accumulation in iamor tissue.
Passive accumulation of macmmaolecules and nanoparticles of
a size bdow approc. 200 nm in solid tumors, known as the
enhaneed permeability and retention (EPR) effect, is relatively
uriversal for many types of sold tumors and cmsed by high
pemmeability of newly formmed blood vessels and poor or even
ahsent lvmphatic drainage [2, 3]. The EPR effect has been
noted as a tumor delivery mechanism for nanotherapeutic de-
livery systems [4]. However, the EPR effect is, in many cises,
more complicated phenomena and depends also on tumor
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imtes inal fluid pressure, ete. [5, 6], and nanoparticles may also
enter oter omgms.

Glyeogen (GG), the D-glucose stomge polysaccharide in
abmost all living omzanisms, which is mainly present in muscles
and the liver, provides numermus benefits for use as a polymer
carrier in drug delivery systems. GG is a hyperbmnched
sphere-shaped matuml polymer [ 7). The hydrodynamic diame-
ter Dy of GG s approx. 50 nm [B], which is good for solid
turnor accurmulation by the EPR effect even in poody penne-
ahle tumors [9]. Furthennore, the size of Dy (n addition to its
molecular weight of approx. 10 MDa) mems that GG cammot
be eliminated by the kidnevs directly (the renal threshold is
about 9 nm in Oy which comesponds to a molecular weight of
appro 45 kDa). Therefore, GG must be biodegmdal into o-
plucose before it passes through renal filtration, enabling a
prolonged half-life for GG in the bloodstream.,

One of the advantges & that GG is an animal and human
stomge polysaccharide, which means that it is complely bio-
degradable. Another major advantage of GG s its intracellular
degradation and relative mertness to amylases in the blood-
strearn [7, 10]. These two characieristics gve GG higher sta-
hility in the bloodstream after intravenous administration.
From this point of view, GG is a highly advantageous, reltive-
Iy cheap materal for medical use and it is still inderused for
these purposes with only a few published studies on the topic,
e, G0 has been wsed for coating of pold nanoparticles and to
fomn hydmgels by enaymatic modification with amylose [11].

Cmufting of the polysacdharide with succinic agd or bio-
compatible synthetic polymens can decrease the biodegmda-
tiom rate for eventual EPR effect-based tumor sccumulation in
apredictable and adjustable manner and also allow its further
chermeal modification. This effect has been demonstrated on-
Iy for polysaccharides other than plveogen (2.2, chitsan and
dextrin) [12, 13]; therefone, we prepared a hyvbrd copol ymer
platform based on a biodegradable glycogen core and gafted
with biccompatible hwdrophilic polv2-methyl-2-oazoline)
grafls. In this paper, we describe biological behavior of the
novel nanoprobe platform based on poly(2-methyl-2-
oxgzoling)-grafted glveogen and compared it with labeled gly-
cogen to detenmine the effect of grafting, We have proven that
grafting with hwdrophilic biocompatible polw2-methyl-2-
oxazoling) allows to fine-tung biodegmdation mte and also
that externally added glyvoopen (which isnot nomally present
in blood plasma)is fully biodegradable n vivo.

We modified the GG conjugates with the fluorescent dyes
for examination by flow cytometry and confocal micmoscopy.
We also prepared a modified GG with the covalently
bound fluorescent agent Dvomics 615, which can be tmeked
by fluorescence imaging. Moreover, the contrast agent,
gadol mium{ TMN-DOTA, intended for magmetic resonance im-
agng (MRI) was also bound to the same molecule of the
modified GG allowing its tacking by MRI [8]. Taken togeth-

er, this new hybrid copolymer carrier svstem can sérve as a
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multimedal imaging probe. In the fiture, there could be bound
also varous types of thempeuatics.

Materials and methoeds
Chemical part
Materials

The Dryvormics 615 WHS ester was purchas ed from Exbio Pruha
s (Prague, Carech Republic), the DOTA-NHS ester was pur-
chased from Macmeyelics Inc. (Dallas, TX, USA), and the
Sephadex G-25 was purchasad from AP Caech Ltd. (Prague,
Caech Republic). Dialysis tubing (SpectraPor 3, molecular
weight cutoff 6000—8000 Da) was purchased fom Serva
Electrophoresis GmbH (Heidelbenz, Germany). All other
chemicals were purchasad from Sigma-Aldrich Lid (Prague,
Crech Republic).

The conjugate GG-GADOTA-Dw61 5 was prepared accord-
ing to the refemncs [B], as was the ammo group contaiming
glyeogen (GG-WH;) [14]. FTIR spectm of prepared GG con-
jugates are presented in supplemental data (5.Fig 1)

Svmthests of amino-group-terminated
slvocogen-grafi-polyi2-mea ivl- oxazofing) (GG-PlfeChe- 1
and GE-PheCh-3)

Glveogeregraft-pol vi2-methyl-2-oxazolines) were synthe-
swed analogously to the procedurs described previously for
elveogen-grafi-polv 2-sopropyl-2-oxazolines) [ 14]. 2-
Methyb2-oxmeolme (3.15 ml, 37.2 mmol) and allyl bromide
(0,595 ml, 6.9 mmol) were dissolved in anhydmus acetonitrile
(5 ml), after which the solution was polymerized overnight at
70 *C under argon atmosphens. The molecular weight of
polvoxaeoline was determined by mass spectmometry (ESE
MS): number-average molecular weight M, = 672 Da, poly-
dispersity PDI = M/, = 111, whene A, is the weight-
avemge molecular wa ght.

Glyveogen (type 1T from owster, 23 ) was mixed with &i-
methyl sulfoocide (53 ml), and the micture was stirred at 70°C
until all glyeogen had dissobved (approx 3 h). The solution
wis dried by the addition (10 ml) and subsequent evaporation
of anhvdrous toluenes and then split mto two dry fasks [45 g
and 15 g for GG-PMeOx- 1 and GG-PMeOx-3, raspectively].
Sodium hydride (0.75 g and 0.25 g of a 60% dispersion in
mingral oil for GG-PMeOx-1 and GG-PhMeOx-3, respective-
Iv)was added to the glveogen solutions and the two mixtures
were stirrad at 70°C until hydrogen gas evolved (approx. 2 h).
Orange viscous solutions were obtained. A solution of
polyoxazoline was then added [1.2 g for GGPMeOx-1 and
350 g for GGPMeOn-3, respectively], and the misdures were
vigorously stirmed for 3hoat 70°C. Water (approx. 10 ml) was
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added. and the mixtures were dialyeed aminst water for 72 h
(with a molscular weight cutoff of 60008000 to remove un-
bound POX and other components from the reaction mixture)
and washed with diethyl ether (30 ml) to remove residual
mineral oil. The aqueous phase was then fresme-dried

The content of polyoxamline (% wt.) was calculated ac-
cording to the following equation:

Wy
Wifaiy = m—— 1005
W, Pl

where wy is the content of nitrogen in the sample and
Wy parecrs 15 the caleulated content of nitrogen in the
polvoxasoline graft (15.12% in our csse). Polvoxasoline con-
tent was found to be 4% (GG-PMeOx-1) and 44% (GG-
PheCnc-), respectively.

Cysteamine was added to the plycogen-graff-poly(2-meth-
yl-2-oazolings ) according to a procedure described previows-
Iy for allylated glycogen [8]. The yield fom amino-group-
temminated glycogen-grafi-poly(2-methyl-2-oxarolines) was
as follows: 220 mg (B8%) of GG-PMeOx-1-NH: and
115 mg 46%) of GG-PMeOx-3-NH;.

Preparation of dansyl-labeled

ghveogen-grafi-podvi 2-methyvl-2-ovazolines |
(GG -PMee-1-Ds and GG-PMeO-3-Ds)

Dansyl glycine (200 mg, 0.65 mmol) and N-
hvdmovsuecinimide (75 mg, 0.65 mmol) were dissolved in
THF (10 ml), and the solution was cooled to 0-5 *C. A solu-
tiom of DCC (154 mg, 0.75 mmol) in THF (5 ml) cooled to 0—
5°C was addal. The mixture was stired at 05 °C for 2 h and
then overnight at mom tanpemture. Fghty percent acetic acid
(125 pl, 0.15 mmaol) was added, and the mixture was stirred
for additional 0.5 h at room tempemture. Dicydohexylunea
was filtered off, and the filtrate was rotoevaporated.
Dansylglydne-WHS ester (Ds-WNHS) was obtained as vy low
powder in quantitative vield (271 mg). ESIMS: m/z: caled for
Ty HagMN:0,5 40644 [M+H]", found 406.08 M+H]". Due to
its low stbility, which was reported previously [15], produc
was not fully characterized and was used withowt further
purification.

GG-PMeCn 500-1-WH: or GG-PMeCn 500-3-NH., respec-
tively (40 mg) was dissolved in DMS0 (0.9 ml). Ds-WHS
20 mg) was added, and the mixture was stirred for 0.5 b at
mom temperature. Water (006 ml) wis addad, and the solution
was purified twice using gel penneation chromatography
(Sephadex G-25, Ha( as eluent, bed volume of 150 ml).
The proaduct was fresee-dried

The content of dansyl moiety was determined spectopho-
tometrically in water at 320 nm (£ = 3400 em™" /M—the aver-
apge value for dmsyl-madied proins [16]) and was found to

be 74 pmol/mg for GG-PMeCw500- 1-Ds and 28 pmol'my for
GO-PMeOn S 00-3-Ds,

Preparation of flusrescein isothiocyanate (FITC)-labeled

glveogen and glveogen-grafi-polvi 2-methyl-2oxazolines)
(GGE-FITC and GG-PMeCx-1-FITC)

GG-NH; or GG-PMeOx 500- 1-NH; (100 mg) was dissolved
in 5 mlof 0.1 M NaCOs, and 0.5 ml of the FITC solution (in
DMS0, | mg/ml) was added. As a grafting mechanism
aminolysis of the isothiocyamate group on FITC with the pr-
mary aming groups on GG/GG-conjugate to form thiourea
linkage was used. The mixture was stirrad overnight and then
purified twice using gel permeation chromatography
(Sephadex G-25, Ho0 as eluent, bed volume of 150 ml).
The product was frese-dned.

The content of fluorescein moiety was detenmine spectro-
photometrically in 0.1 M bomte buffer (pH = 9.3) at 495 nm
e = 77,000 cm™" M) and was found to be 1.7 mmolimg for
GG-FITC and 0.2 nmolmg for GG-PMeCox 500-1-FITC. The
conjugation efficiency was caleulated from determined
amowunt of FITC in the final conjugmtes vemsus its concentm-
tion in the reaction mixture and was found tobe 2001 and 2 4%
for GG-FITC and GG-PMeOx 500-1-FITC, respectively.

FTIR and NMR of GG-FITC and GG-PMeOx500-1-FITC
spectra are presented in supplemental data (5. Fig 2).

Biological part
Cell line

The Hep(G2 cell line (ATCC® HBE-B065™, Crech Republic)
wits chosen as a suitable model, becanse it isa cell ling derived
from hepatocellular caranoma, and thus, these cells are able to
utilize glycogen in lane extent. This cell line was used for all
in vitro experiments. The cells were incubated under stindand
conditions (37 °C, 5% C0s) in MEM incubation medium
(Minimum Essential Mediom) without phenol red from
Gibeo® by LifeTechnologes™ (USA) in order to minimize
background during fluorescent micmscopy measurement.
Fetal boving serum, L-glutamine (stock solution 200 mbd), a
nom-gssentiol aming add solution and penicillin/streptomyein
(stock solution 10,000 wnits of penicillin and 10 mg of strep-
tomyein per | ml) were added to the media. All of them,
excluding the fetal boving serum, were purchased from
Sigma-Aldrich Ltd (Pmgue, Ceech Republic) and diluted in
medium ata final concentmtion of 5%. The fetal bovine serum
was purchased from Gibco® by LifeTechnologies™
(Waltham, MaA, TUSA), and final concentration in media
was 105,
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Animal mode

Six C5TBL/6 mice (Anlab, Cirech Republic) were used as an
experimental model. Another three C37TBL/G mice (Anlab,
Crech Republic) wene used as negative controls. The mice
wene kept in a conventional breeding facility under a 12/12
hight cycle regimen, with free access to pelleted food and
water,

All protocols were approved by the Ethical Committes of
the Institute for Clinical and Experimental Medicine and the
expenments were carnied out in accordance with the European
Communities Council Directive (B6/609/EEC).

Fligrescence megsurement

The HepG2 cells were meubated m media with the addition of
maodified glveogen (GG-GADOTA-Dy6 15, GG-PMeCx-1-
D, or GG-PMeOx-3-Ds) to the final concentration at 0.3%
ard @ total volume of 5 ml. Two hundral micmliters of incu-
hation media wene collected at time points 5 min and then at 1,
24 B 24 48 and 120 h, respectively, after the addition of
moddified GG owith a fluorescent label. The collectal samples
from the incubation medium were transferred to a 96-well
plate and measured immediately on the Synergy™ 2 Multi-
Mode Reader from BioTek®Instruments, Inc. (USA) using
the following band-pass filters: Dvomics 615: 575/15-nm ex-
citation filter and 620040-nm emission filter, dansyl 320/20-
nm excitation filter and 48520-nm emission filter. Results
were adjusted to the actual volume of media after sach

samplimg.
Confcal microscopy

In ther exponential phase of growth, the HepG2 cdls wers
incubated for 4 hin media with a 0.3% concentration of mod-
ified gheogen (GG-PMeOx-1-Ds, GG-GADOTA-DNG1 S, or
GG-PMeOx-1-FITC). The cells were washed with Hanks®
halanced salt solution (HBSS, Biosera, France), and fluorss-
cent dyes were added m concentrations according to the pro-
ducer’s manual (6070 nM for LysoTrackers® and | pg/ml
for Hoechst 33342). Incubation times were 30 min for
LyvsoTrackers® and 20 min for Hoechst 33342 [17, 18], All
fluorescent dves wene purchased from Invitmogen™ by Life
Technologies, Crech Republic. After incubation, cells wens
washed with HBSS and messured on a Leica P2 AOBS
confocal microscope (objective: HCX PL APOD C3
63,0 = 120 W CORR). Where the cells were incubated with
the addition of extra plucose, we used a 22 mM fmal concen-
tmtion of glucose in the mediuom. The medum with 22 mM p-
glucose (Sigma-Aldrich Ltd., Prague, Casch Republic) was
ako used during incubation with modified glycogen or fluo-
rescent probes,

&1 Springes

Inhibition of inernalization into the cells

The HepG2 cells were seeded into the 24-well plates
(3.0 = 107 cellsinl) and incubated for 4 days in a hunidified
atmosphere (37 °C, 5% CO02). The cells were divided into
thres proups in triplicates (with GG conjugate only, GG con-
jugate and hypertomie sucrose, or GG comugate and
methyl-fG-cvelodedtrin (MBCD)) and a control group in du-
plicates (untranted HepG2 cd k). Four days after seeding, the
cells wens premcubated for 30 min with one of the imhibitors
(04 M hypertonic sucrose or 4 mh MBCD, respectively).
The same inhibitor was ako present durning subsequent incu-
bation with GG-PMeOx-1-FITC. At the end of the 4h incu-
bation with GG-PMeOx-1-FITC, the cdl were washed with
HESS, trypsinizal, collected, and measured immeadiately ona
flow cyvtometer FC500 (Beckman Coulter, USA) The7'AAD
(20 pl, Molecular Probes™, Life Technologies,
Cazsch Repubhic) was added before sach measurement for
10 min to distinguish live from dead and debris cdls. Each
measurement was peformmed for 300 s

Methyithigzolvidiphenyl-tetrazolium bromide (MTT) assay

The MTT assay was performead according to the stindard pro-
ool [19]. The highest concentmtion involved (0.6%) reflects
the doubled concentration that was used for all other in vitmo
experiments. Othe concentrations wene prepaned by fivefold
serial dilution of the nitial concentration. After a 24-h incu-
bation with modified GG, the calls were washed with HBSS:
then, 200 pl of fresh media were added, and cells were incu-
bated for another 5 days. The meadium was removad and the
MTT solution (5 mgml in MEM, 250 pl per wadl) was added
for 6 h. The MTT solution was changead for dimethy] sulfoxide
(DMSO, 200 pl per well) and glyane buffer (30 pl per wel),
Absorbance at 600 nm was immediately measured on the
Multi-Mode Reader (Synempy™ 2, BioTek®Instruments,
Inc., UISA) The tests wene held in octuplicates. Both MTT
and DME0 were purchased from Sigma-Aldnch Ld. (Prague,
Caech Republic).

Invive fluorescence imaging

Omne hundred microliters of GG-Dy6l3 stock solution
(143 mg of GG-GADOTA-Dv6 1 5 in 1.2 mll 0015 molL aque-
ous MaCl) were administered by intravenous injection into the
tail vain of the expenmental animals, The mice were anssthe-
tized with 2% isoflurane (Chigsi Pharmaceuticals GmbH,
Austria) and shaved in the abdominal area before scanning
in omler to minimize scattering and attenuation of optical sig-
nal. In vive fluorescence imaging of mice was performed at an
IVIS® Lumina XR optical imager (PerkinElmer Inc., TUSA)
with 5-min exposune time, excitation filer 605 nm and emis-
siom filter Cy35.5 (695-770 mm). The mice were measurad
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immediately and then 2, 6, and 24 h after application of GG-
Dot 5. After the last measurement, all mice wers sacrificed
by ovendose of anesthesia, and fluorescence of the internal
organs (liver, spleen, kidnews) was measured with the same
paramaters wied in in vivo messurement. Evaluation of fluo-
resoent signal was performed using either region of interest
(ROT) covering the whole mouse body or separate internal
organs, for which the avempge radiant efficiency ([photon/s’
i/ st/ uw.i'umz]} wins measured and compared

Statistical methods

Omz-way analvsis of varance (ANOVA) was calculated for
each of the MTT assavs using the GraphPad InStat 3
(GraphPad Software, Inc., USA) program.

Results

Glycogen-grafi-poly 2-methyl-2-oxaeolines) (GG-PMe(xs)
weme prepared analogously to the previously desaribed proce-
dure for themomsponsive glhveogen-graf-polv 2-sopropyl-
Zeomamoling-co-2-butyl-2-oxazolings [12]. Cysteamine was
added analogously to a procedure we previously pablished
for allylated plveogen [8]. This involved an aming group con-
taining glvcogen conjugates, which were subsequently
marked with different fluorescent dves, leading to fluorsscent
glyeogen conjugates in high vields with fluorophore content
sufficient for both in vitro and in vive imaging. Rate of infra-
cdlular degradation, cvtoplasmatic localization, and cytotox-
icity parameters of these hyvbnd copolymens were then com-
pared to the biological properties of the non-poly(2-methyl-2-
oazolme eontanimg conjugate GO-GADOTA-DWG 15 to da-
temmine the effect of polv2-methyl-2-oxaeoling ) conjugation.

Our biological experiments first addressad the dependence
of the endocytosis rate on ghecogen prafting density. The thre
different types of materinls were used—GG-GADOTA- and
two dansyl-labeled glveogen-grafi-poly(2-methyl-2-
oazolings), differing in the content of poly(2-methyl-2-
oazoling) grafts (GG-PMeDx-1-Ds with 4 wit.% of polvi2-
methyl-2-masoling) and GG-PMeOn-3-Ds with 44 wi % of
poly2-methyl-2-oxweoline)). In the case of the nonpoly2-
methyl-2-oxazoling l-containing GG-GADOTA-Dy61 5
(Fig. la), there was a constant decrease of fluorescence in
incubation media. On the other hand, in the case of both
GG-PMeOns, there was a constnt decrease in the first 4 h
only, after which the levd of fluorescence in the media in-
creased agnin (Fig 1b). A comparison between the two dif-
ferent tyvpes of GO-PMeOxs showed that the initial decrease in
the level of luomscence in the incubation media (comespond-
ing to the cellular uptake) was greater for GG-PMeOx with the
lower content of poly 2-methyl-2-oxaeoling) than for the one
with the higher content of polvoxasoline (Fig. 1)

i
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Fig. 1 Changes in fluorescence levek in media. Medium a with GG-
GADOTA-Dye15 (sensitivity 300, b with GG-PMeDx-1-Ds a G-
PMeOx-3-Ds (sensitivity 800, and ¢ with GG -PMelx-1-Ds or GG-
PMelin-3-Ds for the fist B h

Results from the confocal fluorescent micmscopy with
confirmed the ahsence of GG-PMeOx-1-Ds in the nuclens
and the presence of the fluorescent-labeled dansyl of the
polvmer-modified glyeogen in the cvtoplasm (Fig. 2). This
presence wis not continuous, but we were able to chserve a
more intensive fluorescence in clusters. These clusters were
not mone frequent in specific areas but were continuously
present in the cvtoplasm of the HepG2 cells.

Smmilar results to GG-PMeOx-1-Ds were obtained for gly-
cogen conjugate without polyv2-methyl-2-oxasoling)}-GG-
GADOTA-Dyv6 15 (Fig 2).

Two types of colocalization studies were also performed.
First, we carned out colocalization of GG-GADOTA-Dve 15
with Hoechst 33342 (cell nucleus-staiming fluorescent dve
with a high intercalition affinity to DN A) to further confimm
the absence of modifisd ghcopen in the nuclews (Fig 2) We
did not ohsarve any colocalization of the two types of fluores-
cent labels used Pearson’s coefficient (calculated for Dyomics
615 in combination with Hoechst 33342) was below 0.2,
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Fg. I Images from confocal microscopy (Leica SP2). Hep(2 cells
incubated with three different types of modified ghycogen il
solution in incubation media for all types of modified GG) ane
displayed. The left column shows mersed images, the middle column
displays fluorescent signaks for modified GG in Hep(i2 cells, and the

chat 33342,

rght column displays flupmescent signals for Ho
Ly Tracker® Green and LysoTracker® Deep Rod. Scale bars 20 pm
Rows: a GG-PMeDx-1-Ds, b GG-GADOTA-Dy615 with Hoechst
33342, ¢ GG-GADOTA-Dy615 with LysoTracker® Green, d GG
GdDOTA-Dy6 15 with LysoTracker® Green and n-glucose addition
(final concentration 22 mM), e GG-PMeOk-1-FITC with LysoTracker®
Doep Red, and §GG-Fhe O 1 -FITC with LysoTracker® Deep Red and

n-ghecose addition (final conoenration 22 mM)

The second colocalization study was carned cut in order to
precisely detemming the metabol sm of the externally adminis-
tered plveomnto asses ifitis degmded mswde lvsosomes or by

‘ﬂ Sl.ru-.grr

enavmes that are usad for intracellular glveogen. All values of

earson’s coeffcient obtained from e focal micmoscopy that
compares colocaliza on of the signal Fom luorophore on the
conjugate and the particular Lyvsotracker® (GG-PMeOx-1-
FITC, 0.1-0.18; GG-GADOTA-Dv615 incubated without
adding extm D-glucoss, 0.3-045; GG-GADOTA-Dyv6 15 mew-
bated with extra D-zlucoss, 0420 .46) were relatively low. Tt
indicates a very weak comelation for GG-PMeOx-1-FITC and
a moderate comrelation for GG-GADOTA-D w615, The addi-
tion of D-glucose had only a neghg

Flow evtometry studies using two Gffrent tvpes of mhib-
itors, hvpertonic sucrose for clathnn-mediated endocytosis
and MBCD for cavenlae-mediated endocvtosis, showed de-
creased x-mean of fluorescence upon cells meubation with
GG-PMeOx-1-FITC and MBCD (Fi

A classic MTT cvtotoxicity assay was used to determine

3k

toxicity of our polvmers. This test confirmed nontoxicty of
the all used concentrations of GG-PMeOx-1-FITC, and thess
evels of viallity were similar to the HepG2 cmirol cells
(Fig. 4a). Results for GG-GADOTA-DvEL S indieate that this
tyvpe of modified glveopgen is also nontoxic to cells (Fig. 4b).
Although viability contimuously rose with the lower concen-

tratioms, we did not obhserve any significant difference in via-
bility between treated cdls and control cells, Cell viabibty was
also not affecied by incubation with native (unmodified) glh-
cogen (Fig, 4¢).

After in vitro tests, the probe GG-Dvil 5 containing a fuo-
rescent dye suitable for fluorescence imaging was Ly, admin-
istered into the experimental animals and in vivo
bisdistribution, biodepradation, and elimmation of the probe
wis assessed by optical mmagng. Average radiant efficiency
exhibited an mital decrease after iy application for the ROI
covering the whole mouse body (Fig. 5). Ower 24 h, fluores-
cence signal was still datectable and skowly increasing afer
initial decrease, After sacrifice of the animaks, Mluorescent sig-
nals fom the internal ompans weare acquired (Fig 6). The hiver
and kidnevs were fluorescently postve. In contrast, fluores-
cent signal fovmn the spleen was just neghzible, The detected
fluorescent signals in experimental mice wene ong onder big-
ger comparad to contmol animals (Fig, 6).

riscussion

Bulogical behavier of a novel ghoopen-based polvimer with
biocompatible hyvdmophilic polv2-methyl-2-oxazoling) prafls
ensuring its tunable Modegradability rate and solid tumor
tarpetng due to the EPR effact was ecamimed for the first time.

All of the differences in the endocytosis rate that owurmed
between different tyvpes of modified glycogens (GG-
GADOTA-Dw6 15, GG-PMeOx-1-Ds, and GG-PMeOx-3-Dis)
onginated in their chemicl structure, Unsurprismgly, the ma-
jor difference was between the two most different groups of
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Fig. 3 Resulis from flow cytometry studies; determination of
endoc ytosis type using two types of inhibitors. Hep(G2 celk wene
incubated with GG-FMeOx-1-FITC for 4 h. Columns represent (2)
modified glycogen alone; (b) modified glycogen plus hypertonic
suerose; (c) modified glycogen phs MBCD; (d) unireated control cells

modified ghcogens (GG-GADOTA-Dve 15 versus both types
of GG-PMeCns-Ds) This difference in the levels of fuorss-
cence in the mevbation media over the course of time was
likely dus to the non-covalent interactions batween orgmelles
in cells and Auorescent label Dvomics 615 released after gly-
cogen camier degradation in low-molecular-weight form,
Therefore, the most plavsible scenanio is that the Quorsscent
label, but not the whole molecule of glveogen, remained in-
side the cells and was not tansported back into the ncubation
media. Inthe case ofboth types of GG-PMeOxs-Ds, there was
adeerease inthe level of luomsscence during the first 4 b, after
which the level of fluorescence in the incubation media started
to mse again, We assume that degradation fragments [non-
biodegradable poly(2-methyl-2-oxazoling) chains] were
transported from the cdls with the fluorsscent label (dansyl)
tor. Most probably, this was because poly(2-methyl-2-
oxazoling) 15 biocompatible and also fluorescent-labeled
dansyl doss not stick to intmeellular components, sspecially
becanse it remains on poly 2-methyl-2casoline).

A higher degree of functionalization of polymer grafts
should affect the endocytosis mte. Uptake is slower for GG
with the higher content of polyoxazoling becanse poly(2-
methyl-2-oxazoline) makes the glycogen core stealthier for
cells. These findings are in accordance with previeus stud-
ies focusing on dextrin succinylation, which is also a type of
chemical functicnalization. Dextrin with a higher level of
succiny lation shows slower biodegradation [12, 13].
Slower uptake of GG with a higher content of
polvoxaroling may also contribute to prolonged blood cir-
culation time, which can be beneficial for diagnostic
PUTPOSEs,

Confocal microscopy results showed that Pearson’s co-
efficient for Dyvomics 615 in combination with Hoechst
33342 was below 0.2, which indicates that colocalization
of the two used dyes was random, quite possibly dus to
noise in the picture. It means that modified GG is not pres-
entin the nucleus. This result is also in accordance with our
previous studies [8].

Absorbance (600 nm)

Absorbance (600 nm)
S VA

Absorbance (600 nm)

a b c d e
Fig. 4 MTT asssy resulis for a GGPMelx-1-FITC, b GG-GdDOTA-
D615, and ¢ GG without modifications; presented a5 mean + SEM
{n = B). Columns represent Hep(2 cells exposed to (2) 0.6%
concentration of maodified'unmaodified GG; (b)) 0.12% concentration of
maodifiedunmodified GG (¢) 0.024% concentration of modified
unmadified GG (d) 00ME% concentration of modified unmodified
GG () 09% concentration of mod ifiedunmaodified GG ()
U000 92 % concentration of modified mmodified GG; () 000E384%
concenirationof modifiedunmodified GG, Colum ns represent (h) contral
A (i) control B; (j) incubation medivm withow cells and with MTT: (k)
incubation medium alone, One-way ANOVA was performed for all MTT
asays Differences betweenj, k, and ather columns were always at a level
of P= 0001 (not indicated in de graghs)

T ghni |k

Glyeogen can be degraded in two ways. The first ocours via
phyvsinlogical degmdation by specific ensymes for glycopgen.
The second involves a rarer pathway which occurs in bso-
somes by oe-glhveosidase [20]. Because glyvcopen is not present
extmesllulady under normal conditions, we v to distinguish
which pathway is utilizsd Results fom confocal miaoscopy
colocalization studies indicate that the physiological pathway
used by glvwogen specific eneyvmes is the one that is most
likely used for the degmdation of endogenous glveogen, We
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Fg. 5 aFluoescence signals in
the CHTELAG mice afler i
adminisration of GG-Dvi15 in
compariaon with the negative
controb—the CSTBLS mice
without administra tion of GG-
D615, b Example of
fuorescence sgnal changes from
one CHTEL/ & mouse afler iv.
adminizration of GG-Dne 15,

_ = negative conrols

== gperimental mice | GE-0yE15)

idnig

The scale bar on the right is valid

LRI R

fir &l four inages and is B4 4

pesented as radisnee (pisfem’/ o . .
a—the minimum & 1. 196 and ] 10 n
maxinum is 2 147 Time (Houwrs)

Awg Radiant Efficiency [pislicm?isr] ! [Wiem?] @

e assume that the degradation of all modified GGs 1 mostly
dependent on the specific physiological pathway, in combina-
tum with hsosomal degradation. If degmdation of modified
GG ois meliant on the physiological pathway for endogenous
glyoogen, it favors the hypothesis that exogenously admims-
tered phycopen is treated like the cells” own glycogen. This
could be beneficial for its potential use as a diagnostic and
therapy drug delivery system. The lower Pearson’s coefficient
observed obtmned for GG-PMeox-1-FITC m comparison
with GG-GADOTA-Dve 15 (GG-PMeOx- 1-FITC, 0.1-0.18;
GG-GADOTA-D v 15 mcubated without adding extm o-glu-
cose 03-0.45) may have been doe to the pH-dependant fluo-
rescent signal of FITC.

It is known that glyeogen should be located in the cyto-
plasm of hepatic cells in the absanes of ghicose, be completely
ahsmt in the nucleus and be of no more prominent density
chse to the evioplasmic membrane [21-23]. The 18 i accor-
dance with our findings, a5 we did not add any extm glucose to
hepatic cells either The presence of clusters with more inten-
sive fluorsscence perhaps indicates that (luonsscent-labeled)

Fg. & a Averape radiant
efficiency for organs (kidneys,
liver, and sploen) from the CSTBLS
fmice M hafler iv. application of
G-Iyl 5 in comparison with
organs from the negative
control—ihe CSTBLAE mice
without application of GG-Dny6l 5.
b Coomparison of flupres ence
sigmal from the CS5TBLS mice 24
hoafier v, application of GG-
D615 in comparison with organs
(K, kidneys; L, liver; 5, spleen)

:

2wl %

14905+

B hours

24 hours

glyoogen is associated with its enaymes mowhat are known as
glycosomes [10]. Nonetheless, we did not find any visible
distinet differenes i modified GG storage betwesn cells that
wene either incubated without adding extra glucose or by
adding extm D-glucose after analvsis of micmoscopie poturss
by experienced users. This inexpected difference, however
not statistically proved, baween physiological states may be
possibly explained by the fact that we had already wsed a
whole molecule of modified GG. In its physiological state,
glycogen is synthetized by plycogen synthase (for Hep(G2
cells it 15 syntheted by hiver glycogen synthase (LGS)) from
glucoss. When cells are in a high glucose state, LGS is
trams located foom cytosol to proxiomity of the cyvtoplasmatic
membrang [21] and glveopen is smthatized fom exdernally
added D-plucoss on the cvioplasmatic membmne towands the
center of the cells [24]. Trnslocation of LGS and changes in
glycogen synthesis most probably do not exert any impact on
siorage of this whole, alredy synthetizal, modified glycogen
molecule, Thersfore, in our case, our comugate was the sub-

ject of depmdation, and not glyeogen resynthesis.

Loz ase
ey
oz
anu
ITEL

fom negative conrol—ihe
CSTBL/ dmice without application
of Gi-Dryl 5. The scale bar on
the right is valid fior both images
and is presenied as radisnce (phec’
cnrfar —the minimum is 3. 18e6
and meimwm i 1337

Awg Radiant Efficiency [psicm’isr] | [pWiem’] @
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We also studied the uptake mechanism of the GG oconjo-
gates mtothe cells. MBCD serves as an inhibator for caveolas-
mediated endocytosis. Because x-mean of fluorescence was
lowered in case of adding MBCD to the cells media, we can
wssume that this type of endocytosis occumed in the case of
exopgenously administerad GG, Our findimgs are in agreement
with other studies which conclude that cavenlae-mediated en-
docytosis is preferrad in most cases when designating endo-
cyvtosis type with several types of dendrimers other than GG
[25]. However, there is no such study for the same type of
dendrimer that we uwsed for exact compansons (GG).
Muoreover, endocvtoss of GG-PMeON-1-FITC was inhibited
wnly partially by MBCD, which may suggest that GG uses
other means of entering cells that are more complex.

The MurscentMRT label 15 always non-cleavably cova-
lently bound to the biggest fragment produced (i.e.,
polyoxazoling in the case of polymer-glycogen conjugites)
amd s stable. The other degradation product is D-glucose,
which is metabolized. And therefore, the most plavsible sce-
naric is that whole molecule s endocyted by caveolas-
mediated endocvitosis and then glyoogen is degmded into D-
plucoss mside the cellsby its specific enzymes. The fmgments
of modified glycogen should be up to tens of nanometers, and
these are typically exocytosed within tens of mimutes-several
hours [26].

Results from the MTT assays complaely support our hy-
pathesis that modified glycogen is nondtoxic, because it is
physiclogeally present m almost all iving organisms. The
non-significantly lower absorbance leve in higher concentra-
tions of GG-GADOTA-Dy615 is most probably caused by
mdolinium (Gd**), which may be toxic when cleaved out
from a molecule of glycogen. Toxicity of Gd** has been
proved in many previous studies [27-30). However, Gd**
chelates are approved for use in clinical practice and the high
level of concentmtion that we used as a starting concentration
is not generally used in vivo, We also fmumd native glyoogen
non-toxc to HepG2 cells, Therefore, we may suppose that the
evtotoxicity of modified glycopgen was not due to glyoogen
alone, but caused by its modifications. This in turn indicates
that it should be possible to lower cvtotoxicity through the
careful selecton of fluorescent probes, higands, MRI contrasts,
el for future prospective clinical use,

Finally, elimination of GG-Dve 15 in vivo through the kid-
neys in a few hours cormelates with data obtained by MRI [B].
Muorsover, our system 5 biodegradable with scope for further
mudifications. Initial decrease (2 htime point) of fluorescence
sigmal could be caused by fact that GG-Dyw6 15 was not just in
superficial vessels and at application site as it was immediate-
Iy after appheation but alse GG-Dwe 15 was not et concen-
trated in the liver and kidnews. The increass in the fluores-
cemee signal from the kidneys after 24 h indicates that GG-
Dty 15 was degraded, since the siee of the whole GG-Dhvi 15
molscule was ahove the renal threshold. Thensfore, it is most

likely that only the fluorsscence label alones (Dyomics 615)
was detected in the kidneys. Fluorescent signal from the
spleen was quite low (in comparison to controls that did not
get GG-Dwe 15): thus, we can assume that modified glycogen
wis not taken up by the reticuloendothelial system in great
AT,

Conclusions

We proved high potential of our novel glycogen-based copal-
ymers for medical use dug to no adverse effect durmg in vitmo
and in vivo experiments. The copolymers are non-toxic, bio-
compatible, and possess tunable biodegradable using poly(2-
methyl 2-oxazoline) grafting. We showed that these hybnd
copolymers avail more caveohe-mediated in companson to
clathrin-mediated endocytosis and that they are located in the
cytoplasm after endocytoss. In vitm and in vivo expenments
confirmed mlatively fast i ovve hodistmbution. Thanks to
these attributes, the glvcogen-based probes are superior to
commonly used dug delivery systems and would be suitable
w5 polymer carriers for biomedical use, paticulady for its
prospective use for cancer-diagnostic and therapeutic
purposes,
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Mannan-based conjugates as a multimodal
imaging platform for lymph nodes¥t
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'We show that mannan-based conjugates possess exceptional festures for multimodal imaging because
of their biccompatibility, biodegradability and zelf-targeting properties. Two new mannan Conjugates,
contaning a gaddinium complex and a fluorescent probe, one based only on polysaccharide and
the other one comprsing polysaccharide with poly[2-methyl-2-oxazoline] grafts, were prepared and
simultaneously wisualized in witno and in Wwe by magnetic resonance and flucrescence imaging. The
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gynthesis of these mannan-based complexes was based on akylation with allyl bromide or grafting with
polyl2- methyl- 2-oxazoling] chains, followed by a thiol—ene click reaction with cysteamine to introduce
primary aming groups imo their structure. Finally, the obtained conjugates were functionalized with con-

trast labels using the comesponding N-hydrosysuccinimide esters. When used to detect lymph nodes,

e i ma berisls-b

Introduction

Recently, the usage of polysaccharides for pharmaceutical and
biomedical applications has been the subject of numerous
studies™ because of their unique physicochemical and bio-
logical propertics.™ Polysaccharides may serwe as carriers
suitable for the construction of delivery systems for drugs,™
asvacdne adjuvants,” as components of designed gene delivery
systems”® and tissue engineering scaffolds,’™ ™ ec Such
carbohydrate-based systems are often produced by polye lectro-
Iyte complexation,™ covalent chemical modification of the
polysaccharide;™ chemicml crosslinking'™ or grafting with a
synthetic polymer.™

Polysaccharides may also be used for the preparation of
disgnostic probes.’ ™ Although most of the studies conducted
in this biomedical field are dedicated to cancer diagnostics,
there is also a need to investigate methods for detecting
possible complications related to cancer. One of these com plex
issues connected with cancer is the detection of sentinel lymph
nodes [SLMs). As part of immune system, mph nodes [LNs)
play a very important role in the body. Among other types of
cells, they indude B- and T-lymphoovtes, which monitor lymph
for the presence of “foreign' bacteria and virses; when such
ohjects are detected, they become activated by migratory
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the polymers showed better imaging properties than a commercially available contrast agent.

dendritic cells (DC), and an immune response is subsequently
triggered ™

LMs also play a key role in metastatic process. Although the
mechanism is not absolutely cear vet, it is well know that
becanse of the large cavity of lymph vessels and slow welocity of
lymph itself, the lymphatic system possesses a huge capacity
for umour metastasis. Many types of malignant tumours, such
as melanoma and breast and prostate cancers, are prone to
metastasize to the regional LNs through the tumour-associated
lymphatic vessels.™ Consequently, the LN nearest to where
cancer oells are spread to from a primary mmour is called the
SLN. Currently, the typical procedure for SLW diagnosis is
biopsy [SLNE)™ with subsequent pathological analysis, which
is based on immunohistochemical staining with cytokeratin
19 [CK19).™ Although SLME is less burdensome for patients
than axillary lymph node dissection, it still possesses all the
drawhacks associated with any surgery.™ ™ Nevertheless, the
clinical advantage of SLNE over node dissecton is unquestion-
able, and the procedure has become the favoured choice for
patients with breast cancer, melanoma, and colorectal and
prostate cancers. ™™ A few studies using magnetic resonance
imaging (MRI) for cancer diagnosis and LM visualization were
reported,”*" showing a considerable potential of the method.
However, this technique remains an addidonal diagnostic tool
rather than a primary one, and deeper research in the field is
justified. Additionally, a few other works have promoted SLMs
investigation using combined methods, for instance, with the
single-photon emission computed tomography (SPECT)/MRI™
and positron emission tomography (PET)/near infrared fluores
cence (NIRFI™ teehniques. The available methods and materials
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Cerevisiae.

used for these purposes were nicely and thoroughly reviewed
elsewhere. ™™ Undoubtedly, the devdopment of new prospec-
tive methodology and materials for use in SLN disgnostics is
currently essential,

The useful biological properties of mannan (M) inspired us
to use it a5 a platform for preparing new multimodal probes.
For this work, commercial ly available MN from Soccharomyces
cerevisioe was selected, which consists of an 2-1,6-linked mannose
backbone with a high pereentage of @-1,2 and 2-1,3 side chains
of different compositions™ [Scheme 1). MN is biocompatible,
biodegradable, and nontoxic, and due to the presence of
numerous hydroxyl groups in its structure, it can easily be
maodified to achieve the desired properties. These characteristics
all make MM a promising candidate for the development of now
polysaccharide-based nanocariers for biomedical applications.

In a living organism, MM binds to the mannose receptors,
which are a class of multilectin receptor proteins that provide a
link between innate and adaptive immunity.™ Consequently,
MM is preferably sccumulated in immune cells™ overexpressing
the DC-SIGN receptoms [dendritic cell-specdific ICAM-grabbing
nondntegrin receptors, whem ICAM is intracellular adhesion
maolecule), which could be useful for detecting SLMs and inflam-
mations, which are heavily infiltrated with macmophages and
DCs. This raises the possibility of using MM as a probe for
imvestigating pathological processes and deweloping corres-
pond ing therapies.

In the past few demdes, numerous works have contributed
to the synthesis and characteriza tion of poly(2-alkyl-2-omazoline)s
as perspective materials for biomedical applications.”® ™ The
reason for such high interest lies in the biocompatibility and
non-micity of these bio-inspired polymers along with the wide
variety of acoessible properties, which depend on the structure
and an be easily tailored during synthesis or by a post-
modification procedure. Thus, the aim of this study was prepar-
ing new hybrid polymer contrast agents based on MM intemded
fior detecting of SLNs by multimodal imaging. We designed and
critical v compared two new MM-based conjugates: one based
only on polysaccharide and the other one comprasing poly-
saccharide with poly2-methyl-2-mazoline) (POX) grafts. Both
conjugates contained a gadolinium complex and a fluorescent
probe for the magnetic resonance imaging (MRI) and optical
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fluorescence imaging (FLI) modalities, respectively. These con-
Jugateswere simultaneously visua ized in vitro and in vive by MBI
and FLE moreover, the accumulation of the conjugates in LNs
was also shown, Grafting with POX was performed to slow down
biodegradation and themnfore prolong the diagnostic window for
imaging. Both MMN-based contrast agents were compared with
clinically used gadoterate meglumine (GM) in an in vitro/in wre
animal model, showing the striking potential of our probes for
LN detection.

Experimental part

Materials

Mannan [MN) from Seccharomyees cermasioe, 2methnd-2-oazoline
and gadolinium (m) chloride (anhydrons) were purchased from
Sigma-Aldrich Ltd (Prague, Czech Republic). Diethyl ether,
dimethyl sulfoide [DMS0), sodium chloride and toluene were
purchased from Lachner Ltd (Neratoviee, Czech Republic).
1,4,7,10-Tetraszscyeclodod ecane 1,4, 7, 10-tetrasoetic acid N-hydroo-
sucanimide ester [DOTA-NHS-sster] was purchased from Macoo-
oyclics, Inc. (Plano, USA). IREOOCW-MHS-ester was purchased from
LECOR Biotechnology — GmbH (Bad Homburg, Germany), 2,4,6
Trinitrobenzene-1sulfonic add (THMBESA) solution was purchased
from Thermo Fisher Scientific (Praha, Czech Republic). Ultrapure
Crwater ultrafiltered with a Milli€) Gradient A10 system (Millipome,
Molshem, France] was used throughout the worke Spectra/Por
dialysis membranes [molecular weight cut-offs (MWCOs) of
1.5 » 10" and 6-8 x 10" g mol~") were purchased from PLAR
(Prague, Czech Republic). All other chemicals were purchased
from Sigma-Aldrich Ltd (Prague, Czech Republic) and were
used without further purification unless stated otherwise,

Synthesis and preparation

Preparation of allylated mannan (MN_allyl). MM from
& cerevisige (0.6 g, 3.7 mmol ghicose units) and sodium bydm-
xide (0296 g, 7.4 mmol) were dissobred inwater (22 mL), and the
solution was cooled to 0 “C. Allyl bromide (100 pL, 1.16 mmol)
was added, and the misture was sticred for 10 h at 0 “C and then
overnight at room temperature. Acetic acid (0.65 mL, 11.4 mmol)
was added to newtralize the residual sodium hydrocide; the
resulting solution was dialyzed against water using Spectra/Por
3 membrane tubing with a MWD of 3500 g mol ™ for 48 h and
frecze-dried. Yield: 0.597 g (99%) of allylated mannan (MM _ally,
12 66 mol%).

"H-NME of MN_allyl (300 MHz, Dw0), & (ppm): 3.5-4.2
[CH:-CH-, mannose; CH:=—CH-CH:-), 4.9-5.3 [-0-CH-O,
acetal), 5.95 [CH,—CH-).

Preparation  of  mannan-graft-poly(2-methyl-2-mazoline)
with theoretical molecular weight of grafis My, gos = 1000 g mol ™'
[synthesis of MN_POX). 2-Methyl-2-meazoline (1.5 ml, 17.71 mmol)
and allyl bromide (0259 mL, 2.99 mmol) were mived with 7 mL of
anhydrous scetonitrile, and the reaction mixture was stiroed
overnight at 70 “C under an argon atmosphere. MN from
& cerevisioe (1 g, 6,17 mmol of glucose units) was dissolved in
23 mL of anhydrous DMSO and the solution was azeotropically
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dried by multiple additions of anhydrous toluene (5 mL) and
subsequent evaporation at 70 °C under reduced pressure.
Sodium hydride (L7 g of a 60% dispersion in mineral oil,
425 mmol) was added to the MM solution, and the mixture was
stirred for 3 h at 70 “C. The poly(2-methyl2-oxazoline) [POX)
polymerization midture (6.86 g) was added to solution of MN
sodium alkoxdde in DMS0, and the resulting miture was stirmed
overnight at 70 “C. Water (10 mL) was added to the reaction
mixture, and the resulting suspension was washed twice with
diethyl ether [~ 50 mL) to remove the mineral oil. Finally, the
aqueous layer was dialyzed [MWOD of 6-8 = 107 gmol ™) against
water for 72 h and freeze-dried to provide the desired product,
muannan-graf-poly[2methyl-2-oxazoline]  [MN_POX, 0.943 g,
94.25% vield). The remaining 0.65 mL of POX solution was
mixed with 0.25 mL water and purified on a Sephadex™ LH-20
column using methanol as the mobile phase and evaporated to
obtain only the corresponding polymer grafts termi nated with
-0H gmoups.

"HNMR of POX grafts (300 MHz, CDL0D), § [ppm): 2.04
(~CHa), 3.5-4.3 (-N-CHa-CHa-, CHy—CH-), 5.85 (CHa—CH-).
Matrivassisted  laser  desorptionfionization  [MALDI]  mass
specrometry of POX graftss M, = B70 g mol™, T = 114,
TH-NMR of MN_POX (300 MHz, D0, § [ppm}: 1.99 [—CHy,
POX), 3542 [-CHyCH-, mannose; -N-CH,—(H.-, POX;
CHy=CH-), 4.99-5.24 (-O-CH-0, acetal], 5.9 (CH.=CH-).
Elemental analysis of MN_POX: C 41L.83%, H 7.13%, N 3.28%.

Addition of cysteamine to MN_allyl or MN_POX (synthesis of
MN_NH: or MN_POX_NH:). The product MN_allyl (0612 g,
0.489 mmol) or MN_POX [0.834 g, 1.029 mmol), cystcamine
(0,616 g, 7.98 mmol or 0.836 g, 10.84 mmol for MN_allyl and
MM_POX, respectively) and hydrochloric acid (36%, 649 ulL,
7.96 mmol or 886.5 pL, 10.87 mmol for MN_allyl and MM_POX,
respectively) were dissolved in 13 ml or 17 mil of distilled water
(for MM_allyl and MMN_POX, respectively) and cooled to 0 “C.
A solution of 2-hwdroxe2-methylpropiophenone in ethanol
(.33 vol%, 490 pL or 667 pL for MN_allyl and MN_POX,
respectively] was added, and the reaction mixture was irra-
diated by a UV lamp [TESLARVE 6 = 125 W) for 60 min. Then, a
solution of sodium carbonate (10 wit, 30.75 mL or 41.69 mL
for MMN_alll and MMN_POX, respectively) was added, and the
aqueous layer was washed with diethyl ether [~20 ml],
dialyzed [MWCO 3.5 = 100 g mol™") against water for 48 h
and freeze-dried. The resulting products were purified on a
Sephadex™ G-25 column using water as the mobile phase and
freeze-dried to afford the products MN_NH: and MN_POX_NH:
(514 my and 689 my, respectively). The content of -NH: groups
was determined by their specific reaction™ with TNESA, which
provided a soluble coloured product that was determined
spectrophotometrically (0.236 mmol g~ and 0,195 mmol g~
of -NHa groups for MN_NH; and MN_POX_NH., respectively).

"HNMR of MN_NH: (600 MHz, DMS0), & (ppm}: 2.64
[-5-CH:-CH;-NH:), 2.8 [-8-(H:CH:-NHs), 3.4-4.2 [-CH.-
CH-, mannose; CHy=—CH-), 4.9-52 [-0-CH-0, acetal), 5.92
[CH/=CH-). Elemental analysis of MN_NHa: C 40.52.20%, H
6.67%, N (.69%, § 0.89%. "H-NMR of MN_POX_NH, (600 MHz,
DMS0), & (ppm): 1.95 (-CHs, POX), 2.66 [-5-CH:—CH2-NH. ),
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28 [-SCHrCHx-NH:), 3.3-4.3 [-CH-CH-, mannose; -N-
CHy-CH,-, POX), 4.97-5.22 (-0-CH-0, acetal). Elemental ana-
lysis of MN_POX_NHy: C 5320%, H £.35%, N 5.2%, S L&3%.

Conjugation of IREICW-NHS-cster and DOTA-NHS-ester
with the primary amino groups contained in MN_NH: o
MN_POX_NH. (smthesis of MN_IR_DOTA or MN_POX_IR_INTA).
MM_MH: or MN_POX_NH: (454.8 mg, 0.107 mmol of NH: groups
or 629.5 g, 0.123 mmol of -NH: groups, respectively], NaHPO,
12H:0 [4.674 g, 13.05 mmol or 6.541 g, 1826 mmol for MN_NH:
and MN_POX_NH;, respectively) and KHoPO, [293.5 myg, 2.16 mmaol
or 413 mg, 3.035 mmol for MN_NH: and MN_POX_NH,, mspec
tively) were dissobred in 32 mL or 42 mL of water [for MN_NH: and
MMN_PON_NHa, mspecively] and cooled down to 0 °C. A weighted
amount of TREOCW-NHS-ester was added [1.8 mg, 0.00154 5 mmol
or 2 myg, 0.00172 mmaol for MH_NH: and MN_POX_NH,, respec-
tively]. The rection mixtures were stimed for 3 h at room
temperature, DOTA-NHS-ester (75 myg, 0.0985 mmol or 150 mg,
0.1969 mmol for MN_NH 3 and MN_POX_NHa, respectively) was
added, and the reaction mixtumes were stirred overngght st room
tem perature, The crude products were purified on a Sephadex™
G-25 column using water as the mobile phase and freeze-dried
to afford the products MN_IR_DOTA and MN_POX_IR_DOTA
(437 mp and 629.5 mg, respectively).

'H-NMR of MN_IR_DOTA (600 MHz, DMSO), § (ppm}: .51
[-S-CH:-CHy-NH), 2.65 (-S-CHy-CH:-NHi), 3.4-4.2 (-CHr-
CH-, mannose), 4.7-52 [-0-CH-0, acewl). 'HNMR of
MN_POX_IR_DOTA (600 MHz, DMSO), § (ppm): 1.15 -CHa,
POX), 258 ([-5-CH:—CHyNHi), 2.7 [-5-CH:-CH:-NH.),
34-4.2 [-CHaCH-, mannose; —-N-CHa—CHa-, POX]), 4.95-5.2
(~O-CH-0, acetal).

Finally, MN_IE_DOTA or MN_POX_IR_DOTA was chelated
with Gd{n) according to the following procedure: the MMN-based
conjugate (402 mg or 620 mg for MN_IR_DOTA and MN_POX_
IR_DOTA, respectively), ammonium  acetate  [LI71 g,
15.19 mmol or 1.868 g, 24.23 mmol for MN_IR_DOTA and
MM_POX_IR_DOTA, respectively) and gadolinium(m) chloride
(1715 mqr, 0.651 mmol or 270 mg, 1024 mmol for MN_IR_
DOTA and MN_POX_IR_DOTA, respectively] were dissolved in
water (30 mL or 50 mL for MN_IR_DOTA and MN_POX_IR_
DOTA, respectively), and the reaction mixture was stirred over-
night at room temperature. The crude products were twice
purified on a Sephadex™ G-25 column using water as the
mobile phase and freeze-dried to provide MM _IR_DOTA-Gd
and MN_POX_IR_DOTA-Gd (342 mg and 533 myg, respectively).
The content of Gd|nr) was determined by energy-dispersive Xoay
spectroscopy (EDS) and was found to be 3.94% [0.252 mmolg ™)
and 4.22% (0.27 mmol g~*) for MN_IR_DOTA and MN_POX_
IR DOTA-Gd, respectively.

The amount of the TREOOCW label was determined spectm-
photometrically (0.1 wt, 4 = 774 nm, £ = 240000 L mol ™ cm ™"
and was found to be 0.72 pmol and 0.66 pmol for MN_IR_DOTA
and MN_POX_IR_DOTA-Gd, respectively.

Characterization

'H NME measurements were conducted on a Bruker Avance
DPX-300 spectrometer operating at 30013 MHz and on a

This joumal =& The Royal Sooiety of Chemnistry 2018
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Eruker Avance 01 600 spectrometer operating at 600 MHz (both
Eruker Co., Austria). Fourier transform infrared (FT-IR) spectra
were obtained on a Perkin-Elmer Paragon 1000PC spectrometer
[Perkin-Elmer Co., USA) equipped with a Specac MKEII Golden
Gate single attenuated total reflection [ATR) system (Perkin-
Elmer Co., USA). Elemental analysis was performed on a
Perkin-Elmer Series 11 CHNS/O Anabyzer 2400 [PE Systems
Ltd, Czech Republic) instrument. UV-Vis absorption spectra
of the obtained conjugates were acquired at a 1 mg mL™’
concentration (in phosphate buffered saline, PES) using a
specord® 250 Plus UV-Vis spectrometer (Jena, Germany)
[Fig. 5I-1, ESK). Fluorescence spectra of the samples were
recorded (907 angle geometry, 1 x 1 cm quartz cell) at a
concentration of 1 mg mL™" (in PBS) using an FP-6200 spectro-
fluorometer (Jasco Europe, Italy) with an excitaton wavelength
of 774 nm (Fig. SI-2, ESK).

The molecular weight of POX was determined using MALDL
The MALDEFTOF mass spectra were acquired with an Ultraflex
(Bruker Daltonics, Bremen, Germany) in positve ion reflection
mode using delayed exdraction. The spectra were mhen as
the sum of 30000 shots with a DPSS Nd:YAG laser (355 nm,
1000 Hz). External calibration was used. The spedmens were
prepared by the dried droplet method. The sample solution
[10 mg mL™"), DHE [2,5dihwroxybenzoic acid; 20 mg mL™)
used as the matriv and sodium trifluoroacetate [NaCF 00,
10 mg ml ") as a cationization agentin methanol were mied at
a volume ratio of 4: 20:1.1 pL, and the mixture was deposited on
the ground-steel target plate. The drop was dried under ambient
atmosphere. The molecular weight of the prepared MMN-based
polymers was determined by SEC; the system contains a Delta-
chrom SDE030 pump (Watrex Co., Pmgue, Czech Republic), a
MIDAS autosampler (Spark HOLLAND BV, Wetherlands), a
column (STR SEC-100, 5 pm) and a DAWN® HELEOS® multi-
angle static light scattering detector (Wyatt Technology Corpora-
tion, USA) with acetate buffer used as the mobile phase.

The behaviour of the prepared conjugates in water was
studied wsing dynamic light seattering (DLS) and electrophoretic
mobility to determine their hyd mdynamic radios [Ruq) and
[-potential [ZF), respectively. The measurements were oon-
ducted on a Zetasizer Mano-Z8, Model ZEN3600 |Malvern
Instruments, UK), at a scattering angle § = 1737 at 25 “C [using
DTS software - version 6.20 for data evaluation); data from
the wlume distribution function were used to determine the
hyd rodyna mic radins Ry,

Cell viability assay

The cytotodeity profile of the MMN-based conjugates was
evaluated using macrophages isolated from the asdtes of
mice with Abelson murine leukse mia virusindouced tumours
[RAW 264.7), macrophages isolated from the asdtes of mice with
reticllum cell sarcoma (J774A.1), human breast cancer cells
from the mammary gland (4T1) and human adenocardnoma
cells from the mammary gland [MCF?) by an Alamar Blue assay.
The RAW 264.7 and J7744.1 cell lines were purchased from
Merck Ltd [Ceech Republic), and the 4T1 and MCF7 cell lines
were purchased from LGC Standard Spz.o.o. (Poland). The cells
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were seeded in 96awell flat-bottom plates at concentrations
of 8 x 10" cells per well for the RAW 264.7 and J774A.1 cell
lines and 5 » 10° cells perwell for the 4T1 and MCF7? cell lines in
100 pl. of cultivation media at 24 h before adding the polymer
conjugates. The cols were incubated at 37 °C in 5% C0s with
2 different MN-based conjugates over an equivalent concen-
tration range of 0.00M-0.5 mg mL™ for 72 h. Cell viability was
measured using Alamar Blue cell viability assay reagent [Thermo
Fischer Sdentific, Ceech Republic). Non-treated cells were used
a5 a viability control (100% viability). The experiment was
performed three times in triplicates.

In vitro studics

To characterize the imaging propertes of the probes, MB_TER_
DOTA-Gd, MN_POX_IR_DOTA-Gd and gadoterate meglumine
[GM) were dissolved in distilled water to obtain the same Gd™
concentration (0,36, 024, 0.18, 0.12, 0.06, 0.03 mmol L) or IR800
dye conceniration [1.13, 0.75, (.56, 0.28, 0.14, 007 pg mL™") for
magnetic resonance [ME) and florescence [FL) imaging, respec
tively. The MR properties of the probes wen assessed onoa 0.5 T
Minispee MMR mlaometer (Bruker BioSpin, Germany] by ri
[samuration reomvery sequence, recvele delay of 12 s or 5 5) and ra
redmmmetry (Car-Purcel-Meiboom-Gill [(PMG) sequence, mecyde
delay of 10 5, nterpulse delay of 1 ms, 5000 points )

MEI was performed on a 4.7 T Bruker Biospec scanner using
a resonator coil (Bruker, BioSpin, Germany). T-Weighted images
were acquired by a turbo spin echo sequence with the following
parameters: repetition time TR = 125 ms, echo time TE= 11 ms,
turbo factor TF = 2, spatial resolution =027 = 0.27 = L5 mm’,
scan time = 6.5 min and fliorescence imaging (10 s of exposure,
exitation of 745 nm, and emission of 810-875 nm). Regions of
interest (ROIs) were manually outlined around each sample in
the MR and FL images, and the signal intensity was assessed.
Contrastto-noise ratio (CNE) values from the MR images were
caleulated as the difference between the signal intensity from the
sample and the water signal intensity (normalized to the water
signal]. The average FL radiance efficiency was assessed from
ROIs covering the samples in the FL images using Living Image
software |Ferkin-Elmer, USA)

In vive experiments

The animal experiments described below were performed in
the accordance with The Law of Animal Protection against
Cruelty [Act Mo. 359/2012) of the Czech Republic, which is fully
compatible with the European Communities Coundl Directive
#6609 EEC.

For 3 weeks of monitoring in wive, 100 pL of MN_IR_DOTA-
Gd or MN_POX_IR_DOTA-Gd [both at concentration of 3.5 mg
of Gd™ per mL and (.64 mg mL™" of IREOO dye] were adminis-
tered into the calf muscle of the right hind leg of healthy C57 /6]
B6 mice (n = 3 for each group). MRI was performed on a 4.7 T
MR Bruker Biospec scanner (Bruker BioSpin, Germany) using a
homemade surface coil. Ti-Weighted axial and coronal MR
images of the calf muscles and LNs of mice were acquired
using a turbo spin echo sequence with the following para-
meters: TR= 339 ms, TE = 12 ms, TF = 2, spatial resolution
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was = .16 = 0.16 = 0.70 mm, 9 slices and scan tme = 8§ min
40 5. In viw FL images were acquired within a 60 5 exposure
time using an excitation wavelength at 745 nmand an emission
wavelength at 810-875 nm. MRI was performed immediately
after agent injection and then at 6 hoand 1, 2, 3, 4, 7, 14 and
21 days after contrast agent administration. FLI was conducted
at the same time points as MRIand before and 2 h after agent
administration. One animal per group was sacrificed at days 7,
14 and 21, and its internal organs were excised and subjected to
ex wro FLL

CHR values of the inguinal LMs were calculated in percen-
tage from the MR images as the difference between the signal
intensities of the LN and the surrounding fat (normalized to the
fat signal] to suppress inhomogeneity originating from the

.-EU ﬂl 03: MacH "[0 . ':EL_LH*E?VE"- r-[g
—— . [
HO HO L

R = DOTA-GA{II) comples

-
IR Dye

o=
A Mi_IE_DOTagGa

Vikeray Articla Onlins

Paper

surface coil. FL was evaluated from fn viwe images of the liver
and the lymph nodes and from ex vive images of exd sed organs
[spleen, liver, kidney, and inguinal LNs).

Results and discussion

The natural bindegradable polysaccharide MN was modified in
two different ways to obtain conjugates bearing a fluorescent
label and a probe for MEL The first approach was focused on
the synthesis of a polwaccharide-based conjugate without
polyoxazoline in the structure (Scheme 24). The modification
procedure began with the alkyation of commercial MM (from
& cerevisige) with allvl bromide in alkaline agueous solution to
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Scheme 2 Synthetic route for mannan modification: preparation of MN_IR_DOTA-Gd (4) and MN_POX_IR_DOTA-Gd (B).
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obtain the vinyl-containing derivative of MM [MN_allyl,
1266 mol% of allyll. This derivative was later reacted with
cysteamine using 2-hydroxy-2-methylpropiophenone as initia-
tor under UV irradiation. This primary amino group-containing
MM was then conjugated with A-hwdroxgsuccinimide [WHS)
esters of an infrared dye (IRBOOCW MNHS-cster) and 1,4,7,10-
bt ane-14,7, 10-tetrascetic acid (DOTA NHS-ester).
Finally, the obtained product was reacted with gadoliniumim)
chloride to chelate Gd™, resulting in an MN-based conjugate with
FL and MR imaging labels, denoted MN_IR_DOTA-Gd.

Grafting with a synthetic polymer decreases the biodegrad a-
tion rate ™™ of the polysaccharide and introduces the possibility
of casy functionalization of the ends of the polymer grafts with
active cargn. The synthetic approach for the preparation of
MM-based conjugate with grafted polyoxazoline chains was
slightly different from that for MM_IR_DOTA-Gd [Scheme 2B).
After dissolution in anhyd mus DMS0, MN sodium alkoride was
remcted with active POX chains obtained by ring-opening cationic
polymerization in anhydrous scetonitrile. Different MN grafting

5
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Table 1 Charactensics of native and modified mannan

Fips,” UM P, iV
My 107 —=
Mame # mol™* H,0 PBS H,0 FBS
Manran® 44.6 1.2 A6 0z —5.6
MM_IR_DOTA-Gd 52 31 3.3 —4.4F —11.5
MM_POX_IR_DHITA-Gd 71.2 EX EX 29 —6.7

* Commercial (native) mannan from Secchansmmees cerevigae, © Deter-
mined by nmss s pectmmetry. © Obtained from dynamic light scattering
and elecmop horetic mobility measuemenis,

reactions with POX were performed [data not shown) to determine
the maximal achievable grafting demsity, which was found to be
30 mol%. Consequently, mannan-graft-poby|2methyl2-mazoline)
([denoted MM_POX) with a grafting density of 1 graft per 5 gluoose
units (2973 maol% of POX fom "H NMR) was selected for this
work. The molecular weight of POX grafts was determined by mass
spectrometry after termination of ective chains with water: number-
sverage molecular weight M, = 870 g mol 7, polydispemsity PDI =
MM, = 1.14, where M, is the weight-sverage molecular weight.

Because the starting MM from 8. cerevisioe contained less
than 0.3 wt% nitrogen, the weight content of POX in the
prepared polymers could be caleulated from elemental analysis
[CHN) according to the following equation:

Wpkdelln = s = 100%

Wh gl

where wy is the content of nitrogen in the sample [determined

by CHN clemental analysis) and 1y miecs is the caleolated

content of nitrogen in the POX graft [16.45% in our case).

The POX content for MN_POX was found to be 1994 wt%.
Mext, allyl-containing mannan derivatives were modified by

radically initisted thiol-ene click chemistry with cysteamine to

obtin conjugates with primary amino groups (Scheme 2B).

These primary amino groups then can be easily modified with

kL3

— native mANan
B MM IR DOTAGE
W ——— MM_POX_IR_DOTA-G

Miaivhser {%6]

R, (nm)

Fig. 2 Dynamic light scattering results of native mannan Fom Saccharomyces carevisiae and of the mann an-based conjugates in water (4] and PES

lpH = 7.4] (6] at a concentration of 1 mvwg mL—
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fluorescence- and/or MRFactive labels. For this purpose, the
amino-functionalized polsaccharides were reacted with the
WHS ester of IRBOOCW dye as infrared (TR) active fluorescence
label and the NHS ester of an MRl T, contrast agent -
Gd™-DOTA (Scheme 2E).

EBoth of the resulting mannan-based conjugates — those with-
out and with POX chains in the structure, MN_IR_DOTA-Gd and
MM _POX_IR_DOTAG, respectively — were twice purified on a
Sephadex G25% column using water as the eluent, and then
their aqueous solutions were hophilized. The content of IR dye
was determined spectrophotometrically in water [4 = 774 nm,
£= 240000 M~ em ") and was found to be 0.72 and 066 pmol g7
in the MN_IR_DOTA-Gd and MN_PFOX_IR_DOTA-Gd conjugates,
respectively. The content of gadolinium in the final products was
determined by nductively coupled plasma mass spectrometry and
was found tobe 0.252 and 0.26 mmol g~ for MN_IR_DOTA-G and
MMN_FON_IR_DOTA-Gd, respectively. The obtained concentrations
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of Gd*" in the prepared mannan probes correspond to 13 and
19 gadolinium atoms per molecule of MN_IR_DOTA-Gd and
MMN_POX_IR_DOTA-Gd, respectively.

Fourier transform infrared (FTIR) spectroscopy was used to
prove the bonding of the IR and DOTA labels to both MM
derivatives. The IR spectrum of neat MN shows peals at
3320, 2934, 1635 and 1022 em™", which correspond to 1{OH),
v CHz), +{00) and {COC) vibrations, respectively (Fg 1)
Because the MN used was extracted from baker's yeast, we
attribute the appearance of carbonyl groups in the spectrum to
the presence of a small amount of peptide residues in its structe.
The FTIR spectrum of MN_IR_DOTA-Gd exhibits the appeamnce
aof a weak ${NH) deformation vibration peak located at 1503 em™,
confirming the successful bonding of the IR and DOTA labels
through amide groups. For the MR_POX_ITR_DOTAG conjugate,
this peak is pmbably overlapped by strong 1{C0O) vibmtions at
1620 and 1550 em™" originating from the grafted POX chains.

140 140
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Fig. 3 Viability of MN_IR_DOTA-Gd (8] and MN_POX_IR_DOTA-Gd () in macrophage (RAW 264.7 and 1774A1) and manmary gland (4T1 and MCF7)
cell lines a2 & function of conjugate concentration (0.004—0.5 mg mL™ after 72 h of incubsation a1 37 °C in 5% OO, Treated cells were compared Lo
conlrots without addition of MN-based conjugates) 1o oblain percent viability.
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Another conformation of the successful g fing of MN with the
POX chains is the appearance of a strong 1{C—C) vibration at
1410 e~ of the vinyl end goup of POX

To characterize the behaviour of the prepared conjugates in
aqueous solution, dynamic light scattering (DLS) measare-
ments were conducted using a Zetasizer Mano-Z5 [Malvern)

Wieray Articls Onllns
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instrument. To determine the difference in hyd rodynamic
diameter due to the modification procedure, native MN
from 5. cerevisige and both of the prepared conjugates were
dissolved in Q-water or phosphate buffered saline (PBS) at a
concentration of 1 mg mL™", and DLS measurements were
performed (Fig. ).
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The magnebc resonance [MR) and luorescence (FL) signals of the MN_IR_DOTA-Gd, MN_POX _IR_DOTA-Gd and gadoterate meglunine (GM].
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Fig. 2 presents the size distributions of the neat and
maodified MM in water and in PES. Because of the modification
procedure described above, the hydrodynamic radius of MM
was found to increase. In aqueous solution, the Ry, of
both MN_IR_DOTA-G and MN_POX_TR_DOTAG were oz two
times larger [ ~3 nm) than native MN (1.2 nm)). In comparison to
that of natie MN, the [potential (ZP) of MN_IR_DOTAG
decremsed to —4 mV (Table 1), confirming the presmoe of ionic
carbmoylate groups from the FLT and MBI contrast labes. In the
case of MN_POX_IR_DOTA-Gd, the ZP had increased to 2.9 mV,
indicating the presence of grafted POX chains in its strocture.
When PES was used as solvent [pH = 7.4, no significant difference
in hydrodynamic radius could be obsered between native MN
and the modified MM derivatives Ry ~ 3.5 nm). In contrast to
aqueows solution, the ZP vales in PES (pH = 7.4) of all three
samples were small and negative, probably due to formation of a
counter jon layer (Table 1). Moreover, the DIS measurements
performed in water at different pH ranging from 5 to 9 did not
show a signficant change in hydrodynamic radius of either of the
prepared MN-based probes [Ryyg from 2 to 4 nm). Those results
show that the behaviour of the prepared conjugates is insmsitive
to different pH or increased ionic strength, which is beneficial for
the intended application.

To smdy the biocompatibility of the synthesized MN-based
conjugates, in witro testing with four different cell lines was
conducted. As shown in Fig. 3, no significant changes in the
viabilifies of any of the treated cells were obsened after
incubation with the prepared conjugates. The viability varied
within the experimental error between 85 and 110% of the
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control [non-treated cells). There were no concentration-
dependent changes in the cybobodcity of the conjugates. The
obtained results prove the potental of the new MN derivatives
for use in biomedical applications, for instance as a drug
delivery system targeted to immune and metastatic cells or as
a disggnostic probe with enhanced tumour accumulation and
spedfic targeting for LNs,

To demonstrate the imaging performance of the prepared
COnjugates, &n in vire experiment on phantoms was performed
first. Both MMN-based agents showed higher r and ry relaxivities
than commercially available GM (Fig. 44 and B) based on Gd™
concentration, probably due to the decreased mobility of the
chelated gadolinium arising from the conjugation to relatively
high-molecularweight polymers. On the other hand, the relax-
ivities of MN_IR_DOTAGA and MN_POX IR _DOTA-Gd were
comparable. Similarly, the ME signals and corresponding
contrast-tio-noise ratio (CWE) values of the MN-based probes
were higher than those of GM (Fig. 5A and C).

The MMN-based agents also showed a strong FL signal,
whereas the FL of GM was in the range of the background as
expected (Fig, 5B and D). Therefore, these promising in witro
results encouraged us to perform pilot in vive experiments on
healthy mice. GM is not fluorescent and is not an actively
LM-targeted probe; thus, only MM-based contrast agents are
discussed hereinafter for the in viw experiments,

After intramusoular administraton to the mice, both the
MN_IR_DOTA-Gd and MN_PON_IR_DOTA-GA agents were
visualized at the injection sites by MBI and FLI for 21 days.
The 21-day imaging was performed to monitor the in wve fate

A WI_| F_DOTA-Gd
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o

Fig. 7 Time course of the in wive Rucrescence [FL) signal anginating Trom the liver (4] and the lynnph nodes (B, Represerilative fuorescence images of
mrice alter injection with MK_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd [ and DL The amows denole the fver ) and the ymnph nodes (0]
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and biodegradability of the conjugates and to find the optimal
time for the highest contrast against the surrounding tissues.
The FL signal increased within the first day and then continu-
ously decreased until the end of the examination. The most
plausible explanation for this effect is that immediately after
administration, the contrast agent 15 concentrated within a
small volume, and because of the high concentration, it self-
quenches. Over time, the contrast agent spreads to a larger
volume [and the emitting area exposed to the detector is
therefore larger). Thus, the quenching effect is no longer as
prominent, and as a result, paradoxically, more photons
capable of penetrating through the skin, are detected. Fig. 6B
shows that the fluorescence signal of MN_POX_IR_DOTAGd in
muscle was higher than that of MN_IR_DOTA-Gd within the
first two days after injection, demonstrating that POX grafring
prolonged the imaging window and that biod egradation of the
conjugate was slower.

Maoremver, the FL signal was visualized in the liver site after
injecting the probes. After 1 day, the FL signal originating from
MMN_IE_DOTA-Gd was higher than that originating from
MN_POX_IE_DOTA-Gd, and this trend persisted to the end of
the examination time (Fig. 7A and C). Within the first day after
probe administration, higher Fl. and MRE signals from the

Wi Articls Onllns
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LMs were detected in case of MN_IR_DOTA-Gd, confirming its
faster degradation (Fig. 7B, D and &)

MRI confirmed the presence of the injected probes at the
muscle sites (Fig. 64) and in the INs of both mice (Le, those
reated with MN_IR_DOTAGd and MN_POX_IR_DOTA-G)
(Fig. 8B). Within the first day after probe administration,
the MR signal of MN_IR_DOTA-Gd was higher than that of
MMN_POX_IR_DOTAG, which in agreement with the results
obtained from FLL As seen in Fig. 6B and 7B, which present the
time courses of the FL signal originating from injected site and
LMs, respectvely, the signals were similar, with an awrage
value of 1.5 = 10°. The MR signal in the non-injected muscle
[Le., background; sce Fig. 6A) was much lower, which is
important for the intended use, and the evaluated MR signal
data from the LMs [Fig. 8A) clearly show the stable presence of
the contrast agents.

In addition, ex wro FLI of the harvested organs also
confirmed the lower accumu lation of MN_POX_IR_DOTA-Gd
in the liver, spleen and kidneys for all time intervals
(7, 14, and 21 days) (Fig. 9). The signals originating from the
LNs were comparable for both the MN_IR_DOTA-Gd and
MN_POX_IR_DOTA-Gd conjugates within 7, 14 and 21 days
after probe administration (Fig. 9]-L). Although the FL signal
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from the LNs remained very similar throughout whole exam-  continnously decreased over time for both conjugates, indicat-
ination time, the signal from organs (liver, spleen, kidneys)  ing the gradual biodegradation of the MN probes.
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Therefore, the novel MN-based compounds possess superior
properties compared to the commercially available contrast
agent GM, induding their MR reladvity and FLI capability.
The visualized accumulation of the agents in the LNs con-
firmed their immune system-targeted propertics and possible
use in metastasis disgnostics,

Conclusions

We demonstrated an easy synthetic approach for preparing
nved multimodal MM-based probes intended for immoune cell
detection. The obtained conjugates contained both a fluomesoent
IR dye and a Gd™" MBI contmst agent in their stmctres. The
content of the FL label was sstimated spectrophotometrically and
was found to be 0.72 and 0.66 pmol g~ for MN_IR_DOTA-Gd and
MMN_POX_IR_DOTA-Gd, respectively. The chelation efficiency of
DOTA with Gd* was analysed by inductively coupled plasma
mass spectrometry, and the concentration of GdY oin
MM R DOTAG and MN_POX_IR_DOTA-Gd was 0,252 and
0.26 mmol g, respectively. The prepared probes possessed
sufficient sensitvity for in 1o FLI and exhibited superior MRI
properties compared to a commercial contrast agent. The
MM-based conjugates were detected in organs 3 weeks after
probe administration, indicating their slow biodegradation;
however, the strongest MRI and FLI signals were detected
within the first day fol lowing agent ad ministration. Morcover,
the appearance of a lower FL signal at the liver and higher FL
signal at the administrated site in the mouse injected with
MM _POX IR DOTA-Gd sugpested its slower elimination pro-
cess due to the addition of POX chains in its structure. The
possibility of further chemical modification of the obtained
MM-based conjugates for incorporating specific drugs, for
obtaining structures with a suitable size for enhanced accumu-
lation in tumours and for achieving specific targeting of IMNs
makes these agents promising as a drug delivery system
targeted to immmume and metastasis cells,
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Glycogen as an advantageous
polymer carrier in cancer
theranostics: Straightforward in
vivo evidence

Andrea Galiseval, MarkétaJirdtoval? Mariia Rabyk3, Eva Sticowa™s Milan Hajek?,
Martin Hruby? & Daniel Jirdkl57=2

As anatural polysaccharide polymer, glycogen possesses suitable properties foruse as a nanopartice
carmierin cancertheranostics. Motonly it isinherently biocompatble, it can also be easily chemically
madified with varicus moieties. Synthetic glycogen conjugates can passively accumulate in tumours
due to enhanced permeability of tumour vessels and limited lymphatic drainage (the EPR effect). For
this study, we developed and examined a glycogen-based carrier containing a gadolinium chelate and
near-infrared fluorescent dye. Qwr aim was to monitor biodistribution and accumulation in tumaour-
bearing rats using magnetic resonance and fluorescence imaging. Our data clearly show that these
conjugates possess suitable imaging and tumour-targeting properties, and are safe underbothinwitro
and in vivo conditions. Additional modification of glycegen polymers with poly(2-alkyl-2-oxazolines)
ledto areduction in the elimination rate and lower uptake in internal organs (lower whole-body
background: 45% and 27% lower MRI signals of oxazoline-based conjugates in the liver and kidneys,
respectively compared to the vnmodified version). Our results highlight the potential of multimedal
glycogen-based nanopolymers as a camierfor drug delivery systemsin tumourdiagnosis and tre atment.

The majority of anticancer drugs are highly toxic and adversely affect healthy cells due to a lack of specific target-
ing"*. Therefore, a safe dreg delivery system capable of accumulating and providing controlled drug release at the
tumaour site is highly desirable. Nanoparticles represent a versatile carrier for drug delivery due to their ability to
passively accumulate in solid tumours. This ocours via the enhanced permeability and retention (EPR) effect, a
relatively universal phenomenon whereby nano-sized structures {up to approx. 200 nm in size) become entrapped
in tumour tisswe due to either leaky endothelia or sberrant tumowr vessel architecture. Restricted or even com-
pletely absent lymphatic drainage in tumours limits the release and passive acocumulation of compounds®.
Manotherapeutic carrier can accumulate in tumours via the EPR effect without any targeting ligand® . Their size
above the renal threshold (molecular weight = ca 45kDa/hydredynamic diameter = 8 nm) leads to prolonged
circulation in the bloodstream increasing the probability of accumulation at the target site’. Importantly, poly-
miers can control the release of drugs, being composed of a strecture responsive to external stimuli, such as pH
chanpes in acidic cancer-cell environments’, the presence of enzymes, and redox potential®®. Thus to minimise
the drug release in the bloodstream and the ototowic effect on healthy cells™ 2.

Omne limitation of nanoparticles is that they tend to opsonise, dearing quickly through the reticuloend cthelial
system in the liver and spleen'®. However, this can be mitigated by surface mo-dification: for instance, grafting nan-
oparticles with polylethylene oxide) (PEQ) (known also as polyl ethylene glycol) - PEG) is 2 well-established pro-
cedure for redecing nanoparticde toxicity, probonging circulation in the bloodstream, and minimising interactions

‘MR Unit, Departmeant of Radiodizgnostic and Interventional Radiclogy, Instituta for Clinical and Experimental
Medicine, Prague, Czech Republic. ‘Department of Physiology, Faculty of Science, Charles University, Prague,
Czech Republic. *Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Prague, Czech
Republic_ *Department of Chnical and Transplant Pathology, Institute for Clinical and Experimental Madicine, Prague,
Czech Republic. *Department of Pathology, Third Faculty of Madicine, Charles University, Pragee, Czech Republic.
“Institute of Biophysics and Informatics, First Faculty of Medicine, Charles University in Prague, Prague, Czech
Republic. 'Department of Science and Research, Faculty of Health Studies, Technical University of Liberec, Liberec,
Czech Republic. Be-mail: daniel jirak@ikem.cz
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with the immune systern'*. O the other hand, PEO also has the potential to be both immunogenic and antigenic
and degrading to produce reactive oxygen species™“%. Therefore, alternative polymers such as poly(2-oxazolines)
(POix) are currently the subject of extensive testing™"™' . POx are significantly more stable compared to PEQ',
retain their non-fouling (protein-repellent) potential, have low unspecific organ deposition and do not exhibit
immunogenicity'** "% This so-called “stealth” effect leads to the prolonged circulation of coated nanoparticlesin
the blood and increases the likelihood of sccumulation in tumeer tissee via the EPR effect™.

In addition to other tried-and-tested drug delivery systems such as proteins™, synthetic polymers**-~ and
carbon nanotubes™, natural carbohydrate polymers such as polysaccharides are versatile and unigque carriers due
to their high bivcompatibility, biodegradability, and availability®-**. Polysaccharides can also be easily modified
to control drug release while incorporating both diagnostic and therapeutic entities. Polysaccharide surfaces can
also be tailored with ligands for more specific targeted delivery, e.g. using folate to bind to overexpressed folate

tors on cancer cells™.

Mot studies nf‘rn]}'saocha.ride drug delivery systems use alginate™, dextran®, chitosan™=*, pactin®'Z, starch®
or hyzluronic acid"*. However, only a few studies have explored the potential of glycogen®™*. Glycogen is a natural
hyperbranched polymer of suitable size for the EPR effect ic diameter == 50 nm, molecular weight = 10
MDa) and above the renal threshold, it is degraded into D-glucose by intracellular enzymes and further metabolized
by normal physiological glycolysis'. Moreover, it is biocompatible, biodegradable'”, widely availsble zs a natural
renewable resource {oysters, plants)*#, and can be easily modified with drugs or diagnostic moieties, what makes
ghycogen ideally suited for use in the construction of 3 multimodal drug delivery system ™%

In the absence of evidence to indicate glycogen is efficient as a nanocarrier in a clinically relevant model
such as a tumour-bearing animal, we performed a detailed characterisation of a modified glycogen carrier under
in vivo conditions on an animal tumor model of hepatocellular carcinoma (HUHT human cancer cell line).
Glycopen was modified with two imaging moieties: a gadolinium chelate for magnetic resonance (MR) and a
near-infrared fluorescent dye for fluorescence imaging. A multimedal agent was deemed most favourable given
each method provides a different set of information on biedistribution, accumulation, and dearance of probes
under in vivo conditions. In order to enhance tumour-targeting properties and eliminate any possible adverse
effects on other organs, the polymers were modified with POx. Using tumour-bearing rats, we evaluated imaging

perties, biodistribution, safety, in vivo accumulation, and dearance. To the best of our knowledge, this is the
Eﬁt demonstration of imaging potential of these contrast agents on in vivo animal model.

Results

Imaging properties of polymers.  Two polymer conjugate variants were synthetized: glycogen-based con-
jugates modified with POx (GOX) and glycogen-based conjugates without POx (GG). A commercially available
MR contrast agent gadoterate meglumine (GM) served as a control. MR properties of the conjugates were exam-
ined by MR imaging at 4.7 T and relaxometry at 0.5T. T,-weighted MR signals and corresponding contrast-to-
noise ratio (CHR) values were linearly dependent on concentration of Gd** in the conjugates (Fig. 1a,c), with the
highest signal issuing from GG. Relaxivity of the GG (103 4+ 0.12mM~'5 !} was higher compared to the
GM (4224 007mM 57" and GOX (3.0 0.06mM~ s ') probes (Fig. lef). Relaxivity of unmodified glycogen
without imaging agents and oxazolines was 0.1 +0.03mM~'s~' (Fig. 1e.f). The higher CMR values of GG and
GOX compared to GM reflect higher r, relaxivities. Fluorescence emission of probes was measured after specific
excitation at 745 nm. While conjugates containing the fluorescent dye emitted a strong fluorescence signal line-
arly dependent on probe concentration, the control sample (GM) emitted no fluorescence signal after excitation
(Fig. 1b.d). The fluorescence signals of GG and GOX were similar.

MR and fluorescence in vive imaging of rats administered with co r&:gam After intravenous
administration of conjugates, we assessed bindistribution and accumulation of the glycogen-based probes (GG
and GO¥X) and control agent (GM) using MR and fluorescence in vivo imaging (Fig. 2). The MR imaging exper-
iment revealed accumulation of the glycogen-based conjugates in the tumour tissue with a higher uptake of
GG and GOX agents compared to GM (Fig. 2b). The highest CHR values were obtained from tumours injected
with GG throughout the whole examination (Fig. 2b,c). The GOX signal was lower than GG but higher than
GM (Fig. Zc). The highest content of the probes in tumours was found on day 2 (Fig. 2b.c); the CHR values in
tumours on day 2 reflecting accumulation of probes are shown in Fig. 2c. Accumulation of GG of concentration
0.02 mmolikg increased between day 2 and 3, however this increase was within the standard deviation and not
statistically significant. With the administration of higher probe concentrations, MR signals in tumours increased
(Fig. 2b). The signals of the control sample (GM) was lower than GG and GOX throughout the whole examina-
tion confirming the target properties of the glycogen-based conjugates toward the tumour tissue. A CHR m
analysis revealed increased MR signals, predominantly in tumour centres (Fig. Za). To confirm that MR signals
increased in line with accumulation in glycogen-based conjugates and not in fatty tissue (which gives also a posi-
tive signal on Ty -weighted ME images), we carried out histological analysis of tumour tissues. Histology excluded
the presence of fibrosis and steatosis, only necrosis was found in tumour centres.

Aceumulation of GG and GOX in turnowr tissues was confirmed also by flunrescence in vive imaging (Fig_ 2e).
Huorescence signals of all probes rapidly declined on day 1 (Fig. 2d) and therefore fluorescence is not suitshle for
assessing the long-term changes of probe sccumulation. GiG and GOX at 0.04 mmeol Gd** kg concentration levels
remained above pre-injection values even 3 days after injection.

The probes tested were also accumulated in liver tissue. Higher MBI and fluorescence signals were observed in
rat livers injected with GG compared to GOX throughout the whole examination {p < 0.05, paired t-test) (Fig. 3).
The highest uptake was observed 2 hours after intravenows administration, with GG accumulation significantly
higher than GOX (p=0.0001]) (Fig. 3{). MRI signals of all probes decreased to pre-injection values on day 7,
despite the presence of a slightly elevated fluorescence of GG in the liver (Fig. 3d). Both MR and fluorescence
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Figure 1. Characteristics of glycogen-based conjugates: (a) MR and (b) flusrescence images of conjugates at
different Gd** concentrations, (c]) with corresponding contrast-to-noise ratios (CHNE) and (d) flusrescence
radiance efficiency values; (e} dependence of MR relaxation rates B, on Gd* concentration of probes and (£)
the corresponding r, relaxivities measured at 05T

signials showed 2 similar trend in the liver (Fig. 3e.f). The accumulation of the commercially-available probe (GM)
was observed only within the first post-injection day.

[Dhee to the attenuation of fluorescence in deeper tissues, probe uptzke in the kidneys was analysed by MRI
only. Signals from the GM control and modified glycogen-based GOX conjugate decreased to initial values 2h
after injection. The GG signal increased above the pre-injection value throughout the whole examination even at
the lowest probe concentration (Fig 4b) (p< 01, paired ANMOVA test: p < 0.01 between GG and GOX, GG and
GM on day 7, unpaired ANOVA) (Fig. 4d). The signal from the control probe GM was observed immediately after
imjection only and then it was cleared out

Ex vivo fluorescence imaging. Fluorescence imaging is limited by its attenuation and refraction of opti-
cal signals in biological tissues, particularly in deeper structures. Therefore, to zssess probe accumulation more
precisely and to confirm the results of in vivo imaging, ex vivo fleorescence analysis of the internal organs (liver,
kidneys, spleen and tumours) was performed at two time points: day 2 and day 7.

Corresponding to our in vive MRI data, ex vivo analysis revealed GG continueously accumulated in tumoars,
with the highest uptake on day 7 following probe injection (Fig. 5a). GOX accumulation on day 2 was lower than
(33, again in line with our i vivo imaging results. GOX shows relatively the same accumulation in the tumours
on day 2 and day 7 in contrast to GG, which was uptaken faster on day 2. Fluorescence signal values from GOX
and G M were within background signal ranges.

Apart from the lowest GG probe concentration, probe uptake in the liver was higher on day 2 than onday 7, a
finding that corresponds with our in vivo results (Fig. Sh).

Similar to in vivo MRL, ex vive fluorescence analysis of the kidneys confirmed higher accumulation of GG than
GOX on day 7 (Fig. 5c} with a decrease in accumulation from day 2 to day 7. There was an initial accumulation
of GG in the spleen on day 2, but no uptake of the other agents (GOX, GM). A persistent low fluorescence GG
signal was also present in the spleen on day 7 (Fig. 5c). This discrepancy between the MREI and FLI signals from
the kidneys on day 2 could be explained by lower r, relaxivity of the GOX conjugate and thus lower T, signal on
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Figure 2. Accumulation of glyvcogen-based conjugates in tumours: (a) T)-weighted images of rats injected with
GG corresponding CNE maps (insets) show the accumulation of probes in tumour centres; (b) quantification
of MR signals from tumours before and after probe injection; (c) CHR values in tumours on day 2 show higher
accumnulation of GG compared to GOX and GM; (d) fluorescence signals originating from tumours at different
time points after ghycogen probe injection; (e} representative fluorescence image of a rat injected with GG
(sagittal plane); dotted circle marks the tumour area.

the T;-weighted MR images. Nevertheless, the fluorescence signals of GOX and GG on day 2 obtained by the ex
vivo fleorescence are very similar and not statistically different.

Owerall, probe accumulation increased over time in the tumours and kidnevs. However, probe signals dimin-
ished over time after initial uptake in the liver and spleen.

Toxicity and biocompatibility of conjugates.  MTT assay revealed no signs of toxicity in the conjugates
tested. The level of shsorbance at 570 nm reflected the level of cell proliferation. Compared to non-treated control
cells, HUH? cells incubated with gheoogen-based polymers showed comparable or dightly higher absorbance (see
Supplementary Table 51 online).

Serum levels of ALT, bilirubin, creatinine, and albumin were within physiological range, reflecting the healthy
status of the polymer-injected rats. AST levels dightly increased after agent administration (including GM).
However, it should be noted that control rats without tumours also exhibited higher AST values. Therefore, the
increase might be connected to the specific rat strain used. Importantly, no difference was found between bio-
chemical levels of all measured compounds in rats injected with gheopen-based probes and in those injected with
commercial GM probes (see Supplementary Fig. 51 online).

Histological analysis confirmed the absence of significant pathological changes in parenchymal organs after
administration of glycogen-based conjugates (Fig. ). There were no necroinflaimmatory changes, steatosis or
fibrosis in the liver tissue.
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Figure 3. Accumulation of glvcogen-based conjugates in the liver: {a) Representative fluorescence and (b) MRI
images of rat livers injected with glycogen-based probes, (a) with insets showing detailed ex vive fluorescent
liver images; (c} quantification of flucrescence and (d) MRI signals from rat livers at different time points

after probe administration; fluorescence (FLI) and MRI signals (e} 2hours and () 7 days after injection reveal
differences in the highest probe concentrations (0.04 mmol Gd** fkg).

Discussion

Glycogen nanoparticles represent a versatile, biocompatible, and biodegradable platform for polymer-based car-
riers, possessing advantapeous physicochemical properties for biomedical applications™. They can also he mod-
ified with imaging probes, allowing them to be tracked using non-invasive imaging methods. In this study, we
tested glycogen-based conjugates bearing imaging entities for MR visualisation and optical imaging in rats with
solid tumoasrs. Our aim was te monitor under experimental conditions in vive behaviour of a glycogen -based car-
rier suitable for 2 wide variety of imaging methods and biological applications. Our polymers were also modified
with bioconfluent POx to increase conjugate accumulation in tumour tissue, thus prolonging biodegradation and
blood circulation time.

To prove the visualisation ability and sensitivity of probes using MR and optical imaging methods, we exam-
ined solutions of different conjugate concentrations. MR imaging, MR relaxometry, and fluorescence imaging
proved suitably sensitive to glvcogen nanoparticles. Boasting high MR relaxivity, good contrast on T, -weighted
MR images, and strong fluorescence signals, the nanoparticles enzble multimodal in vivo tracking. Even at the
lowest tested concentrations, probe signals were clearly detectable (0.06 mM of Gd* ) on MR images. Motably,
ghvcogen concentrations of synthesised nanoparticles can even be increased where required. Although POx can
enhance tumour targeting by slowing biodegradation and blood crculation time, owr POx-modified polymers
exhibited lower MR relaxivity, decreasing imaging effectiveness as a result. This effect may have been due either to
the more restricted availability of water molecules in gadolinium chelates, or to the higher conformationzl mobil-
ity of gadolinium chelates at the end of POx chains compared to chelates directly attached to the glycogen core.

To evaluate drug delivery, polymer probes were tested for biodistribution, accumulation, and clearance in
hepatocellular xenograft tumours using an animal cancer model. Our in vive multimodal imaging results clearly
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Figure 4. Accumulation of glvcogen-based conjugates in the kidneys: (a) Representative MR image of

kidneys (marked with arrows) after GG administration; (b) CHNR values over time after glycogen-based probe
administration; () quantification of CNR values originating from the highest probe concentrations (0,04 mmiol
G+ kg at two different time points — (c) 10min and (d) day 7.

confirmed the accumulation of glycogen-based conjugates in tumour tissue, displaying sustained MR contrast
enhancement. Contrast in ghycogen-based conjugates was higher than that observed in the commercial MR contrast
agent, the plausible explanation being continuows accumulation due to the EPR effect. The difference between the
commercial GM agent and the glycogen-based conjugates was highest on day 3 after i.v: injection. Glycogen-hased
probe accumulation peaked on day 2 in the case of GG (concentration of 0.04 mmaol Gd* /kg), confirming it the
carrier most suitable for drug delivery to tumours. It showld be noted that tumowrs were monitored only until day 7,
at which point massive tumour necrosis occurred (confirmed by histology), a finding that obviowsly compromises
the validity of our MR data Probe accumulation in tumours was also confirmed by in vive and ex vivo fluorescence
imaging. We observed a rapid decline in the in vivo fluorescence signal within the first days after administration.
Previows animal model studies to have used other imaging probes report the dissociation of MR and fluorescence
signals, a similar effect possibly caused by lvsosomal degradation of fluorescent dyes™' =2

Owur in vive MR data show that throughout the entire examination POx conjugates issued the lower MR sig-
nals, a result more attributable to lower MR relaxivity {3.4-times lower compared to GG) than to lower accumu-
lation in tumours considering the corresponding fluorescence signals revealed no significant differences between
the probes with and without POx. However, non-POx probes exhibited slightly higher fluorescence signals (for
both im vive and ex vivo), acocumuolating in greater amounts as a result.

All drug delivery systems need to minimise the toxic effect of the dreg incorporated while mitigating effects
on non-targeted tissue'2. To that end, the use of beneficial non-biofouling (protein-repellent) compounds such as
POx and PEOM is recommended. Confirming the stealth effect of POx, our model demonstrates that conjugates
maodified with POx slowed the elimination rate and reduced the uptake of POx-modified conjugates in rat livers,
spleens and kidneys compared to the unmodified version (lower body background ratio; 45% and 27% lower
MRI signals of oxazoline-based conjugates in the liver and kidneys, respectively compared to the unmodified ver-
sion). We observed significantly lower in vive MRI and fleorescence signals from POx-modified conjugates in the
liver and kidneys throughout the whole examination, a finding supported by our ex vivo analysis of fluorescence
signals from intermal organs. Based om our results comparing tumours with other organs, POx not only caused
intermal organs to be protected against probe uptake but, in contrast to our expectations, inhibited accumulation
in target tumour tissue,

The merits of any drug delivery system are largely dependent on its ability to ensure efficient clearance
from the body. In our study, both ME and fluorescence imaging revealed that probes were eliminated from the
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Figure 5. (uantification of ex vivo flusrescence signals in () tumours, (b) livers, (c] kidneys, and (d) spleens;
flusrescence signals were higher on day 7 in tumours and kidneys.

Tumour Kidney Liver

Figure 6. Histodogy of tumor and parenchymal organs after administration of the glycogen-based conjugates.
{a) Tissue sections stained with haematoxylin-eosin (H&E) show tumor tissue with confluent coagulation
necrosis (magnification 400:< ). {d) Neoplastic cells display significant nuclear atypia with increased mitotic
activity {arrows) {magnification 600:< ). (b,e) H&E staining shows renal parenchyma (b, magnification 20x;
&, magnification 400 ) and (cd) liver tissue {c, magnification 40:; {, magnification 100 ) of preserved
architecture with no apparent pathological changes after administration of the gh’mgcu-basﬁ?pmb&
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organism mainly through the kidneys, similar to the preferred elimination route of MR chelates sech as DOTA.
As predicted, polymer modification with oxazolines reduced renal clearance. Elevated MR signals in the kidneys
of rats administered polymers without POx persisted even 7 days after ication, raising safety concerns and
underscoring the importance of oxaroline modification. However, it s be noted that Gd** probe concentra-
tions were much lower (up to 0.04 mmol Gd** /kg) compared to standard doses routinely administered in human
medicine (approximately 0.1 mmaol Gd**/kg)™. Theretore, we assume any adverse effect of Gd** was minimal.
Moreover, in our model, we found no pathological changes in organs, confirmed by histological and biochemical
analysis of blood proteins. Given our glycogen-based conjugates were uptaken by cells via endocytosis and intra-
cellularly degraded into D-glucose units', we assume they degraded to form water and carbon dioxide in tumour
tissuse. Similar to commercial clinically approved Gd-based MR contrast agents, we hypothesise the released che-
late {[MOTA) and fluorescent dyve were then cleared from the body by the kidnevs or liver. Kevertheless, it shouwld
be noted that these conjugates can carry other imaging moieties, thus impacting on sensitive radionuclides and
certain applications such as '¥F MR probes.

The most important factor to consider when designing any drug delivery system is toxicity risk. Our biochem-
istry and immunohistochemistry results confirm the non-toxicity and biocompatibility of the glycogen-based
carriers tested. Incubated cells exposed to probes showed comparable viability and proliferation to controls.
Moreover, no prominent changes in blood serum protein levels were detected after intravenous admin-
istration in rats. Importantly, histology examination revealed no pathological changes in internal organs (liver,
kidneys or spleen] afier administration.

A key advantage of our drug delivery model for future applications is that it can be tailored to release drugs
at particular sites of interest and/or under spexific biclogical conditions, e.g. pH changes in solid tumours™, thus
providing safe and effective anticancer treatment for specific types of tumours.

Conclusion

In this study, we demonstrate that our novel ghrcogen-based compounds are suitable for multimodal imaging of
solid tumours, being of the requisite biological properties for tumour targeting. Biocompatible and safe, these
compounds can be easily modified to control the bislogical fates of these conjugates. Although oxazoline modifi-
cation prevents uptake of probes in imternal organs, it also inhibits accumulation in target tumour tissue. Both our
in vitro and in vivo resuls highlight the potential of glycogen-based probes as carriers for drug delivery systems
in tumour diagnosis and treatment.

Methods

Glycogen (type I from oysters) was used for nanoparticle synthesis. Two polymer conjugate variants were pre-
pared: glycogen-based conjugates modified with POx (GOX) and glycogen-based conjugates without POx (GG).
Glycogen conjugates grafied and non-grafted with GOX were synthesised as previously described s,

MR imaging and relaxometry of polymers. MR imaging was performed on a 4.7 T scanner (Bruker
BioSpin, Germany) using a resonator coil with an internal diameter of 7om (Bruker BioSpin, Germany). MR
images were processed using Image] software (version 1.46r, Mational Institute of Health, USA). All optical
images (fluorescence) were acquired on an I'VIS Lumina XR imager (Perkin Elmer, USA) and processed using
Living Image software { Perkin Elmer, USA).

We examined the MR and optical properties of GG, GOX, and GM, a commercial MR contrast agent used as
a control. MR relaxivity (r,) of conjugates was assessed by measuring T, relaxation times at various probe con-
centrations (0.01-0.36mM Gd*+) on a 0.5 T relaxometer (Bruker BioSpin, Germany) using & saturation recovery
sequence (recyde delay 125 or 55 depending on T, values).

T,-weighted MR images of conjugates in tubes were acquired using a Rapid Acquisition with Refocused
Echoes (RARE) sequence (repetition time (TR)= 125ms, echo time (TE) - 11.6ms, spatial resolution 0.2 = 0.2
* 1.5 mm?®, scan time é min 245). A tube filled with water served as a reference. Regions of interest {ROI) of the
same size were drawn around each sample in MR images, with the CHR between the reference and sample of
chwice caloulated for each agent concentration.

Fluorescence images of the same samples were acquired during a 2-second exposure using aperture (fstop) 4
and binning 4. Fluorescence excitation was set at 745 nm and emission at 810-875 nm. ROIs were drawn arcund
each tube, with the emitted optical signal expressed as the radiance efficiency ([photons/sec/cmfsr]/(WWicm?).
Huorescence images were overlaid on photographs to localise the optical signal.

Animal model.  All animal protocols were T‘Ed by the Ethics Committee of the Institute for Clinical and
Experimental Medicine and the Ministry of Health of the Czech Republic (Mo. 58/2014) in accordance with the
European Communities Council Directive (2000/63/ELT). Animals were kept in ventilated cages under a 12-h
light cvele and given free access to food and water.

Tumours were induced in immunodeficient RNU nude rats (Velaz, Crech Republic) by subcutaneous injec-
tion of HUHT cells (5 = 10¢) above the right hind leg. During implantation, animals were anaesthetised by iso-
flurane inhalation (5% for induction, 1% for maintenance). Prior to implantation, cells were cultured for 2 weeks
in @ DMEM culture medium supplemented with 10% foetal bovine serum (FBS), 5% L-glutamine, and a 5%
penicillin/streptomycin solution (37°C, 5% C04).

Animals {n= 48) were divided into 6 experimental growps according to the of conjugate administered
and based on two concentrations: GG 0.02 mmaol Gd*fkg; GG 0.04 mmeol Gd*/kg: GOX 0.02 mmol Gd* kg,
GOX 0 mmol Gd**/kg: GM 002 mmeol Gd** kg and GM 0.04 mmol Gd* kg (n= 8 in each group).
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In vivo examination — MR and fluorescence imaging. Animals were kept under general inhalation
anzesthesia for the duration of all in vivo imaging experiments (isoflurane: 5% for indection, 1% for mainte-
nance). Body temperature was maintzined using a heating system, with breathing monitored throughout.

Three weeks atter tumour induction, T,-weighted MR images of tumours, livers and kidneys were acquired
before and after intravenous sdministration of GG, GOX and GM at two concentrations (0.02/0.04 mmal Gd™ fkg).
MR imaging was performed before, immediately after, and then 10min, 2h, 1, 2, 3 and 7 days after conjugate
administration.

MRI examination parameters were as follows: spin-echo sequence for tumour imaging with TR= 125ms,
TE= 11.6:ms, spatial resolution 025 = 0.25 » 1.50 mm?®, & acquisitions, scan time 4 min 165; gradient echo
sequence for the liver and kidneys: TR= 72 ms, TE= 4.6 ms, spatial resolution 0.25 x (.25 x 150 mm’, 12 acqui-
sitions, scan time 3 min 41 5. CNR values of the tumour, liver and kidneys in relation to muscle tissue were calcu-
lated at each time point from ROIs manually outlined around each tissue type. CHNR maps were calculated based
on pixel-wise processing of MR images using a custom-written script in Matlsb (Matlab, MathWorks, Matick,
MA, USAL

After MRI, near-infrared fluorescence imapes (excitation at 745 nm, emission at 810-875 nm) of rat tumours
and livers were acquired based on a 30-second exposure time, aperture 4 (f'stop) and binning 4. Fluorescence
images were overlaid on photographs for anatomic localisation of the optical signal. The average fluorescence
efficiency ([photons/sec/cm?/sr]/(1sW/cm?)) was calculated from each ROT outlined around the liver and tumour
tissises.

Toxicity and biocompatibility was evaluated with the MTT test and biochemical analysis of the blood serum
proteins. Details of the tests are listed in the Supplementary Information.

(One week after intravenous administration of the probes, selected rats were sacrificed (n= 2 per each group)
and internal organs removed for histological analysis. Tumours, livers, kidneys and spleens were placed in a 4%
formaldehyde solution overnight (pH 7.4) at 4°C and then embedded in paraffin blocks. Parafiin samples were
cut into 4-jum tissue sections and routinely stained with haematoxylin and eosin. Each organ was examined for
the presence of pathological changes by an experienced pathologist.

Statistical analysis. Statistical analysis was performed using GraphPad Prism 6.02 (GraphPad Prism
Software Inc, USA). A standard two-tailed Student's t-test was used to compare differences between groups.
Comparisons of three or more groups were performed by analysis of variance (one-way ANOVA), with the sig-
nificance level set at p < 0.05. For mean values and standard deviations, see graphs.

Data availability
All relevant data are incleded in the manuscript and the supplementary information. Used datasets are available
from the corresponding author on reasonable request.
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Abstract: Early detection of metastazis is crucal for successful cancer treatment Sentimel lymph
node (SLN) bropsies ane wsed bo delect posaible pathays of me tastases spread. We present a unague
non-my asive diagnostic alternative to biopsy along with an inbraoperabive imaging tool for surgeny
proven on an m vivo amumal temor model. Our approach 1s based on mannan-based copaly mers
aynergabcally targetng: (1) SLMNs and macrophage-inhltrated sehd tumor areas via the hagh-afhmaby
DC-SIGN (dendrnitic cell-specihie mtenellular adhesion molecule-3-grabbing non-umbegrin) feceploss
and (2) tumers via the enhanced permeability and retention (EFR) effect. The polymer conjugates
wene modified with the imagng probes for visualization with magnetic sesonance (ME) and flu-
ofescenee imaging, fespechively, and with poly(2-methylk2-oxazoline) (POX) to lower unmeranted
accuimulation o nkernal organs and to slow diwn the ode gradation rabe. We demeonstrated that
these polymer conjugates were successfully accumulated in tumaors, SLNs and other lymph nodes.
Modification with POX mesulled in lower accumulation not only in internal organs, but also in lymph
nodes and tumors. Impertantly, we have shown that mannan-based polymer carrers ane non-toxic
and, when apphed to an m vivo munne cancer model, and offer promasing potential as the versatile
LA Ageiils.

Keywords: mannan; SLMN; cancer; mulbmedality wmagmg; 4T1 cells; MEI

1 Introduction

It iswidely known that cancer is one of the keading causes of death worldwide, and de-
spite the huge progress in cancer treatment over the recent vears, many of the mechanisms
imvolved in the complex process of tumor and especially metastasis development are still
not fully understood. To address this deficit, efforts are being made to mome precisely
diagnose and treat metastasis spreading. Axillary lymph node (ALN) status serves as
a metastasis prognostic factor. As an alternative to ALN dissection, sentinel lymph node
(SLM) biopsy is used as a standard clinical procedure [1-3]. SLNs play a key roke in metasta-
sis spreading as they form the lymphatic drainage system closest to the tumor and thene fore,
they ame the most probable site of early metastasis [4]. However, SLIN biopsy is still an in-
vasive procedure with the possibility of complications. In addition to biopsy, various
methods are used for metastasis and SLIN detection, including standard blue-dyve intraop-
erative detection and imaging methods such as magnetic resonance imaging (MRI) [5-7],
ultrasound [5], single-photon emission computed tomography (SPECT), fluorescence, bym-
phoscintigraphy, and others [%,10]. Each method provides different information, but also
comes with limitations, e.g., the low specificity of MRI and the optical signal attenuation.
Multimodal imaging is used to overcome these issues. Combining MREI with sensitive
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and corvenient optical imaging provides complementary and precise information on the
anatomy as well as the distribution and degradability of contrast agents and drug delivery
systems. Reliable imaging methods are crudal for improving both the accuracy of SLN
detection and the efficiency of drug delivery systems. To that end, the ultimate goal is to
create a specific, selective and non-invasive method of SLN metastasis prediction.

Macrophages, which are heavily present in 5LNs, are one of the most important
factors in cancer-promoting inflammatory reactions [11] as they are also accumulated in
cancer tissue. These tumor-associated macrophages (TAMs) affect inflammation of the
stroma among other effects [12]. Macrophages and dendritic cells express the dendritic
celbspecific intercellular adhesion molecule-3-grabbing non-integrin (I2C-51GN) receptor
on their surface [13,14], which is a target of mannan-based polymer carriers. Mannans high
affinity to DC-5IGN mediated by 3 and 4 0H groups on mannans was previously proved
in many other applications than targeting SL.Ns [15-19].

TAMs and dendritic cells could be targeted not only via their surface DC-51GMN
receptor but also via different targeting strategies based on nanotherapeutic, drug delivery,
immunotherapeutic or nano-immunotherapeutic approaches [20,21]. More specifically,
dendritic cells express not only DC-SIGN receptors, but also toll-like receptors. Some of
the immunothe rapeutic approaches use toll-like receptors agonists for dendritic cells
targeting [22]. Each of the mespective approaches possess its own strengths and also
limitations. However, we believe that mannan-based copolymers are quite universal and
represent a versatile platform.

Mannans are well known for their use in the food industry [25,24], but their my riad
biological functions include also storage and celbwall signaling [25]. Mannan from yeast is
formed by D-mannose units connected by a(1-6) bonds (backbone) and «(1-2) and oo{1-3)
bonds (branches) [26]. In this work, commercially available mannan from Saccharomces
Cerenising was used as a biocompatible platform for mannan conjugate preparation that
enables addition of other modalities {imaging probes, etc.). Matural polymers and, espe-
cially, polysaccharides such as mannans, provide benefit in that they are biccompatible,
biodegradable and widely available within renewable resources [27]. Their sizes can also
be easily modified to enable passive accumulation in solid tumors.

The optimal size for passive accumulation of the nanoparticles inside the solid tumors
wvia the enhanced permeability and retention (EPR) effect is approce. up to 200 nm. The EPE
effect is caused by a combination of highly permeable newly formed blood vessels and
limited lymphatic drainage in tumors [28,2%]. Mevertheless, the contribution of the EPR
effect to the total accumulation of nanoprobes inside tumors may be affected by physio-
logical features such as tumor intestinal fluid pressume [30,51]. Moreover, there has been
a controversy about the EPR effect contribution to the nanoprobes accumulation inside
solid tumors. Sindbw ani et al. showed that large proportion of the nanoparticles are
endocytosed actively into the solid tumors by endothelial cells [32].

Polymer accumulation in tumors via the EPR effect can be influenced by polysaccha-
rides grafting to succinic acid or biocompatible synthetic polymers, a process that decreases
the biodegradation rate and enables further chemical modification. This effect has been
demonstrated for various types of polysaccharides, such as chitosan and dextrin [23,34].
For our purposes, grafting by polyiZ-methyl-2-oxazoline) (POX) was chosen because of
its low unspecific organ deposition, low immunogenicity [35,36] and higher stability com-
pared to the polyethylene glycol (PEG) [37]. However, in mecent years there is a need
for an alternative like POX because of increasing evidence of anti-PEG immunity [35].
There has been eeported anti-PEG antibodies not only in pretreated individuals but also in
healthy population without previous treatment. The main issue with the anti-PEG antibod-
ies is that they may limit treatment e fficacy as well as they enhance adverse effect [39,40]
and so the use of the POX seems to be a better grafting modality for nanomedicine field.

In this article, we compared a hybrid copolymer platform based on a biodegradable
mannan core grafted with bioccompatible hydrophilic POX with a hybrid copolymer without
POX to verify the POX effect on accumulation in organs and tumors. Both mannan-based
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conjugates weme grafted also with gadolinium as the ME {magnetic resonance) contrast
agent and the fluorescent probe IRBOOCW for multimodal imaging, POX grafting adjusts
the biodegradation rate in dependence on its grafted dose. Both probes were previoushy
tested on healthy animals in pilot experiments [41], with the results indicating favorable
biological characteristics for potential use in experimental and clinical medicine.

Here a successful proof of the diagnostic potential of the mannan-based probes for
SLNs detection in a relevant tumor animal model is shown together with a detailed toxicity
and in vitro/in vivo characterization.

2 Results
2.1. Chemiocal Characterizations Are Comsistent usth Premions Studies

The characteristics of both unmodified and POX modified conjugates were the same
as in the previous reported [41]: molecular weight was 52 = 10° g-mol ! for MN-DOTAGH
IRB00 (MN) and 71.2 x 10F g-mol ™! for MN-pMeOn-DOTAGE-IRS0H0 (MNOX); hydrody-
namic radius in PBS was 3.3 nm for MN and 3.6 nm for MMNOX. {-potential in PBS was
—11.5mV for MN and —67 mV for MMNOX. Synthesis paths are shown in Figure 51.

2.2, MIN is Acoumulated Inside the Cells in Higher Extent Than MNOX

For determination of subcellular localization of the applied mannan-based carriers
4T1 cells were incubated with a green fluorescent dye for lysosomes [T.{,.rs-uTm.ckEri' Green),
a blue fluorescent dye for a nucleus and with the fluorescent mannan-based carrier bearing
IR800CW as a red fluorescent dye. The confocal microscopy analysis showed that the
cells incubated with MNOX had lower fluorescence signal from the red spectrum, this red
fluoreseent signal was conclusively caused by IRB0CW conjugated on mannan-based
polymers (Figume 52). The Pearson coefficient, which indicates the co-localization levels
of red and green signals (IRBKCW and ].{,.rsoTrachzr'E' Gireen), was also lower in the case
of MNOX (0324 for MNOX and 0,428 for MN), reflecting lower acoumulation of the
POX-modified polymer in cells compared to the non-modified variant.

2.3, MTT Assay Showed That Mannan-Based Polymers Are Not Cytotoxic

Because all carriers intended for future use in drug delivery need to be non-towic,
we performed an MTT oytotoxicity assay. Results from the MTT assay indicated that
mannan-based polymers had no negative influence on survival or proliferation of 4T1 ells
(Figure 1). No difference was found between control and treated cells. Even the highest
concentration used (4.5 mM Gd**) showed no statistically significant cytotoxic effect on
cells (all p-values = (LO5).

Perceriagpe of stsorbance (570 am)
g

Perepniage of absorbprcy (370 nmj

€rl &4 B C 0 E F 6 H il A B C D E F G H

(a) (b)

Figure 1. MTT assay results for 4T1 cells after 24 h of incubabion wath (a) MN and; (b) MNOX. A-H
represent diffesent concentrabions of MN and MMNOX. Column A pepresents the highest concentrabon
(45 mM GA**) fellowed by fivefold serial dilution until the lowest concentra lion, sepresented by the
H column Drata are displayed as a percentage of mean (+50) absorbance (m= 4], 100 15 the mwan
signal of untreated cells (contrals-Cirl).
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4.1 E hqﬂrﬁ on Tumor Site Showed Markedly Higher Fluorescence In Vioo Then Other
Lymph Nodes

The analysis of the in vivo distribution, degradation and elimination rate of polymers
wemne performed on tumor-bearing I:?ﬂf[l.-"f_,ﬂ__ﬂf mice. Animals weme randomized into the
three groups (MM, MMNOX and DOT) after the tumors establishment. Fluorescence signal
was measured repeatedly in several time-points after the injection of the mannan-based
carriers. Data from these measurements showed the distribution of the mannan-based
carriers in lymph nodes after absorption from the i.m. administration.

According to in vivo fluorescence optical imaging of the MN and MNOX groups
(Figure 2), the highest signal issued from the inguinal lymph node next to the tumor and
imjection site (SLN) (Figure 3a, Figure 54a). The signal reached its maximum in both groups
between the 4 and 24hours after injection of MN or MNOX, one order of magnitude higher
in the case of MN-DOTA Gd-IRBO0 (as with all other in vivo fluorescent signals). The sec
ond highest fluorescent signal measured originated from the liver (Figume 3e, Figue 54e),
peaking at around 24 h after the injection of MN or MNOX and then continuously de-
creasing, This signal was again higher in the MM group. The DOT group had always
a fluorescence signal lower than the background fluorescence signal.

(a) by

Figure . Represenlative images of in vive flucoescence from (a) MN and (b MNOX growp. Fluo-
rescent signals from axillary lymph nodes (ALN), ivers (L), tumor sites (T5) and impection sibes (IS)
Imapges show muace thiee days after mtramuscular mgection of (a} MN or (b) MNOX.

We later detected the signal from the axillary lymph node on the tumor site (Figure 3b,
Figume 54b), reaching its maximum 48 h after injection of MNOX {Figure 54b) and 72 h after
imjection of MMN. The lowest fluorescent signal of all the measured lymph nodes issued from
the axillary lymph node at a non-tumor site (Figure 3¢, Figure 54c). However, the peak
fluorescent signal from this lymph node was recorded only 2 h after administration of the
contrast agent, a relatively short time span.
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Figure 3. Quantificabion of fluomescence signals m different bume intervals mvivo. Signals wene
quantified from (a) SLMs {inguinal Iy mph nodes on bumor sike), (b} axillary lymph nodes on tumeor
sibes, (¢} axallary lymiph nedes on non-tumor sates, (d) mgunal ymph nodes on sen-bemos sibes and
() ivers. The multiple one-tailed -test was wsed for statistical evaluation (n=9for MN and n=9
for MNOX). The Auonescent signal s represented as the average radiant eficency (mean = 5D,
pvalues: *** p<0.001, * p< 001 * p<0.05

2.5, Ex Vioe Fluorescence Signal from Internal Organs Decreased Progressivey over Time

Due to the optical signal attenuation in the deeper organs (especially spleen and
kidneys), the bio-distribution of the probes was assessed mome precissly from ex vivo
fluorescence signals (Figure 4, Figure 55) Ex vivo fluomscence signals from all organs
decreased progressively over time (days 1, 3 and 7), with the exceptions of tumors and
axillary and inguinal lymph nodes on tumor sites in the MNOX group. Fluonescence signal
from ex vivo organs was higher for all organs from the MN group with two exceptions-
tumors on day 3 and axillary Iymph nodes on tumor sites on day 7. In these cases,
fluorescence signal was higher in the MNOX group than in the MN group. In the MMNOX
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group, we obsenved lower flucrescence signals, especially from kidneys (Figune 4f), spleens
(Figure 4g) and livers (Figure 4h). However, the trend of gradual decrease of fluorescence
signal ower time was the same as for the MN group. Fluorescent signal from tumors was the
highest on day 1 in the MN group and on day 3 in the MNOX group (Figure 4e), pointing
to the slowing of biodegradation due to POX conjugation. In the MNOX group, thene was
a slight delay in the accumulation of fluorescent probes inside tumors.
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Figure 4. Figure 5. Quanbfcabon of ex vivo fluorescence signals. The fluorescence sagnal was
quantified for (a) SLNs, (b) axillary lymph nodes on tumaor sites, (¢} axallary lymph nodes on non-
tumer sites, (d} nguanal by mph nodes on nen-tumaor sites, (&) tumaors, (F) kadneys, (g) spleens and (h)
hivers. Flusdescent sygnal 18 represented as the average radaant efhaency (mean £ SO} The dulbple
ome-tanled b-lest was wsed for statishical evaluabion (n= 9 for MN and n= 9 for MMNOX).
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{a) k)

Figure 5. Representative coronal ME imapges measured three days after the imection of (a) MM or (b)
BNOX it the right thagh muscle, Leftanguinal lvmph nodes (hln), bemors () and nght mguamal
Iymph nodes (riln) represent sites of polymer accumulabon

26. MRI Results Correlated with Results from In Vivo Fluorescence

As a complementary imaging method providing ne attenuation of the signals in
dependence to the tissue localization, we used a standard and non-invasive method rou-
tinely used both in experimental medicine and clinical practice: 1H-MRI. Focusing on
three anatomical sites-both inguinal lymph nodes and respective tumors (Figure 5-MRI
confirmed the results obtained from fluorescence imaging, namely preferential polymer
accumulation in SLMs, with significantly higher uptake in animals in the MM and MNOX
groups compared to the DOT group (Figure 6). This analysis revealed the highest accu-
mulation in both inguinal ymph nodes in the MN group. The highest accumulation of
mannan-based polymer carriers was observed 4 h after injection in the MN group and
24 h after injection in the MNOX group, comparable to fluorescence results. Although
mannan-based polymer carrier accumulation in tumors was less prominent than in SLNs,
accumulation inside tumors peaked approx. one hour after mannan-based polymer carrier
injection (Figure 6c).
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Figure 6. Cuanbhcation of ME measumements. Eesulls ane presented as the SNE percentage
mean + S0 Measurements pecformed befone application of contrast agents are deemed 100%.
Graphs show results from (a) inguinal lymph nodes on fon-tumor sibes, (b) mguanal rmph
nodes on tumor sibes (SLNz) and (e} tumors The mulbiple one-taled -test was used for stabis-
tical evaluation (n =9 for MN group, n= 9 for MNOX group and n= & for DOT greup), p-valuwes:
tp<00L*p<00L,*p= 005

The imaging efficacy of the lowermolecularweight MN probe was significantly
higher compared to the highe rmolecular-weight MMOX probe (modifying the same man-
nan with polyoxazoline increases the molecular weight of the conjugate). This might
indicate the predominance of the targeting effect of the mannan-DC-SICN receptor interac
tion compared to the less effective solid tumor-targeting EPR effect, as evidenced by the
maolecular weight of the conjugates.

27. Histelogy Did Not Find Any Pathologies in the Internal Organs after the Mannan Polymers
Appiication

Histological analysis was performed in order to exclude pathological changes in the
examined organs after the exposure to the mannan-based polymer carriers and to enable de-
tailed monitoring of the induced tumors. No macroscopic or light-microscopic pathologies
weme observed for any of the investigated organs (Figure 7). Light microscopic examination
revealed the preservation of tissue architecture, with no signs of dystrophic/ degenerative
change, necroinflammmatory activity or fibrosis. No unexpected neoplastic processes
were discernible in the organs examined (Figure 7{A1-A3),(B1-B3),{C1-C3)). Histological
examination of the induced tumors eevealed uncircumscribed masses composed of poorly
differentiated, frankly atypical neoplastic cells with hyperchromatic nuclei, markedly in-
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creased nucleo-cytoplasmic ratios, high mitotic activity, and atypical mitoses. Areas of
coagulative necrosis wene identified within neoplastic tissue.

Figure 7. Repiesentative nstology images. Images repiesent (Al-Ad) organs from MN-treated ammals; (B1-B4) organs
from MMNOX-treated animals; (C1-C4) organs from ammals teeated with gadeterate meglumine The following organs
wee e analy zed: lymph nedes (A1, B1LC1), kadneys (A2 B2.C2), livers (A3 B3,C3) and tumoss (A4, B4,C4). Hematooy lin-eosin
staming; scale bars for AT-A3, B1-B3, C1-C3 represent 100« magmfication, with those for A4, B4 and C4 representing
40 magruficabion

3. Discussion

In this study, we tested a novel versatile platform based on mannan polymers that
is intended for detection of SL.Ns infiltrated by metastasis and for tumor theranostics.
We chose the 4T1 model, which is characterized by SLN infiltrated by metastatic cancer
cells, a very common occurrence in breast cancer Mannan-based polymers wene modified
with imaging probes for subsequent tracking. From a chemical point of view, the mannan-
based probes were found to be stable, providing signals sufficient for both MEI and optical
fluorescence imaging,

Confocal microscopy images showed lower fluorescent signals originating from
MMNOX carriers compared to carriers without polvoxazoline. MN and MNOX both
co-localized with lysosomes to a similar extent; however, the Pearson coefficient of co-
localization was lower in the case of the POX-modified conjugate due to lower intracellular
uptake. The probe modified with POX seemed to exhibit lower endocytosis efficacy than
MN without POX. This may have been caused partly by POX functionalization, which
can hide mannan-based polymer carriers and thus preventing them from actively inter-
acting with DC-5IGN receptors. POX functionalization can also affect the endocytosis
rate. Previous studies focusing on other types of chemical functionalization (dextrin
succinylation [33,34] or PEGylation [42]) have documented similar results.

In ¥vivo multimodal imaging of mice with sy ngeneic tumors confirmed in vitro results
The owverall higher in vivo fluorescence signals of MIN in the lymph nodes and liver most
likely indicates higher accumulation of the polymer without POX. This tallies with our
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hy pothesis and with previous studies which have shown that POX prolongs polymer
circulation time, decreases accumulation in internal organs, and renders polymers less
visible to the immune system [33,34]. Lower accumulation in organs such as the liver,
kidneys and spleen, is beneficial because it diminishes the unwanted effects in off-target
organs. Umn the other hand, a disadvantage of the modification is that the accumulation
is also reduced in tumor and lymph nodes.  Assisted by passive targeting via the EPR
effect, MM offers stronger primary active targeting than MMNOX because of its high affinity
with DC-5IGN receptors. This is of no small importance given that [XC-5I1GN receptors are
present on macrophages, espedially those inside SLNs, the most common site of primary
metastasis. Active targeting of this problematic site is therefore recommended, even at
early stages of tumorigenesis. (ur mannan-based polymer with POX seemed to have less
availability of mannose for DC-SIGN receptors and slightly lower content of [REOMCW.
Further analysis is required to precisely equilibrate the dese of POX in this mannan-based
conjugate to maximize its potential benefits, namely lower accumulation in organs, but still
preserve the strong tumor- and lymph node-targeting properties.

Although polymers were accumulated mostly in SLNs, we also observed accumula-
tion in other lymph nodes. The exfent of accumulation in distant lymph nodes enabled us
to monitor the spreading of our probe through lrmphatic drainage. In accordance with flu-
orescence imaging, MRl measured direct signals from SLMNs without signal contamination
from the injection site and confirmed preferential uptake of mannan-based conjugates in
lymph nodes compared to that offered by the commerdially available MR contrast agent,
gadoterate meglumine.

Ex vivo fluorescence signals from organs (liver, spleen, kidneys) decreased over time
in the case of both mannan-based conjugates, a trend that indicates the gradual degradation
and elimination of our polymer carriers. Degradation and elimination were slower for the
POX probe, a finding that cormesponds with other in vivo studies of natural polysaccharide-
based conjugates [33,34]. Gradual biodegradation and elimination should prove beneficial
characteristics for future clinical applications [43]. However, fluorescence signal activity
in tumor and lymph nodes proved different. The decrease in fluorescence signal was not
continuous for the MNOX group in the case of SLNs, ALMs on tumor sites, or tumors.
Additionally, in both in vive and ex vivoe applications, the fluomescence signal from MN
probes were higher with two exceptions: axillary lymph nodes on tumor sites on day 7 and
tumors on day 3, where MNOX exhibited a higher fluorescence signal. These results may
be due to the effect of POX, namely slower cell uptake, diminished biodegradation and
prolonged circulation time.

Importantly, our results confirm the biocompatibility and non-toxicity of mannan-
based carriers. The MTT assay results conclusively support our hypothesis that mannan-
based polymers are non-toxic even when tested at maximum concentrations. Histological
examination confirmed our mannan-based polymer carriers had no adverse effects on
internal organs. As previously shown, Gd™ can have a negative effect when cleaved
from its structure [44-47]; however, as Gd* was chelated in mannan-based conjugate, its
tonic effect was excluded. Furthermore, Gd** chelates are approved and routinely used
for medical purposes, which suggests that our carriers could be easily implemented in
clinical practice.

The polymers described here might not only serve as a diagnostic aid for tumors and
metastasis but also as a beneficial therapeutic option. In future, drugs might be chemically
incorporated into these polymers to serve as efficient drug delivery systems via local drug
release in response to varicus stimuli (e.g., pH).

4 Materials and Methods
4.1. Chemistry
Mannan-based conjugates were prepared as described in [41]. Briefly, mannan was

maodified in two different ways to obtain conjugate bearing a flucrescent label and a probe
for MRL
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The first approach was focused on the synthesis of polvsaccharide-based conjugate
without polyoxazoline in the structure (Figure 51a). The modification procedure was
started by allylation of commerdal mannan to obtain allvl groups-containing derivative.
It was further reacted with cysteamine via thiol-click reaction introducing primary amino
groups. This primary amino group-containing mannan was then conjugated with M-
by droxysuccdnimide (MHS) esters of infrared dye (IRSECW NHS-ester) and 1,47, 10-
tetraaracyclododecane-1,47, 10-tetraacetic acid (DOTA NHS-ester). Finally, the obtained
product reacted with gadolinium (111} chloride to chelate Gd*, resulting in mannan-based
conjugate with the flucrescence and MR imaging labels, dencted as MN-DOTAGA-TRS00
(in short version-MN).

Synthetic approach for preparation of mannan-based conjugate with grafted poly-
oxazoline chains was analogous to MN-DOTAGA-IRS00 (Figure 51b). A fter dissolution
in anhydrous DMS0), mannan sodium alkexide was reacted with living poly({Z-methyl-2-
oxazoline) chains, obtained by ring-opening cationic polymerization. As allyl bromide was
used for the polymerization of the polyoxazoline, the grafts contained terminal allyl groups
which were then modified in the same way as described above for MMN-DOTA Gd-IRS00.
The polyoxazoline-containing conjugate was denoted as MN-pMeOnwe-DOTA GA-IRSM (in
short version-MNOX).

4.2, Cell Line

For all in vitro and in vivo experiments, 4T1 cells (ATCC® CRL-2539™ Prague, Czech
Eepublic) were used. The cells were incubated under standard conditions (37 °C, 5% C04)
in Koswell Park Memorial Institute (RPMI) 1640 incubation medium without phenol red
supplemented with fetal bovine serum, L-glutamine and penicillin/streptomycin. RPMI
1640 incubation medium was purchased from Giboo® by Life Technologies™ (Waltham,
MaA, USA).

EPMI 1640 incubation medium without phenol red was chosen in order to minimize
background during fluorescent microscopy measurement. Fetal bovine serum that was
added to EPMI 1640 media to final concentration 10% was purchased from Gibeo™ by
LifeTechnologies™. L-Glutamine {stock solution 200 mM) and penicillin/ streptomycin
Istock solution containing 10,000 units of penicillin and 10'mg of streptomycin per 1 mL)
were added to the RPMI 1640 media at a final concentration of 5%. Both L-glutamine and
penicillin/streptomycin were purchased from Sigma-Aldrich Ltd. (Prague, Czech Fepublic).

The FPMI 1640 incubation medium without phenol red supplemented with fetal
bovine serum, L-glutamine and penicillin/streptomydn was used as a medium for all
experiments with 4T1 cell line (confocal microscopy, MTT oy totoxicity assay).

4.3. Confocal Microscopy

The 4T1 cells (0.1 = 108/ ml) wem plated in an &well Nunc™ Lab-Tek™ Il Chambered
Coverglass dish (Thermo Scientific™, Waltham, MaA, USA) with a No. 1.5 borosilicate
glass bottom. In their exponential phase of growth, cells were incubated for 24 h in media
with a 4.5 mM Gd** con-centration of mannan-based polymers. After the incubation
period, cells were washed twice with Hank's balanced salt solution (HBSS, Biosera, Muaille,
France), with fluorescent dyes added in coneentrations according to the producer s manual
(B0-70 nM for Lg,.rsaTraclcer'E Green and 1 pg/ml for Hoechst 33342). Incubation times
were 6 min for T.g,.rs-uTmchzri' Green and 20 min for Hoechst 33,342 [48,49]. All fluorescent
dyes were purchased from Invitrogen™ by Life-Technologies (Prague, Crech Republic).
After incubation, the cells were washed twice with HBSS followed by the addition of RFMI
1640 medium without phenol red. Cells were then measured under a TCS SP8 STED 3
microscope (Leica, Chicago, IL, USA; objective: HC PL APO CS2 100 /1.40 OIL). Images
wene displaved with automatically enhanced contrast and adjusted for brightness using
Image] (version 1.46r, Mational Institutes of Health, Bethesda, MDD, USA).
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4.4 MTT Cwtotoricity Assay

The MTT (3-{4,5-dimethylthiaz ol-2-y1}-2, 5-diphenyltetrazolium bromide) assay was
performed according to a standard protocol [50]. For the cytotowicity test, the 4T1 cell
line (incubated in RPMI 1640 medium without phenol med supplemented with fetal
bovine serum, L-glutamine and penicillin/streptomy cin) was used at a concentration
of LM = 10% /mL. The highest conce ntration of the tested sub-stance (4.5 mM of Gd**) was
used to reflect the optimal concentration for all other in vitro experiments. Fivefold serial
dilution of the initial concentration was used to prepare other samples. A fter 24 h of incw
bation with the mannan-based polymers (MM or MMNOX), cells were washed with HESS
before adding 200 pl. of fresh media, and then incubated for another 5 days. The medium
was removed followed by the addition of the MTT solution (5 mg/ml in EFMI 1640,
250 pl. per well) for & h. The MTT solution was then replaced with dime thyl sulfoxide
(DMS0, 200 ul. per well) and ghycine buffer (30 ul. per well). Absorbance at 570 nm was
immediately measured on the Multi-Mode Reader (Synergy™ 2, BioTek®Instruments, Inc.,
Burlington, VT, USA), with tests performed in tetraplicate. Both MTT and DMSO were
purchased from Sigma-Aldrich, Ltd.

4.5, Animal Model

For all in vivo measurements, female S-week-old BallycfC3H mice were used. With this
animal strain, syngeneic tumors can be induced by injecting 4T1 cells. The animals (pur-
chased from Velaz Ltd., Prague, Czech Republic) were kept under a standard day /night
cycke (12/12 h) and given free aceess to food and water All protocols were approved by
the Ethics Committee of the Institute for Clinical and Experimental Medicine, with all ex-
periments carried out in accordance with European Union Council Directive 2010/63/ELL

4.6. Tumor Induction

4T1 cells were chosen for tumor indudtion. The cell line originates from the mam-
mary gland of Mus musculus (Balb/cfC3H strain), representing an animal stage IV human
breast cancer. These cells allow syngeneic tumor induction in Bal b/aC3H mice and can
form metastases from primary tumors. Additionally, tumors formed from 4T1 cells have
homogeneous regions, which are beneficial for imaging and subsequent quantification.

Tumors were induced in BalbicfC3H mice by an injection of 0.30 £ 0,05 « 10% 4T1
cells suspended in 50 pl. PBS into the right abdominal mammary gland. Cells were
harvested under standard conditions (37 “C, %, C02). On the day of the injection, cells were
trypsinized, centrifuged, counted, diluted in PBS at the desired concentration, and then
injected into the anesthetized animals, which were kept under inhalation anesthesia using
isoflurane (5% for induction, 2% during the surgery).

When tumors reached at least 2 mm in diameter (assessed by MRI), the animals were
divided into three groups: MNOX group-im. administration with MN-pMeOnx-DOTAGD-
IES00 (n = 9); MN group-im. administration with MN-DOTAGd-IRS00 {n= 9); DOT control
group-im. administration with gadoterate meglumine, a clinically approved contrast agent
(n= 6). Gadoterate meglumine was chosen as a control due to its common use in clinical
practice thus the signal mannan-based conjugates could be directly compared to widehy
use contrast agent

The probes (50 ul dose) were injected into the right tight muscle at an 18 mM Gd**
concentration per ml ((L05361 mg IRBOMCW per ml in case of MN or (0.04%32 mg IRS00OCW
perml in case of MNOX). 18 mM Gd* concentration gives signal that is strong enough for
measurement with 4.7 T MK scanner and subsequent analysis.

4.7, Fluorescence Imaging

IVIS® Lumina XR optical imager (PerkinElmer Inc, Waltham, MA, USA) (excitation
filter 745 nm, emission filter 810875 nm) was used for in vivo experiments. The animals
weme scanned (ex posure time: 60 5) at several time points: before, immediately, and then
2,4, 6,24, 48 72 and 168 h after the injection. After fluorescence imaging, animals were
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measured by MRI (except at the 45-h time point). Two animals from each group were
sacrificed on the 1st and 3rd day and five animals on the 7th day after the polymer injection
Fluomescent signals from organs (liver, kidneys, spleen, lymph nodes and tumors) were
also measured to determine level of fluorescence in these sifes.

4.8, Magnetic Resonance Imaging

MEI examination was carried out on a 47 T ME scanner (Bruker BioSpin, Ettlingen,
Germany) using a homemade surface coil. Tl-weighted axial and coronal ME images
of mouse calf muscles and lymph nodes were acquired via standard two-dimensional
rapid acquisition and the melaxation enhancement (RARE) multispin echo sequence using
the following parameters: repetition time TR = 339 ms, effective echo time TE = 12 ms,
turbo factor 2, spatial resclution (116 = 0.16 = 0.,70 mm’, scan time 8 min 40 5. Data were
analyzed and presented as percentages of the signal (from the appropriate lymph node or
tumor mass) to-noise ratio (SNR), with values measured before probe application at 100/,

4.9, Histology

Livers, kidneys, SLNs and tumors wemne analyzed histologically. Two mice from each
group (MM, MNOX and DOT) were randomly chosen for analysis. Mice were sacrificed
by anesthesia overdose 7 days after polymer application. After a thorough macroscopic
inspection, internal organs (kidneys, livers, lymph nodes) as well as tumor tissue were
fived in 4% formaldehyde and routinely processed for histological examination. Sections
{4pm) wem stained with hematoooy lin and eosin (HE) and the Verhoeff-van Gieson protocol
to highlight collagen and elastic fibers.

4.10. Statistical Methods

The K 3.6.2 a language and environment for statistical computing (R Foundation for
Statistical Computing, Vienna, Austria) was used for statistical analysis of MTT assay data
using linear mived-effects model (lmed package). For fluomscence in vivo imaging and
MEI the multiple t-test in GraphPad Prism 8 (GraphPad Softwame, Inc, San Diego, CA,
USA) was used.

5 Conclusions

We showed in this article the diagnostic potential of the mannan-based probes for
SLMs in a relevant fully immunocompetent tumor animal model. The conjugates were
accumulated in vitro inside 4T1 cells and in vivo after intramuscular administration in the
lymph nodes and internal organs of mice. No toxic effects were observed, the conjugates
proved highly biocompatible. The probes were preferentially accumulated in SLNs and
tumors in the same animal model. Fluorescence imaging confirmed the biodegradability of
the probes (with or without POX modification). Considering the promising pofential of
polymer conjugates as a precise and efficient theranostic multimodal imaging modality; the
next step will be to test their application in various anti-cancer drg systems. The bind-
ing with various anti-cancer drugs targeted to specific cancer subtype could overcome
the limitation of the mannan-based probes (targeting to DC-5IGN only), increase their
efficiency and conjugated anti-cancer drugs could benefit from the mannan-based probes
versatility, targeting via EPR effect and possibility of local anti-cancer drug melease in
response to various stimuli (which would depend on the type of conjugation). Therefore,
these combinations could form a very promising various drug delivery systems based on
the mannan copolymer platform which have been presented and described in this article.

Supplementary Materiale: The following afe available onlme, Figure 51: Synthesis paths for man-
nan modification, Figue 52: Representahve confocal micioscopy umages, Figune 53: Change n
fluctescence sagnal 1 vive in bme (fepresatabive scample), Figue 5 Quanbhcabion of m vivo
flucrescence sagnals (all bme pomts), Fgure 55: Representative example of ex vivo flucdesceno:
sagmal on day 3 (after the applicabion of MN/MMNOX)
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