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SUMMARY

Nanoparticles (NPs) have considerable potential in targeted medicine. NPs can merge
various functions and serve as labels for imaging or as nanocarriers in therapy. Modification of
NPs with targeting ligands can lead to highly specific interactions with targeted cancer cells.
However, the efficacy of targeting depends on the ratio between specific and non-specific
interactions of a NP with the cell. Non-specific interactions of NPs are unrelated to targeted
receptors and need to be eliminated in order to decrease background noise during imaging and
adverse effect of drugs on healthy tissues.

In this thesis, surface modifications of NPs were explored mainly on biocompatible
carbon NPs called nanodiamonds (NDs), which have exceptional fluorescent properties such as
long fluorescence lifetime, no photobleaching and photoblinking and sensitivity of their
fluorescence to electric and magnetic field. Main issues addressed in this thesis are low colloidal
stability of NDs in buffers and media, their non-specific interactions with proteins and cells and
limited approaches for ND surface modifications. These issues were solved by coating NDs
with a layer of biocompatible, hydrophilic, and electroneutral poly(ethylene glycol) or poly[N-
(2-hydroxypropyl) methacrylamide] polymers. Optimized polymer coating provided NDs steric
stabilization in concentrated buffers, eliminated non-specific interactions with cells and enabled
further bioorthogonal functionalization of NDs. Modification of NDs was demonstrated using
various targeting ligands. First, NDs were modified with targeting peptide cyclic RGD. These
conjugates showed reasonable targeting effect thanks to the elimination of non-specific
interactions. The specific interactions of NDs with cancer cells were further improved upon
surface modification with transferrin and small-molecule inhibitor of glutamate
carboxypeptidase II.

The developed biocompatible interface of NDs enabled further biomedical applications.
First, NDs with gold layer and polymer coating were shown to efficiently target and kill cancer
cells using photothermal ablation. Second, optical relaxometric nanosensors working under
physiological conditions were created from NDs with polymer layer containing
Gd*"complexes. The chemically programmable structure of the polymer enabled optical
readout of localized chemical processes occurring on an extremely small scale (1022102

mol).

Key words: nanoparticles, nanodiamonds, surface modifications, polymer coating, anti-

fouling, core-shell, cell targeting, biomedical applications
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SOUHRN

Nanocastice maji mnoho pfedpokladi k tomu, aby byly pouzity v cilené medicing.
Mohou zastavat vice funkci najednou a slouzit tak jako zobrazovaci znacky nebo nosice
ucinnych latek pro terapii. Po modifikaci vhodnym cilicim ligandem mohou specificky
interagovat s rakovinnymi bufikami. U¢innost cileni nicmén& zavisi na poméru mezi
specifickou a nespecifickou interakci nanocastic s buiitkami. Nespecifické interakce nanocastic
s buitkami nesouvisi s cilenym receptorem a musi byt odstranény, aby bylo mozné snizit pozadi
zobrazovani, ptipadné snizit Skodlivy efekt 1¢kti na zdravé tkane.

Vtéto praci byly povrchové modifikace nanocastic zkoumany pifedevSim na
biokompatibilnich uhlikovych nanocésticich nanodiamantech, které vykazuji vyjimecné
fluorescen¢ni vlastnosti jako je dlouhda doba zivota fluorescence, fluorescence bez
fotodestrukce (,,photobleaching™) a blikani (,,photoblinking®) a citlivost fluorescence
k elektromagnetickému poli. Hlavnimi nedostatky nanodiamantt, které jsou v této praci feSeny,
jsou nizka koloidni stabilita ¢astic v pufrech a médiich, jejich nespecifické interakce s proteiny
a buitkami a omezené moznosti modifikaci povrchu. Tyto nedostatky byly ptekonany pokrytim
nanodiamantii vrstvou biokompatibilnich, hydrofilnich a elektroneutralnich polymert
poly(etylenglykolu) a poly[ N-(2-hydroxypropyl) metakrylamidu]. Optimalizovand polymerni
vrstva poskytovala ¢asticim stabilizaci v koncentrovanych pufrech, eliminovala nespecifické
interakce s builkami a umoZnila bioortogonalni modifikace cilicimi ligandy. Pro cileni
k rakovinnym bunikdm byly nanodiamanty nejprve modifikovany cyklickym peptidem RGD.
Tyto Castice vykazovaly vyrazny cilici efekt diky eliminaci nespecifickych interakci nanocastic
s bunkkami. Specifickd interakce nanodiamanti s rakovinnymi buiikami byla dale vylepsena po
modifikaci  proteinem transferinem a nizkomolekuldrnim inhibitorem  glutamat
karboxypeptidazy II.

Diky vyvinutému biokompatibilnimu povrchu bylo mozné nanodiamanty vyuZit
v biomedicinskych aplikacich. Nejprve byly nanodiamanty s vrstvou zlata a polymeru pouzity
pro U¢inné cileni a zabiti rakovinnych bun€k pomoci fototermélni ablace. Daéle byly
nanodiamanty s polymerni vrstvou a komplexy s Gd*" ionty pouzity pro vytvoteni optickych
relaxometrickych nanosenzorti pracujicich ve fyziologickych podminkach. Povrchova
struktura nanosenzorti umoznila optické ¢teni lokalizovanych chemickych d&ji s extrémni
citlivosti (10722-1072° mol).

Kli¢ova slova: nanocastice, nanodiamanty, povrchové modifikace, polymerni vrstva, cileni

bun¢k, biomedicinské aplikace
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1. INTRODUCTION

1.1. Nanoparticles for targeted nanomedicine

Optical imaging is a key tool in contemporary biomedicine with emerging applications,
such as cancer diagnosis. Merging diagnostic imaging ability with a therapeutic function results
in a “theranostic” agent. The biggest drawback of the current theranostic techniques is their lack
of specificity and resulting systemic toxicity. Compared with conventional small-molecule
drugs and probes, NPs (NPs) have a prolonged circulation time and stability in blood stream
and can, therefore, increase tumor exposure, resulting in improved treatment effects and lower
systemic toxicity. Merging various functions is a promising direction of diverse NPs (lipid and
polymer based NPs, viral NPs or inorganic NPs) used in biomedicine. (Fernandez-Fernandez
et al., 2011) Inorganic NPs such as gold, silica, magnetic, carbon NPs or quantum dots have
special features such as plasmonic, magnetic or fluorescent properties useful for various
biological applications. NPs can be used as contrast agents for magnetic resonance imaging,
optical and photoacoustic imaging. However, their disadvantage is their colloidal instability in
biological media and abiological origin resulting in a problematic elimination from the
organism. On the other hand, organic NPs such as lipids, polymeric or protein NPs are not
foreign materials, but they lack the added value of special physical properties (e.g. fluorescence,
magnetism) and therefore serve only as carriers. Lipid and polymeric NPs are reaching the
clinical studies most frequently, however gold, iron and silica NPs have been also tested. (Wicki
et al.,, 2015) A few of the NPs have been already approved by the FDA (Food and Drug
Administration) for clinical use. (Bobo et al., 2016)

Cellular uptake of NPs into the tumors is enhanced through inherent nature of passive
targeting (the enhanced permeation and retention — also known as EPR effect) and also possibly
using active targeting. (Prokop and Davidson, 2008) EPR effect is based on a fact that newly
formed tumor blood vessels have large gaps among endothelial cells and NPs can get through
these gaps from blood to tumor tissue. Active targeting is facilitated by targeting molecules
(ligands), which recognizes and binds to targeted moiety via molecular recognition. NPs that
are modified with targeting ligands can specifically recognize only targeted receptors on certain
cells and they interact with other cell types in lower extent (Fig. 1). Targeting molecules can be
covalently attached on the surface of the NPs in high concentration; therefore, avidity to a
targeted moiety is greatly increased, circumventing a low affinity of many ligands. (Prokop and

Davidson, 2008) Convenient NP carriers can carry a large amount of a drug and do not induce
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immune reaction resulting in the prolonged half-life in the blood. Both the prolonged circulating
time in organism and accumulation of carriers in targeted place enhance the effect of the drug
in tumor tissue and enables to use a lower dose of the NP drug carriers having lower adverse

effects on healthy tissues.

/A

Targeting ligand
/ geting lig

»

Fig.1 The overall scheme of targeting using NPs

bearing polyvalent array of targeting ligands,
Nanoparticle which binds to receptor, anchored in cell
membrane. In certain cases, the NP is then
endocytosed. Adapted from (Neburkova et al.,

2018).

1.2. Nanodiamonds

Carbon-based nanomaterials have garnered a great deal of interest over the past three
decades, starting with the fullerenes, carbon nanotubes and graphene and lately more and more
attention is put on carbon nanodots and nanodiamonds (NDs). (Georgakilas et al., 2015) Carbon
NPs differ in hybridization of carbon atoms (sp® or sp’), size and therefore in their
physicochemical properties. In our laboratory, we focus mostly on the NDs.

NDs show low toxicity and are considered to be highly biocompatible carbon NPs; they
are polydisperse in both size and shape (Fig. 2A). There are three main preparation techniques
yielding NDs with distinct properties.

Detonation diamonds (DNDs) are prepared upon detonation of certain explosives
(trinitrotoluene and hexogen) in presence of a non-oxidizing cooling medium. DNDs have small
size of primary grains (2-10 nm), but tend to form clusters (100-200 nm). Thanks to their high
surface to volume ratio, they can adsorb substantial amount of cargoes and are often studied as
drug delivery or transfection agents. (Mochalin et al., 2012) ND particles can be created also
by plasma-assisted chemical vapor deposition (CVD NDs). CVD NDs are grown as
nanocrystalline films of grain size 5 nm to several micrometers and are widely used for
biosensor applications. (Butler and Sumant, 2008). NDs grown in high pressure and high
temperatures conditions (HPHT) form micron-size crystals which can be milled to
approximately 50 nm grains. These HPHT NDs contain nitrogen impurities from preparation

process, which give rise, after proper treatment, to fluorescent nitrogen-vacancy (N-V) centers.
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HPHT NDs are therefore used as cellular labels an nanosensors, enabling bioimaging for
extended time thanks to their exceptional optical properties. (Chang et al., 2008) In our

laboratory, we work almost exclusively with fluorescent HPHT NDs.

1.2.1. Surface chemistry on NDs

After synthesis, the NDs are contaminated with a small amount of various sp carbon
phases. These can be removed by oxidation in air at elevated temperature (510 °C) for several
hours, at which sp? carbon is not yet burned. (Osswald et al., 2006) After this procedure the
surface of NDs is highly heterogeneous, containing carboxyl or hydroxyl groups, ketones,
anhydrides, lactones and other groups present. (Krueger and Lang, 2012) The heterogeneity of
the surface is further reduced using oxidative treatment in mineral acids. (Havlik et al., 2013)
This process produces surface with high fraction of hydroxyls and carboxylic acids. Such
pretreated NDs form stable colloidal solutions in water.

Modifications of these hydroxyl and carboxyl groups on NDs were thoroughly studied.
All the approaches of surface modification require harsh reaction conditions, because the
groups are sterically hindered by close proximity of the surface and the modification efficiency
is generally low. Instead of full conversion, we speak about enrichment of the surface by certain
moieties (hydrogen atoms, halogen atoms or hydroxyl groups). There is a difference between
surface functionalization of NDs according to their origin. DNDs because of their smaller size
(higher surface to volume ratio) and many sp® carbon atoms on the surface are more prone to
the modification and more studied than HPHT NDs. (Krueger and Lang, 2012)

Biomolecules can be attached to the ND surface using both non-covalent and covalent
interaction. For attachment of molecules, usually carboxyl groups are utilized, either for non-
covalent electrostatic interaction or for covalent modification. The carboxylic acids can be
easily converted to active esters, which readily react with amines forming amides. (Zhang et
al., 2009a; Fu et al., 2012) Non-covalent attachment is experimentally easy (NDs are incubated
in the solution along with biomolecules), utilizing adhesion and electrostatic interactions.
However, the conformation of the attached proteins is not under control. Since the attachment
is reversible, there is also the risk of molecule detachment if ND are introduced to the molecules
with higher affinity to the surface. Covalent attachment is experimentally more difficult to
perform, leads to lower yields, however, the point of attachment is fully under control.
Maintaining a proper conformation and molecule orientation can be essential for retaining the
activity of the attached biomolecules. Low coverage of the surface can lead to the lower activity

of the protein, because of many reactivity sites bind to the surface non-specifically and the
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protein conformation is loosen. Blocking of the free space by other non-active protein can be
utilized to create more “crowded” environment. (Nguyen et al., 2007) To retain activity, spacers
between surface and biomolecules are often used. Active site of the biomolecules is then no
longer hindered by surface and the modification yield and reactivity is therefore higher. NDs
can be also modified by synthetic polymers, which will be discussed in chapters related to the
specific applications.

DNDs modified with various molecules were used for further mentioned biological
applications. Immobilization of enzyme trypsin on DNDs was shown to be beneficial. Enzyme
attachment results in long-lasting stability of the enzyme, which enables repeated use and easier
separation from the solution. Catalytic properties of the enzyme can be also improved. (Wei et
al., 2010) Recently, DNDs were identified as one of the most efficient nanomaterial for
enhancing contrast agents. Relaxivity of paramagnetic ions conjugated to the surface is
increased. DNDs coupled with Gd(III) chelators were used to observe tumor differentiation and

growth in Ti-weighted images in vivo in mice. (Rammohan et al., 2016)

1.2.2. Optical properties of NDs

HPHT NDs can host (N-V) centers (Fig. 2B), which emit red fluorescence in the visible
range (Fig. 2C), favorable for optical bioimaging due to low auto-fluorescence of the cell (near
infrared (NIR) window of biological tissues) as well as the better permeation of the longer

wavelengths through the tissue.

(N-v)

S
Fluorescence intensity (a.u.)

H

=

530 580 630 680 730 780 830 880 930
Wavelength (nm)

Fig. 2 (A) Transmission electron microscopy (TEM) image of pristine HPHT NDs. (B) Schematic picture of a (N-
V) center. N is substitutional nitrogen, V is a carbon vacancy. (C) Fluorescent emission spectra of NDs with

maximum in NIR region, (N-V)° and (N-V) are two different electronic transition states of the (N-V) center.

Vacancies are produced by knocking out a carbon atom from the lattice. This can be

achieved using irradiation with high-energy beam of particles (usually electrons, protons or
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helium ions) in cyclotron or microtone. A nitrogen atom is already present instead of a carbon
atom in the crystal lattice as an impurity resulting from a production process. In next step, the
vacancy has to get into close proximity of the nitrogen. This can be done using annealing at
elevated temperatures, when the vacancy gets adjacent to nitrogen atom forming the (N-V)
center. Two different electronic transition states of the (N-V) center exist inside the material:
neutral diamagnetic (N-V)° and negatively charged paramagnetic (N-V) with different
photoluminescence and spin properties. (N-V) centers have a long fluorescence lifetime
(typically in few tens of nanoseconds) and are resistant to photobleaching (irreversible
destruction of a fluorophore in time upon illumination) and photoblinking (reversible changing
of bright and dark state). (Rehor et al., 2016) Fluorescence intensity is dependent on amount of
(N-V) centers and it is thus dramatically higher for larger particles with more centers.
Fluorescence intensity can be adjusted by treatment optimization. (Havlik et al., 2013)
Although the procedure was lately thoroughly optimized, the low intensity of ND fluorescence
is the main drawback of the particles. However, thanks to the extraordinary properties of (N-
V) centers, NDs can be utilized in many biological applications which are not suited for highly
fluorescent toxic quantum dots, photobleachable fluorescent dyes and proteins.

Charged states of (N-V) centers respond to certain chemical processes at ND surface
such as different oxidation states of surface carbons or adsorption of charged molecules. This
effect was used for preparation of optical sensors. Petrakova et al. observed gradual oxidation
of hydrogenation NDs based on the shape of fluorescent spectra. (Petrakova et al., 2011)
Change in shape of fluorescent spectra was observed also after adsorption of charged polymers

on the surface. (Petrakova et al., 2015, 2016)

1.2.2.1.  Optically detected magnetic resonance (ODMR)

The specific electronic structure of (N-V) centers also enables use of NDs as
ultrasensitive magnetic and electric field sensors. (Chipaux et al., 2018) (N-V) center is a three-
level emission system (Fig. 3A); the relaxation from exited state can occur directly to the ground
state or through metastable state with longer emission time. Longer emission time leads to lower
emission efficiency. Both the ground state and the excited state are split to three sublevels with
electronic spin states bearing different magnetic spin levels (ms = 0 and double degenerate ms
=+1). After excitation from the level with ms = 0, relaxation always occurs through a radiative
decay (fluorescence can be observed). Relaxation from the exited ms = +1 state can occur both
by radiative decay with fluorescence or by a transition to metastable state without observable

fluorescence. The fluorescence of (N-V) centers is therefore spin state selective. The energy
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gap between the sublevels m = 0 and m = £ 1 (2.87 GHz) is in microwave region. Applying
microwave field leads to switching between ms = 0 and ms = +1 states (that become
energetically equal) and results in a drop of the fluorescence. This modulation can be adjusted
in a controlled way.

If external magnetic field is present, the spin states ms = =1 are no longer degenerated
(effect called Zeeman splitting). From the position of the lines in the electron paramagnetic
resonance spectra (Fig. 3B,C), external magnetic field can be calculated with high accuracy and
sensitivity. This allows quantifying of external electric and magnetic fields via optically
detected magnetic resonance (ODMR). (Balasubramanian et al., 2008; Hegyi and
Yablonovitch, 2013; Rehor et al., 2016)
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Fig. 3 (A) The electronic energy levels in (N-V) center. Three level system with two possibilities of relaxation
(directly to the ground state or through metastable state resulting in the drop of the fluorescence). The difference
in spectra between situation without (B) and with (C) applied magnetic field, depicted also in yellow rectangle in

A. Adapted from (Schirhagl et al., 2014).

1.2.3. Biocompatibility of NDs

Post-synthetic oxidative procedure results in significant improvement of the
biocompatibility of NDs. Biocompatibility and low toxicity are key properties for using NDs in
biomedical applications. According to the William’s definition, “biocompatibility refers to the
ability of NPs to perform its desired function without eliciting any undesirable local or systemic
effects in the recipient”. “NPs toxicity is related to the ability of particles to adversely affect
normal physiology or interrupt the normal structure of organs or tissues.” (Williams, 2008; Li
et al., 2012) NPs are usually considered to be toxic because of their small size and possibility

to internalize into cells and localize in critically important organelles. The toxicity depends on
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number of features such as purity of the material, surface charge, shape, diameter and many
other parameters. Adverse effects of NPs appear to be concentration dependent and cell-type
dependent. However, NDs after post-synthetic modifications are considered to be
biocompatible and with a very low toxicity, superior to other carbon and inorganic NPs. Highly
ordered and oxidized sp® carbon atoms of HPHT NDs are likely the reason of the low toxicity
compared with other carbon NPs. Many groups studied the toxicity and biocompatibility of
HPHT NDs, usually using colorimetric metabolic assays. The results of the studies are very
positive: none or low cytotoxicity (both short- and long-term) was observed in various types of
assays. Generation of reactive oxygen species, inducing of apoptosis, differentiation or
genotoxicity and adverse change in metabolic activity or proliferation were studied. (Chipaux
et al., 2018)

Relatively few in vivo studies have been carried out on HPHT NDs. (Laan et al., 2018)
A study on Ceanorhabditis elegans has shown no oxidative stress and no change in size or life
length was observed for several days. The introduction of NDs into the worms by either feeding
them with colloidal ND solution or by microinjection influenced the ND distribution. The
distribution was also dependent on the surface modification of the NDs. (Mohan et al., 2010)
Toxicity (including unchanged body weight or water consumption) was not observed in mice
and rats over a 5-month period after intradermal administration. Even multiple injections did
not cause observable toxicological effects. (Vaijayanthimala et al., 2012) Both short- and long-
term biodistribution in organs are also very important parameters to study. HPHT ND after
intratracheal instillation in mice were entrapped predominantly in lung and liver after 28 day
without significant excretion (NDs were barely detectable in urine and feces). Although, no

symptoms of abnormality were observed. (Yuan et al., 2009)

1.2.4. Cellular fate of NDs and bioimaging

HPHT NDs are a promising alternative to already existing fluorescent dyes. Although
the fluorescence intensity is not as high as for quantum dots or organic dyes, emission in near-
infrared region with low autofluorescence enables ND observation under confocal microscope.
Better signal-to-noise ratio can be achieved thanks to the long fluorescence lifetime of NDs.
Short lifetime emitters can be filtrated in time-gated images and only fluorescence of NDs
observed in fluorescence lifetime imaging microscopy. (Faklaris et al., 2008; Kuo et al., 2013)
NDs are utilized for long-term in vitro tracking of single particle because of no photobleaching
and photoblinking. Three-dimensional trajectory of NPs can be tracked over long periods of

time, determining for example cellular entry, localization, diffusion coefficient of the particles
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inside the cells or reveal details about intracellular therapeutic activities. (Chang et al., 2008;
Zhang et al., 2009a; Hui et al., 2017)

NDs enter spontaneously into the cells. The rate of the internalization and internalization
pathway depends on the factors such as size, shape, charge and surface modifications. Small
particles enter to the cell more freely than large aggregates; size and shape also determine the
type of endocytosis involved. (Lee et al., 2013; Vaijayanthimala et al., 2009) Colloidal stability
of the particles is therefore important because of the ability of particles to enter the cell and
provide its function. Charge and surface modification regulate the interactions with
biomolecules (proteins, lipids and polysaccharides) on the cell surface. Presence of the serum
proteins and possibility (or impossibility) of adsorption on ND surface also greatly effects the
interaction. (Vaijayanthimala et al., 2009) The higher uptake of positively charged NPs (due to
the interaction with negatively charged cell membrane) is the reason of higher toxicity of these
particles in contrast to negatively charged NPs. (Marcon et al., 2010)

Many scientists also studied the uptake mechanism. Decrease in NDs internalization
after application of factors such as low temperature and sodium azide (sodium azide inhibits
cytochrome oxidase and leads to energy depletion) suggests the dependence on temperature and
energy and implies active transport pathway. (Faklaris et al., 2009; Vaijayanthimala et al., 2009)
Inhibitors of specific endocytic pathway suggest clathrin-mediated pathway (Fig. 4A). (Faklaris
et al., 2009; Vaijayanthimala et al., 2009)
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Fig. 4 Uptake of the NDs (red fluorescence) to the human adenocarcinoma HeLa cell. (A) NDs incubation with
over 2 hours (1) at 37°C; (2) at 4°C; at 37°C after pretreatment with (3) NaN3 (10 mM); (4) sucrose (0.45 M); (5)
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filipin (5 pg/ml). (B) Co-localization experiment of NDs with (1) green-labeled endosomes; (2) green-labeled

lysosomes. Co-localization appear in yellow in merged figure. Adapted from (Faklaris et al., 2009).

The endocytic pathway can change according to surface modification. Installing of

molecules undergoing caveolae pathway (such as folic acid) on the surface of NDs results in
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internalization by caveolin-mediated pathway. (Zhang et al., 2009a) Macropinocytosis take
place in case of large aggregates of NPs. (Alhaddad et al., 2012; Liu et al., 2009) After
endocytosis, cell membrane is engulfed and NDs are localized mainly in endosomes, which
later fuse to lysosomes. (Alhaddad et al.,, 2012; Faklaris et al., 2009) Co-localization
experiments with various labeled compartments were done to prove the localization (Fig. 4B).

Chu et al. observed liberation from endosomes dependent on the shape of the particles.
Sharp particles were able to escape the endosome by rupturing the endosomal membrane. This
phenomenon was observed more generally, not only for NDs, but also for gold and silica NPs.
(Chu et al., 2014) Ability to escape from endosome and to avoid lysosome capturing is
important for applications with potential in cytoplasm. In case of very small NDs (5-10 nm) the
way of crossing the membrane was found different — a direct crossing. (Faklaris et al., 2009) It
is also important to note, that no NDs were observed in nucleus, indicating no potential adverse
effect on nucleus structure or deoxyribonucleic acid (DNA). (Alhaddad et al., 2012; Faklaris et
al., 2009)

Possibility of long-term bioimaging using NDs revealed many interesting facts.
Positively charged modified NDs were observed to internalize to the cell by endocytosis, to end
up inside vesicles and to be transported from the cytoplasm of one cell to the cytoplasm of
another cell through intracellular communication pathways. (Epperla Chandra Prakash et al.,
2015) NDs were also used for direct monitoring of trafficking processes of transmembrane
signaling cascade. NDs modified with transforming growth factor (TGF) were able to label
endogenous TGF-f receptor and displayed its localization. (Liu Wenliang et al., 2015)

Much more challenging bioimaging in vivo was first shown on small 1 mm long worm
C.elegans. Penetration and localization of NDs was observed by confocal microscope. Non-
changing signal through the embryogenesis implied the possibility of long-term imaging in
vivo. (Mohan et al., 2010) NDs were observed by fluorescent camera also in mammals (rat or
mice) despite high tissue auto-fluorescence and absorption in the bulky bodies. The auto-
fluorescence (emission after excitation upon short wavelength 430 nm) was subtracted from the
signal of ND to increase signal-to-noise ratio. Long-term imaging and tracking in the body was
shown on mice lymph nodes. (Vaijayanthimala et al., 2012) ODMR can be used with advantage
as another method for background-free imaging. Irradiation of the sample with resonance
frequency (in microwave field) results in the drop of the ND fluorescence, while fluorescence

of rest of the sample remain unchanged. This method was used in cell culture studies
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(McGuinness et al., 2011) as well as in more complex models such as in C. elegans and mouse.
(Igarashi et al., 2012)

ODMR measurements can be further exploited to measure temperature in nanoscale,
because spin resonance of (N-V) center is temperature-dependent. (Sotoma et al., 2018)
Difference in temperature was measured also inside living cells. Change in temperature was
measured nearby gold NPs (distance of 200 nm), which were heated upon using a laser. (Kucsko

et al., 2013)

1.2.5. Drug delivery

One of the most important application of NPs is delivery of therapeutic agents (drugs,
toxins or nucleic acids). Small molecule drugs (Laan et al., 2018) or biomolecules toxins (Liu
et al., 2008) were loaded (almost exclusively non-covalently) on the surface of NDs. Up to
now, DNDs were mostly used for the drug delivery because of their smaller size (and larger
surface to volume ratio) and higher loading efficiency. DNDs after modification tend to form
clusters with drug loaded amid the grains. Small molecules such as doxorubicin (an apoptosis-
inducing drug used for chemotherapy), poorly soluble 4-hydroxytamoxifen (an antagonist of
the estrogen receptor in breast tissue) or epirubicin (inhibitor of DNA and ribonucleic acid
(RNA) synthesis used for chemotherapy) were attached to the ND. The efficiency of the drugs
attached to NDs was dramatically increased (Huang et al., 2007; Chen et al., 2009; Moore et
al., 2013).

NDs with attached nucleic acids are promising material for gene therapy. (Chipaux et
al., 2018) NDs proved to be useful as non-viral gene delivery system. Such system has to be
able to penetrate the cell membrane, to escape from endosome and release the nucleic acid for
successful gene expression or gene silencing. (Neuhaus et al., 2016) Both nucleic acids and
oxidized NDs are negatively charged, therefore modification of the surface usually by
positively charged polymer has to take place. All kinds of polyethyleneimines (PEI) or
poly(allylamine) were attached to the surface. It was shown that DNDs with PEI has higher
transfection efficiency than ND-NH; or free PEL. (Zhang et al., 2009b) The transfection and
release of nucleic acids using ND-PEI can be observed thanks to the fluorescence of NDs on
confocal microscope, either for DNA (Petrakova et al., 2016) or antisense RNA (Lukowski et
al., 2018). The polymer type determines the route of entry to the cell and therefore efficiency
of the transfection. The polymer coating not only enables nucleic acid attachment but also
results in positively charge particles easier uptaken to the cells (due to negative charge of the

cell membrane). Comparison of NDs with standard lipofectamine showed similar transfection
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capability with improved cytotoxicity profile of NDs. (Alhaddad et al., 2011, 2012) It should
be also noted that the polymer on the surface of NDs protects nucleic acid against enzymatic
cleavage. It is also possible to build up a polymer directly from surface (more details are in
following chapters). In this way, a cationic polymer from 2-(dimethylamino)ethyl methacrylate
(DMAEMA) was synthetized on the surface. This structure proved to be efficient in transfection
with low cytotoxicity. (Zhang et al., 2011a) Not only positively charged polymers, but also
positively charged peptides (Args or Lysg) exposed on NDs with neutral polymer were able to
form complexes with plasmid DNA through electrostatic interactions. (Zhao et al., 2014a)
Successful transfection of silencing RNA (siRNA) by plasma hydrogenated cationic DNDs
(DNDs with positive charge but without polymer) and subsequent gene silencing was shown in

Ewing sarcoma cell line. (Bertrand et al., 2015)

1.2.6. Cellular targeting of NDs

The major goal of targeted nanomedicine is to prepare NPs modified with molecules
specifically interacting with receptors expressed on the cells and thus enhancing internalization
to these cells. To successfully target, high specific and low non-specific interactions with cells
need to be achieve by control of the surface, colloidal stability, modification suitability and
efficiency. For targeting, HPHT NDs are more used than DNDs due to their fluorescence
properties and possibility to observe the final destination of particles. Various kinds of
molecules were used to modify the ND surface ranging from small molecules such as hormones

or peptides to large proteins and antibodies.

1.2.6.1.  Cellular targeting with proteins

Targeting with a large protein molecule is easier to achieve, because the large molecules
hinder the ND surface. This results in lower non-specific interaction with cells than bare NDs
and therefore in a more efficient targeting. Most commonly used protein for targeting is
transferrin. Transferrin is a non-heme iron-binding glycoprotein, which transports two Fe*" ions
and controls levels of free iron in the body. Transferrin with two Fe*" ions (holo-transferrin) is
internalized to the cells by clathrin-mediated pathway to the early endosome, where the pH is
lower and the Fe*" ions are released to the cytoplasm. Complex of transferrin and transferrin-
receptor is then recycled and removed from the cell by exocytosis. Transferrin is released from
the complex and receptor returns to the cell membrane, where is prepared for internalization of

next holo-transferrin (Fig. 5)
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Fig. 5 Cellular uptake of iron by receptor-mediated endocytosis. Holo-transferrin (Diferric-Tf) is bound to the
receptor and endocyted via clathrin-coated pits. After pH decrease, reduced Fe?" are released and transported by
divalent metal ion transporter 1 (DMT1) to cytoplasm. Receptor-transferrin complex returns to the membrane,

where transferrin without ferric ions (Apo-Tf) is released. Adapted from (Daniels et al., 2006a).

Transferrin receptors are expressed in all cells with nuclei and therefore present on
almost every cell membrane. However, the transferrin receptors are overexpressed in high
extent on cancer cells with high rate of proliferation and metabolic activity. Amount of
transferrin receptors correlate with tumor stage and cancer prognosis. (Li and Qian, 2002;
Daniels et al., 2006b)

NDs modified with transferrin were internalized in the cells in higher manner than NDs
without transferrin and were observed under confocal microscope and using flow cytometry.
The role of transferrin was confirmed by preincubation of the cells with free transferrin, which
blocks the receptors and decrease the internalization of NDs inside the cell. (Li and Zhou, 2010;
Weng et al., 2009; Wang et al., 2014; Weng et al., 2012; Wang et al., 2015; Rehor et al., 2015)
ND-transferrin particles delivered doxorubicin inside the cells (Wang et al., 2014, 2015) and
displayed phototoxicity after irradiation with 532 nm laser. This is the excitation wavelength
for NDs that are able to transform light into thermal heating. (Weng et al., 2012)

Growth hormone receptor is another cell membrane structure with high potential as a
promising target. It can be selectively targeted either by growth hormone (Cheng et al., 2007;
Li et al., 2017) or by monoclonal antibodies against epidermal growth factor receptor. (Zhang
et al., 2011b) Growth hormone modified NDs were tracked using Raman mapping, thanks to
the strong Raman signal of sp® atom in diamond at 1332 ¢cm™'. Growth hormone receptor is

overexpressed in 30% of solid tumors (Zhang et al., 2011b) and the system of growth hormone
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and its receptor is likely to be participated in human colorectal cancer. (Cheng et al., 2007)
However, a change of cell morphology and promotion of cancer cell migration was observed
for HeLa cells during targeting; further investigation of this potential risk is needed. (Li et al.,
2017)

Several toxins, such as chlorotoxin-like peptide BmK-CT and a-bungarotoxin, were
attached on the surface of NDs with the effect of both targeting and killing the cells. The toxins
are targeting the matrix metalloproteases and a-7-nicotinic acetylcholine receptor, respectively.

(Fu et al., 2012; Liu et al., 2008)

1.2.6.2.  Cellular targeting with small molecules

Targeting with small molecules (e.g. vitamins and peptides) has many advantages.
Small molecules are easier to handle, because their stability and conformation is not sensible
as for proteins. In addition, much higher loading of the surface can be achieved and the small
molecule is favorably exposed to the environment. On the other hand, small size molecules do
not cover the surface properly and therefore do not assure colloidal stability and do not shield
the surface from non-specific interactions with cells.

Efficient targeting is ensured by combination of two factors, high specific interaction
with the targeted cells (dependent on choice of the molecule, its interaction with target,
sufficient loading) and low or none non-specific interaction with healthy cells. Only
accomplishment of both factors can lead to significant difference in interaction between cancer
cells and normal cells. Considering that peptides do not lower the non-specific interaction with
the cells, surface has to be first modified with polymers guaranteeing the protection of the
surface. Polymer coating is a very important aspect thoroughly discussed in next chapters. For
now, it should be noted that all NDs discussed in this chapter are coated with polymer, quality
of which influence the efficiency of targeting.

Another commonly used targeting moiety is folate (vitamin B9). The receptor for folate
is overexpressed on human tumor cells due to increased metabolic activity and need of DNA
synthesis. NDs with attached folate were tracked using the inherent ND fluorescence in three

dimensions over more than 5 minutes during endocytosis. (Zhang et al., 2009a) (Fig. 5)
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Fig. 5 (A) Dependence of internalization of polymer-coated ND (blue) and NDs modified with folate (red) on ND
concentration. (B) Bright field image of the HeLa cell with marked red square, where (C) three-dimensional
tracking of single ND modified with folate was observed over a time period of 370 seconds. Adapted from (Zhang
et al., 2009a).

The uptake was inhibited if free folate was pre-incubated with the cells, confirming the
mechanism of binding to the cells. The conversion from clathrin-mediated endocytosis (in case
of only polymer-coated NDs) to caveolae-mediated pathway in case of ND-folate conjugates
was suggested. Increase of the uptake in comparison to non-modified particles was
approximately 12-fold. (Zhang et al., 2009a) Physically adsorbed doxorubicin to ND-folate
conjugate was released in acidic pH environment (present either in tumor environment or inside
of the cells in endosome or lysosome). Toxicity of the doxorubicin-ND-folate conjugate
followed directly the amount of folate receptors on the surface of different cells and was directly
proportional to the time incubated in the cells. (Dong et al., 2015) Mitochondrial localizing
sequence (MLS) attached to the doxorubicin-ND-folate conjugate delivered conjugate not only
across the membrane of cancer cells but also selectively to mitochondria (confirmed by electron
microscopy imaging). Significant toxicity of conjugate was detected in comparison to free
doxorubicin. (Chan et al., 2017)

Two peptides were until now utilized for ND targeting to cancer cells. First, sequence
from antibody against human epidermal growth factor receptor 2 (anti-HER?2), a six-amino acid
peptide (KCCYSL), interacts with HER2 receptor overexpressed on the surface of breast cancer
cells. The degree of overexpression correlates with the aggressiveness of the cancer. Anti-
HER2-ND conjugates were internalized to overexpressing tumor cells in higher manner than in
case of controls (particles without peptides, peptide pretreatment or cells with lower expression
of protein). However, the difference between specific and non-specific interaction was only

approximately 2-fold. The longer residence of this conjugate in the region of HER2-positive
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tumor was observed. The presence of NDs was used in photoacoustic imaging in vivo on mice
tumor model. (Zhang et al., 2015)

The second peptide often used for targeting of NDs is RGD peptide. (Slegerova et al.,
2015; Zhao et al., 2014b, 2014c) RGD sequence occurs in many proteins of extracellular matrix
(such as fibronectin, collagen and others) and specifically interacts with the integrin protein.
Integrin receptors consist of a and B subunits and differ in their structure. avp3 receptor is
overexpressed on cancer cells (e.g. glioblastoma) and in the tumor neovasculature. Interaction
of RGD with integrin can be enhanced by cyclization of the peptide. Zhao et al. observed dose-
dependent internalization to glioblastoma cells overexpressing the integrins over HeLa cells.

Drug cis-platin was attached to the conjugate and released at acidic pH in lysosome two
times faster than in neutral culture media, confirming toxicity of the conjugate. Toxic effect of
the conjugate was not higher in glioblastoma cells than of free cis-platin, however almost none
was observed in control cells (compared with effect of free cis-platin) and for conjugate without
RGD peptide modification. This emphasize the importance of targeted drug delivery. (Zhao et
al., 2014b) Similar phenomenon was observed for DNDs with the same surface structure
(doxorubicin was used instead of cis-platin in this study). Importance of evading the

macrophage system was also highlighted and demonstrated in the study. (Zhao et al., 2014c¢)

1.2.7. Polymeric shells on NDs

Although NDs showed to be biocompatible material convenient for biological
applications such as bioimaging, targeting or drug delivery, better control of ND surface and
properties related to the surface is needed. Limitations of NDs are i) colloidal stability in
biological media and buffers, ii) limited modification yields with biomolecules caused by steric
hindrance of the surface, iii) adsorption of proteins to the surface causing non-specific
interactions with cell surface. Addressing these limitations can broaden ND scope of biological
applications and improve their effect. The often and successfully used solution to these

problems is a polymer layer unchanging spectral properties of NDs, as further discussed below.

1.2.7.1.  Colloidal stability of NDs
Size, composition and chemical groups on the surface determine NPs colloidal stability.
Generally, larger particles are less colloidally stable than smaller ones and the stability of NPs
increases with increasing surface charge. The charge of the particles is reflected by parameter
called zeta potential. NPs with zeta potential higher than 30 mV and lower than -30 mV are

considered to be stable thanks to the repulsive Coulomb forces stabilizing such colloidal
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dispersion. Oxidized NDs have zeta potential approximately - 40 mV, which makes them stable
in water. (Rehor et al., 2016) Although for biological applications, stability has to be ensured
in the solutions with electrolytes. Electrolytes disturb the equilibrium between repulsive
Coulomb forces and attractive van der Waals forces. Disruption of this equilibrium results in
compression of the electrostatic double layer and leads to aggregation of the NPs. (Edwards
and Williams, 2004) Instability in solutions of electrolytes is a common feature for all inorganic
NPs. Biopolymer coating provides steric stabilization of NPs and prevents close contact of NPs
and subsequent aggregation. Usually, proteins and synthetic polymers are used to coat NPs.
Proteins adsorbed on NDs from the serum improve particle stability, prevent formation of
aggregates and facilitate cell uptake. This simple approach helps in some of biological
applications, although for majority of them protein coating is unfavorable and dense layer of

synthetic polymer has to be grown on NDs.

1.2.7.2.  Efficient modification of NDs with biomolecules

As already mention above in chapter 1.2.1, direct modification of the surface groups
(either alcohols or carboxyl groups) is problematic. Groups are in close proximity to the surface,
which hinders them from further reactions and enables only low yields under harsh conditions.
Another problem concerning large biomolecules is retaining their activity and function.
Proteins have usually one interaction site that can be unfavorably oriented to the ND surface
and therefore not accessible to the surrounding. Flexible linkers between the surface and
biomolecule can enable movement of the biomolecule and can enhance biomolecule efficiency.
Layer of hydrophilic flexible polymer fulfills this requirement and enhance both biomolecule
modification yield and its functionality.

Furthermore, only carboxylic acids and hydroxyl groups are present on oxidized NDs
in higher extent, which limits surface modification with biomolecules to amide coupling or
esterification. On the other hand, first modification of NDs with synthetic polymers results in
diverse modifications with a wide variety of moieties with tunable reactivity. For example,
bioorthogonal reactions ensures specificity without using protecting groups. Among others,
azide-alkyne cycloaddition catalyzed by Cu(]) ions, designated as “click” reaction, enables high
yield for large substrates, is experimentally simple and can be done with high efficacy in mild

conditions in an aqueous environment. (Lallana et al., 2012)
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1.2.7.3.  Non-specific interaction of NDs with proteins and cells

NDs favorably adsorb proteins from the solution. (Hemelaar et al., 2017) For some
applications, non-specific adsorption is advantageous; however, for other biological
applications it causes inconveniences. Proteins create on the surface of NDs “protein corona”,
which completely change surface properties and influence the uptake pathway. (Lynch and
Dawson, 2008) The “protein corona” consist of inner layer (the hard corona), which exchange
very slowly, and outer layer (the soft corona) with freely exchanging proteins. Due to the hard
corona’s long lifetime, NDs interacts with surroundings via the protein surface layer as
inseparable part. Moreover, if NDs are first modified with a molecule and further introduced to
the serum proteins, “protein corona” shield the molecule attached to the surface and decrease
its interactions with target. Cell membranes expose many protein structures that can interact
with NDs. After exposition of NDs to the cells, NDs are spontaneously uptaken. “Protein
corona” also helps NDs to be internalized, because ND surface exhibits familiar proteins (Fig.

6). (Hemelaar et al., 2017)
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Fig. 6 (A) NDs are covered with proteins in serum-containing media, which facilitate the uptake in the cell. (B)

Polymer-coated NDs do not interact with proteins and cell membranes and remain intact outside of the cell.

This is also the reason why simple protein coating is unsatisfactory solution for
achieving colloidal stability of NDs. Spontaneous internalization is unacceptable for
applications such as cell targeting and needs to be eliminated. NDs first has to be shielded from
any interaction with cells and then modified with targeting molecule enhancing only interaction
to targeted cells. Neutral hydrophilic dense polymeric shells create “stealth” coating with
antifouling effect. Proper polymer coating should reduce recognition of NDs by immune
system. Avoiding the immune response prolongs the circulation time, which is key requirement

for in vivo applications. (Cigler et al., 2017; Neburkova et al., 2017)
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1.2.7.4.  Classification of coating polymers

Polymers for preparation of antifouling layers should meet certain criteria such as
biocompatibility, hydrophilicity, neutral charge (optimally) or negative charge (alternatively).
Usually, poly(ethyleneglycol) (PEG) or its derivatives are used. Terminal hydroxyl groups of
the PEG can be enzymatically oxidized to aldehydes, which further reacts with biomolecule
amines. This adverse effect can be bypassed by using methoxy-derivatives of PEG such as
poly[PEG methyl ether methacrylate] (PPEGMA). Immune reaction to PEGylated NPs was
recently reported. This is known as “PEG dilemma”. Therefore, demand for other types of
polymers raised. Polymers should share convenient properties of PEG, but lack the unfavorable
ones. Lately, polymers based on polyglycerol (PG), polyoxazolines or methacrylate derivatives
were used for NP coating. (Amoozgar and Yeo, 2012) PG is more hydrophilic than PEG and
less susceptible to oxidation. Thanks to its hyperbranched structure, PG cover NPs very
efficiently. Poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA) is hydrophilic, non-

immunogenic polymer with functionalizable side chains enabling further modifications.

1.2.7.5. Attachment method

Similarly to any other modification, surface of NPs can be modified with polymers using
non-covalent interaction or covalent interaction (Fig. 7A). Non-covalent interactions of
negatively charged NDs mediated through electrostatic interactions or hydrophobic interactions
can be utilized for either positively charged polymers (useful for gene delivery, not for “stealth”
coating) or for block copolymers. Polymers spontaneously adsorb on the surface, similarly to
proteins, if their interaction with surface is more favorable than with solvent. (Netz and
Andelman, 2003) Positively charged polymers stabilize the particles in buffers thanks to both
steric and charge stabilization. However, as the whole chain have the affinity to the surface,
potential problem arise if mixing NDs with the polymer in the solution. One polymer can bind
to more ND particles and cause aggregation from the solution. This can be prevented by slowly
adding NDs to the polymer solution, usually during sonication in a bath. (Alhaddad et al., 2012)
In case of block copolymers, hydrophobic interaction of one part of the polymer occur with ND
surface, the rest of the polymer (usually the hydrophilic part) is exposed to the solution.

Covalent modifications are used typically for neutral hydrophilic polymers. Preparation
of the polymer first in the solution, its characterization and then attachment by the end-
functionality to the surface of ND is called “grafting to” method (Fig. 7A). “Grafting to” method
is experimentally easier and various end-functionalized polymers (usually PEG) are accessible.

Usually carboxyl groups on the ND surface react in amide coupling with N-hydroxysuccinimide
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(NHS-ester) on PEG. Density of the polymer chains on the surface is limited. First, the
reactivity of the groups on the surface is reduced, second, the polymer chain is large molecule
and the reaction between two large moieties is less efficient. Moreover, polymer chain with its
end-functionality has to diffuse to the surface reactive groups through the existing polymer
layer. This difficulty of reaching the surface also decreases the yield of reaction. Alternatively,
polymers can grow directly on the surface of NDs from monomers in “grafting from” method
(Fig. 7A). Only synthetic polymers can be attached by this method to the surface. Without steric
hindrance of the polymer chains, the efficiency of coating by this method is high. Monomers
are much smaller and therefore diffuse to the surface much easier and the layer is prepared in
more uniform way. (Cigler et al., 2017; Neburkova et al., 2017) Common strategy living radical
polymerization prevents termination of the reaction. For this method, surface needs to be first
modified with initiator of the polymerization. For atom transfer radical polymerization (ATRP),
halide-terminated NDs are needed. RAFT agents need to be installed on NDs for reversible
addition-fragmentation chain transfer (RAFT) polymerization. RAFT polymerization does not
require use of metal catalysts as ATRP and use azobis(isobutyronitrile) (AIBN) as an initiator.
Conventional radical polymerization reactions were also employed to coat NDs in polymer.
These polymerizations are sensitive to oxygen species, which terminate the reaction. PG is

grown by non-radical ring-opening polymerization that results in hyperbranched structure.
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Fig. 7 (A) Various approaches of coating polymers on surface of ND: electrostatic, covalent or hydrophobic
interaction. Covalent grafting can be done by either “grafting to” or “grafting from” approach. (B) Different

conformation of polymer coils upon surface immobilization (more dense brush, more sparsely attached

mushroom conformation). Adapted from (Neburkova et al., 2017).
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Density of polymer coating is crucial parameter alongside with polymer type. Polymer
coils installed sparsely on the surface in “mushroom” conformation do not provide as good
“stealth” properties as dense polymer coating in “brush” conformation (Fig. 7B). “Grafting to”
is considered to be a method ensuring stability in buffers, enabling further modifications, but
less effective in shielding non-specific interaction. Best results in reducing non-specific

interactions were shown on polymers created by “grafting from” method.

1.2.7.6. Examples of ND coating with polymers

Interesting compromise between protein and polymer coating was shown by Wu et al.
(Wu et al., 2015) Simplicity of non-covalent adsorption of protein to NDs with better coating
properties of neutral hydrophilic PEG was combined in coating NDs with albumin-derived
copolymer. Albumin was first PEGylated, and then unfolded and functionalized by amine
moieties to increase adsorption efficiency to negatively charged oxidized NDs through non-
specific interaction. NDs were colloidally stable (in 1 M NaCl solution and across a broad pH
range), internalized and tracked throughout the cells. Doxorubicin was linked to the conjugate
by acid-cleavable linker a released inside cancer cells. (Wu et al., 2015) PEG polymers are
installed on NDs covalently by “grafting to” approach. Marcon et al. coated NDs with Zonyl
polymer (block copolymer based on a perfluoroalkyl chains and PEG chains). Zonyl polymer,
modified with alkyne groups, reacted with azide-modified NDs. This coating enhanced particle
stability in buffers such as phosphate-buffered saline (PBS) and reduced protein adsorption of
bovine serum albumin (BSA) by 30%. (Marcon et al., 2011)

For targeting experiments, NDs are usually coated with polymer, particularly PEG.
However, NDs modified with proteins as targeting ligands were except few cases (Rehor et al.,
2015; Wang et al., 2014) not modified with polymer. Particles are stable thanks to the protein
stabilization; therefore, more stabilization seems to be redundant. However, proper PEG
coating enhance antifouling properties of the particles and is thus beneficial. In case of
transferrin-coated NDs, PEG did not help to improve the efficiency of the targeting as was not
dense enough to decrease non-specific interactions. However, no direct comparison of particles
with and without PEG was performed. Either optimization of surface coating would be needed,
or changing the polymerization procedure to “grafting from”. Polymer is always use to coat
NDs with small-molecule targets. NDs are first modified on activated carboxylic acids using
amidic coupling with PEG-amine to enhance stabilization and decrease non-specific
interactions and then modified with folate or HER2 peptide. (Chan et al., 2017; Dong et al.,
2015; Zhang et al., 2009a, 2015) Colloidal stability of the particles was improved, however
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proper coating to almost eliminate the non-specific interaction was achieved only by (Zhang et
al., 2009a). Specific interaction of ND-folate particles with HeLa cells in presence of medium
with serum was 12-fold higher than of non-targeted NDs. This has been one of the highest
differences between specific and non-specific interaction in case of ND.

Various types of radical polymerizations were used for methacrylate derivative
polymers. Hydrophilic poly(methacrylic acid) (PMAA) brushes were first attached to the DNDs
by Li et al. by ATRP polymerization. First, hydrophobic poly(tert-butyl methacrylate) was
introduced to the surface, subsequently hydrolyzed by acids to hydrophilic polymer, modifiable
by protein. (Li et al., 2006) RAFT polymerization was applied to polymerize DNDs with
PPEGMA and initiator AIBN. Together with PPEGMA polymer, monomer displaying
macromolecular ligands able to form complex with cisplatin drug was co-polymerized to the
layer and NDs with loaded drugs were delivered into tumor cells. (Huynh et al., 2013) The ratio
of polymers was evaluated by thermogravimetric analysis (TGA), method used very often for
evaluation of content of polymer in ND sample. TGA determines the weight ratio of polymer
(that degrades above 200°C) and ND (oxidized around 600°C) as a loss during temperature
increase. (Zhao et al., 2011)

Non-radical ring-opening polymerization of glycidol was used for preparation of dense
polymeric layer on NDs. (Zhao et al., 2011) NDs were colloidally stable with antifouling
properties and were modified using biorthogonal reactions (azide-alkyne cycloaddition
catalyzed by Cu(I) ions). (Zhao et al., 2014b) The content of hyperbranched polyglycerol layer
was determined by TGA as high (40:60, PG:ND ratio). Fluorescent NDs were further modified
with RGD peptide and targeted to cancer cells. Non-specific interaction of non-targeted NDs
was very low, non-distinguishable from the control of cells only (Fig. 8). This has been the best
result in effort of reducing non-specific interactions. In general, the potential of particles
without non-specific interaction is enormous as the low specific interaction can be greatly

enhanced by optimization of targeting ligand.
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Fig. 8 Targeting of fluorescent NDs (fND), polyglycerol-coated fNDs (fND-PG), fND-PG modified with RGD
(fND-PG-RGD) to two different cell lines, (A) integrin receptor overexpressing human glioblastoma U-87 MG
cell line, (B) non-cancerous HeLa cells. Non-coated fND is highly spontaneously internalized, coating with
polymer (fND-PG) eliminates the interaction with both cells. fND-PG-RGD particles are internalized dependent
on the amount of integrin receptors on the cells. Adapted from (Zhao et al., 2014b).
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2. AIMS OF THE THESIS

The objective of the thesis was to improve surface properties of NPs and show their potential

in biomedical applications, such as in targeting NPs specifically inside tumor cells. The central

hypothesis was to reveal if proper surface design leads to principal and significant reduction of

non-specific interactions and therefore improvement of specific interactions with cancer cells.

For confirmation of this hypothesis, these specific aims were proposed:

Hypothesis: Does polymer coating enhance the colloidal stability of NDs?
Experimental approach: To prepare ND particles, modify their surface with hydrophilic
biocompatible polymer coating and characterize their colloidal behavior.

Hypothesis: Does colloidal stability of NPs with polymer shell depend on
polymerization method and type of the polymer?

Experimental approach: To prepare polymer layer on NDs from various polymers by
different approaches, measure colloidal stability and non-specific interactions of NDs
with proteins and cells and optimize the density of polymer coating.

Hypothesis: Does biorthogonal reactions increase surface modification yield, provide
controllable way of attachment, and enhance the activity of molecules on the surface?
Experimental approach: To examine surface biorthogonal modifications of various
ligands from small molecules to proteins and find the most efficient reaction and
conditions.

Hypothesis: Is it possible to target efficiently cancer cells using NDs with attached
targeting ligands?

Experimental approach: To attach various targeting ligands on the surface of NDs and
evaluate and compare targeting efficiency of individual systems.

Hypothesis: Is targeting efficiency of the particles influenced by properties such as size,
shape, composition and surface modification?

Experimental approach: To prepare and modify diverse NPs (bioorganic monodisperse
virus-like particles, polymeric nanoparticles, polymer-coated NDs) and compare their
efficiency of targeting cancer cells with NDs.

Hypothesis: Are NDs with optimized surface properties useful for bioapplications?
Experimental approach: To explore applications of NDs such as photothermal ablation

as therapeutic approach and preparation of ND-based nanosensors.
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3. METHODS

This chapter summarizes methods used in this PhD thesis. Detailed information is
described in related publications. My work (specified in chapter: My contribution to the
publications) was done at Institute of Organic Chemistry and Biochemistry of the CAS, Czech
Republic. Within this PhD thesis, we established collaborations with several laboratories, the
most important are mentioned as follows. NDs were irradiated to become fluorescent at Nuclear
Physics Institute of the CAS, Czech Republic. Synthesis of monomers for surface
functionalization was provided by Institute of Macromolecular Chemistry of AS CR, Czech
Republic. High-resolution transmission electron microscopy was performed at EMAT,
University of Antwerp, Belgium. Thermogravimetry was measured in service laboratory at
University of Chemistry and Technology, Czech Republic. Collaboration with Faculty of
Science, Department of Genetics and Microbiology, Charles University, Czech Republic,
concerns projects related with virus-like NPs. Gd*" complexes were synthetized at Faculty of
Science, Department of Inorganic Chemistry, Charles University, Czech Republic.
Measurements of 77 relaxation time were done in collaboration with 3. Physikalisches Institut,
Universitét Stuttgart, Germany.

Methods used in this thesis were as follows:

Synthetic methods:
Modification of NP surface by silica, preparation of gold shell, polymerization of synthetic
monomers on the surface of NPs, modification of NPs with various structures (e.g. fluorescent

dyes, peptides, proteins), modification of glycosylic chains of protein transferrin.

Molecular biology methods:
Transformation of E.coli cells with plasmid, recombinant expression of virus-like particles in

E.coli, 1solation of protein from the cell and purification.

Characterizations:

Measuring of dynamic light scattering (DLS) and zeta potential of NPs, measuring of absorption
and fluorescent spectra, transmission electron microscopy (TEM), TGA, measurement of
surface plasmon resonance (SPR), measurement of inhibition constants in enzymatic assay,

sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) of modified
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transferrin, measurement of inductively-coupled plasma mass spectrometry (ICP-MS),

measurement of 7 relaxation time.

In vitro experiments:
Cell culturing, incubation of NPs in the cells, measuring of metabolic biocompatible assays,

flow cytometry, confocal microscopy, laser ablation.

Statistical methods:

For flow cytometry and viability experiments, statistical methods were utilized. Results were
measured at least in triplicates or in monoplicates in three independent measurements. The
results were evaluated by different statistic methods according to the suitability of the chosen

measurements (student’s t-test, one-way ANOVA, two-way ANOVA).
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4. SUMMARY OF THE RESULTS

During my PhD studies, I have co-authored ten publications in peer-reviewed journals
and prepared three manuscripts waiting for either acceptance or submission. Seven of these
publications are part of this thesis, chronological list of all of my publications (including book
chapters) can be found at the end of the thesis.

In this thesis, surface modifications and biological applications of NDs were thoroughly
studied. NDs need to be first modified with neutral hydrophilic biocompatible polymer to
become colloidally stable and without non-specific interactions towards proteins and cells.
Initially, we prepared NDs with PEG coating “grafted to” the surface (Publication 1, (Rehor et
al., 2014a)). Although this coating ensures colloidal stability and enables further modifications,
non-specific interactions with protein are reduced, but not eliminated. Therefore, we prepared
NDs with PHPMA polymer coating using “grafting from” procedure, which creates denser
polymeric layer eliminating non-specific interactions. (Publication 2, (Rehor et al., 2014b))

Possibility of targeting cancer cells was shown with RGD peptide attached to the
surface. (Publication 3, (Slegerova et al., 2015)). Interaction of ND-RGD conjugate with
integrin receptors overexpressed on cancer cells was 8-times higher than in case of controls.
We focused further on improvement of the specific interaction and attached to NDs protein
transferrin (ND-Tf). ND-Tf'showed 175-times higher specific interaction than non-specific one.
(Publication 4, (Neburkova et al., submitted)). Disadvantage of transferrin receptor is its
presence on non-cancerous cells although in much lower extent. More tissue-specific system is
therefore needed. Transmembrane protease glutamate carboxypeptidase (GCPII) is expressed
only in few types of tissues and was used as a target for GCPII inhibitor-modified NDs (ND-
inh). Interaction of ND-inh with GCPII expressing cells was 75-times higher than non-specific.
(Publication S, (Neburkova et al., 2018))

NDs with proper surface modifications can be used for biological applications. NDs
with gold shells were used as opto-thermal convertors transforming laser light to heat. This
effect was used for highly effective killing of cancer cells. (Publication 6, (Rehor et al., 2015))
(N-V) centers in NDs are able to sense presence of spin labels in the vicinity of ND surface.
NDs with Gd** complexes attached via cleavable bond were synthetized. Measurable release of
Gd>" can be initiated by decrease of pH or increase of glutathione concentration, conditions

present upon uptake into the cell. (Publication 7, (Rendler et al., 2017)
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Publication 1: Fluorescent Nanodiamonds Embedded in Biocompatible Translucent
Shells

Ivan Rehor, Jitka Slegerova, Jan Kucka, Vladimir Proks, Vladimira Petrakova, Marie-Pierre

Adam, Francois Treussart, Stuart Turner, Sara Bals, Pavel Sacha, Miroslav Ledvina, Amy M.

Wen, Nicole F. Steinmetz, and Petr Cigler

ND, promising material for biological applications, is not colloidally stable in biological
environment. This is the major disadvantage, which needs to be addressed. Low yields of
surface direct modifications and high polydispersity of particles (in both size and shape) are
other problematic features.

We prepared multiple-layer structure on NDs (Fig. 9A), which improves NDs colloidal
properties and behavior in solution, however it does not change the fluorescent properties of

NDs.

A
1. PVP APS, BTSE
—_— = —_—
2. TEOS
ND1 ND2 ND3
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THPTA
NHS-PEG Na ascorbate
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EEDQ, DMAP aminoguanidine
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ND4

Fig 9. (A) The scheme of preparation of the multi-layer structure on NDs. ND is coated wih thick silica shell
(pink), thin crosslinked aminopropyl-silica shell (violet), and PEG layer (dark violet). Condition of “click” reaction
with azide-modified ligand are depicted. (B) TEM image of sharp non-coated NDs. (C) TEM image of near-

spherical amino-silica coated NDs.

First, we coated NDs with cross-linked thick shell of silica. This reaction proceeds in
three steps. First, NDs are mixed with polymer polyvinylpyrrolidone ensuring stability of the
particles in Stober conditions during silica shell growth (ethanol with ammonia). A silica shell

layer from tetraecthoxysilane (TEOS) is then grown, followed by growth of crosslinked amino-
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functionalized layer ensuring the stability against hydrolysis. Silica shell modified with amino
groups serves as a platform for further modifications and changes the shape of NDs from sharp
NPs (Fig. 9B) to monodisperse near-spherical NPs with ND core (Fig. 9C). Flexible hydrophilic
polymer (NHS-PEG-alkyne) was grafted to the surface. Alkyne moiety was further reacted in
“click” reaction with either azide modified fluorogenic dye (coumarin) or radioactively labeled
peptide (RGDS). Approximate load of small molecules on NDs was 8 pumol/g ND, which
provides after recalculation using simple spherical model approximately 2000 molecules on
each particle.

NDs were stable in PBS and even in 1 M NaCl and in wide range of pH (2-10). PEG-
coated NDs, stable in PBS, were internalized in human prostate adenocarcinoma cells (LNCaP).
Non-coated NDs aggregated upon introduction to PBS and as their size was increased to large
aggregates, which were bound to the cell membrane without internalization (Fig. 10).
Introduction of non-coated NDs to serum-containing media helps the stabilization. Adsorption

of proteins from serum to the NDs protects NDs from immediate aggregation and promotes

their internalization toward the cells.

FND DIC+FND

ND4

Fig. 10 Confocal microscopy images of PEGylated aminosilica-coated NDs (ND4) and non-coated NDs (ND1).
Particles were pre-incubated in PBS before adding to the LNCaP cells. In the first row, image of ND fluorescence
in false colors is present. The second column shows merged ND fluorescence and differential interference contrast

(DIC).
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Publication 2: Fluorescent Nanodiamonds with Bioorthogonally Reactive Protein-
Resistant Polymeric Coatings

Ivan Rehor, Hana Mackova, Sergey K. Filippov, Jan Kucka, Vladimir Proks, Jitka Slegerova,

Stuart Turner, Gustaaf Van Tendeloo, Miroslav Ledvina, Martin Hruby, and Petr Cigler

Improvement of colloidal stability of NDs is key requirement, however also non-
specific interactions of NDs with proteins and cells need to be eliminated. In this paper, we
present a new polymerization method on NDs not only ensuring NDs colloidal stability and
enabling further surface modifications, but also decreasing non-specific interactions with
proteins to minimum. The photoluminescence properties of NDs remain unchanged after
polymer coating.

We coated NDs with ultrathin silica layer, which had less than 1 nm (indistinguishable
on TEM, detectable by infrared spectroscopy). This layer consist of TEOS and 3-
(trimethoxysilyl)propyl methacrylate mixture, grown under Stober conditions (NDs first need
to be stabilized). Methacrylate groups attached to the silica layer further reacted with monomer
N-(2-hydroxypropyl)methacrylamide (HPMA) in radical polymerization. This radical
polymerization proceeding directly on the surface (“grafting from” procedure) and initiated by
AIBN leads to the growth of dense polymer layer of PHPMA (Fig. 11A). This layer is visible
under high-resolution TEM and is thick few nanometers (2 to 5 nm) (Fig. 11B, C). From

thermogravimetry, approximately 9% of the total mass of the prepared material was polymer.

Fig. 11 (A) Scheme of polymer-coated NDs. NDs are first modified with thin silica layer, from which PHPMA
with chains grow. Small portion of HPMA monomer was replaced by propargylacrylamide introducing alkyne
moieties in the structure. (B) High resolution TEM image of polymer-coated NDs with few nanometers thick

polymer layer. (C) area indicated in (B) in white rectangle.
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A small portion of the HPMA monomer can be replaced by another monomer. In this
work, either propargylacrylamide or 3-(azidopropyl)methacrylamide were mixed with the
HPMA monomer and alkyne or azide moieties, respectively, were introduced to the polymer
structure. Possibility of NDs modification using “click” reaction was confirmed with
fluorogenic probe coumarin-azide, which becomes fluorescent only after reaction. The loading
efficiency of the “click” reaction (evaluated by reaction with azide-modified AlexaFluor 488
fluorescent dye and radioactive RGDS peptide) was found to be approximately in the range of
tens of micromoles per gram of NDs.

Colloidal stability of NDs was verified in typical cell biology buffers (0.1 M PBS, 2-
(N-morpholino)ethanesulfonic acid (MES), and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)). NDs were stable in a wide range of pH, with lower
stability in strongly acidic conditions (pH 3). Adsorption of BSA was reduced four-fold in

comparison to non-coated NDs.
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Publication 3: Designing the nanobiointerface of fluorescent nanodiamonds: highly
selective targeting of glioma cancer cells

Jitka Slegerova, Miroslav Hajek, Ivan Rehor, Frantisek Sedlak, Jan Stursa, Martin Hruby and

Petr Cigler

Coating NDs in hydrophilic dense polymer layer and optimization of the surface is
crucial condition for successful biological applications such as cancer cells targeting. In this
publication, polymer layer was optimized to eliminate non-specific interactions. NDs were
further modified with cyclic peptide RGD, ligand targeting integrin receptors on cancer cells.

Polymer-coated NDs (with alkyne moieties) were prepared as described in previous
publication with slightly different procedure conditions. Radical polymerization was performed
in more viscous DMSO instead of ethanol, volume of the reaction was 7.5-fold decreased, the
polymerization temperature was decreased and time was prolonged to 3 days. The change of
the conditions leads to longer polymeric chains and better surface protection. NDs’ colloidal
stability improved from previously described 0.15 M NaCl to even 1 M NacCl.

NDs were modified stepwise with Alexa Fluor 488-azide (because of flow cytometry
measurement) and cyclic RGD-azide using “click” reaction (Fig. 12). Low molar excess of
fluorescent dye results in substitution of only small fraction of alkyne moieties on the polymer

and enables subsequent modification with targeting ligand.

Fig. 12 Scheme of the ND surface modification. NDs are first modified with silica layer and subsequently with
copolymer of PHPMA and propargylacrylamide. Polymer-coated NDs were modified with Alexa Fluor 488-azide
and cyclicRGD-azide (cRGD).

We tested toxicity of the particles by cell viability assay quantifying level of adenosine
triphosphate (ATP) (CellTiter-Glo®). Viability of the cells was not reduced by adding NDs

46



(Fig. 13A). Interaction of ND particles with cells was measured by flow cytometry (Fig. 13B)
and confocal microscopy (Fig. 13C).
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Fig. 13 (A) Cell viability of U-87 MG cells after addition of either free cyclic RGD, fluorescent ND conjugates
(fluorescent ND with cyclic RGD (FND-cRGD) or without cyclic RGD (FND)) or apoptosis inducer staurosporine.
(B) Fluorescence intensity measurements of fluorescent NDs with U-87 MG cells measured by flow cytometry.
Only conjugate of FND-cRGD interacts significantly (ANOVA, a.= 0.01) with cancer cells. Other controls are not
distinguishable among themselves on the significance level o = 0.01. (C) Image from confocal microscope of U-
87 MG cells treated with FND-cRGD conjugate observed after excitation at 488 nm (fluorescence of Alexa Fluor
488) and at 561 nm (fluorescence of NDs). Fluorescence of NDs was observed after extensive photobleaching

throughout the whole spectra.

Fluorescent ND-cRGD conjugates interacted highly with U-87 MG cells, which
overexpress integrin receptors on the cell membrane. Three control experiments were
performed. NDs without cRGD did not bind to the cells. Pre-incubation of the cells with free
cyclic RGD peptide also prevents binding of both ND-cRGD and ND to the cells. Reduction of
ND-cRGD interaction after incubating cells with free cyclic RGD confirms specific interaction
of ND-cRGD with integrin receptors, which are blocked upon cyclic RGD preincubation. Flow
cytometry is quantitative method, however it does not distinguish between attachment of NDs
on the cell membrane and internalization inside the cells. Internalization of ND-cRGD in the
cells was shown by confocal microscope. NDs were shown to serve comparably to organic
fluorescent dye as fluorescent labels with similar pattern. Fluorescence of NDs and Alexa Fluor
488 strongly overlaps in co-localization test. NDs are likely present in endosomes, not entering

the nucleus.
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Publication 4: Polyvalent display of ligand combined with antifouling bionanointerface
enables extremely selective targeting of NPs to human T lymphoblast cells

Jitka Neburkova, Miroslav Hajek, Frantisek Sedlak, Stuart Turner, Jan Stursa, Petr Cigler

The difference between specific and non-specific interaction of targeted NDs with
cancer and normal cells is the crucial aspect of satisfactory targeted carrier. Elimination of non-
specific interaction was already shown in previous publication. The specific interaction is
dependent on the selection of targeting ligand-receptor system (interaction coefficient, amount
of receptors on the cells), the amount of ligand on the surface or the attachment method of the
ligand.

In this work, we used transferrin as a targeting ligand. As a protein, transferrin has one
recognizing epitope interacting with transferrin receptor. Therefore, method of attachment
needs to be considered to enhance interaction with transferrin receptor. There are two glycosylic
sites present in transferrin (each with two sialic acids) at the distant place far from the
recognizing epitope. The structure of diol in sialic acid can be cleaved by meta-periodate to
aldehydes. We modified aldehyde groups with 3-aminooxypropylazide using oxime ligation.
This reaction is bio-orthogonal to other moieties in the protein. Transferrin-modified with azide
was coupled to alkyne modified NDs (Fig. 14) Polymer-coated NDs were prepared by the same

optimized procedure as in previous publication.

Fig.14 Preparation of fluorescent ND conjugate with protein transferrin. Transferrin is firstly oxidized by meta-
periodate (NalO4) and further reacts with linkage 3-aminooxypropyl-1-azide. Transferrin-azide is conjugated
using azide-alkyne cycloaddition catalyzed by Cu (I) ions to polymer-coated NDs modified with alkyne

moieties.
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First, we measured the toxicity of all fluorescent ND conjugates with metabolic assay
on three cell types used for targeting experiments (human umbilical vein endothelial cell line
(HUVEC), human osteosarcoma cancer cell line (U20S) and human T lymphoblast (CCRF-
CEM)). We observed no toxicity for any ND particle (Fig. I5A). Efficiency of targeting of NDs
with transferrin (ND-Tf) was measured by flow cytometry. (Fig. 15B)
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Fig. 15 (A) Viability assay (XTT) of fluorescent ND conjugates (with transferrin, FND-Tf; without transferrin,
FND) with all three cell lines used in targeting experiment. No apparent toxicity was observed. (B) Fluorescence
intensity measurements of three cell lines with ND conjugates measured by flow cytometry. Only FND-Tf
conjugate interacts significantly with all three cell types with the interaction dependent on the amount of transferrin
receptors on the surface. All negative controls for each cell lines are statistically not distinguishable among each

other.

Fluorescent ND-Tf conjugate have significantly higher interaction with all tested cell
lines than negative controls. Pre-incubation with free transferrin blocks the interaction of ND-
Tf suggesting specific uptake of ND-Tf through transferrin receptor. To prove inter-cellular
selectivity between cells with different amount of transferrin receptor, we cultivated cells in co-
culture. We used simple method how to distinguish between cell types and how to evaluate
their interaction with NDs. We mixed two cell types (normal and cancer cell line), added NDs
for 1 hour-incubation, washed the cells, added cell-specific antibodies with different fluorescent
dyes and measured the fluorescence using flow cytometer. The interaction of ND-Tf conjugate
with cell lines is proportional to the amount of transferrin receptor presents on the cells (cancer
cells expressed more transferrin receptors). ND-Tf are localized inside the cells as observed

with confocal microscope.
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Publication 5: Inhibitor—GCPII Interaction: Selective and Robust System for Targeting
Cancer Cells with Structurally Diverse NPs

Jitka Neburkova, Frantisek Sedlak, Jirina Zackova Suchanova, Libor Kostka, Pavel Sacha,

Vladimir Subr, Tomas Etrych, Petr Simon, Jitka Barinkova, Robin Krystufek, Hana Spanielova,

Jitka Forstova, Jan Konvalinka, and Petr Cigler

Specific interaction is dependent on the selection of targeting ligand-receptor system. If
the binding affinity is high (as we shown in case of transferrin-transferrin receptor system), the
internalization of the particles is enhanced. There is uncertainty about the influence of the
coating density of ligand on the particle surface. Receptors for cancer targeting (such as
receptors for transferrin, folate or RGD) are usually overexpressed on cancer cells, but present
also on non-cancerous cells. More tissue-specific receptors are needed, ideally only receptors
present on cancer cells.

In this work, we chose to target more tissue-specific receptor, GCPII. GCPII is a
membrane protease primarily expressed in the prostate, central nervous system, small intestine
and kidney, with different functions in these tissues. Expression in other tissues is much lower.
GCPII is overexpressed by prostate cancer cells and in neovasculature of most solid tumors.
GCPII can be target either by large antibody or small-molecule inhibitor. We modified NPs
with inhibitor, which is stable, easy-to-handle and has high affinity to the GCPII (in nanomolar
range).

Apart from NDs, other NPs were used in this study. NDs, virus-like NPs and polymer
NPs were adopted to cover a broad range of representatives. Polydisperse inorganic NDs with
diameter approximately 54 nm (Fig. 16A) are unable to change their size. Two types of virus-
like particles based on either bacteriophage QB or mouse polyomavirus (MPyV) are hollow,
have bioorganic origin (consist of proteins) and their flexibility is also limited. They are
expressed in transfected cells and self-composed to spherical NPs. Virus-like particles are all
monodisperse in size and shape. Qp NPs are more stable and smaller, with size 27 nm (Fig.
16B). MPyV have diameter approximately 45 nm (Fig. 16C) and are susceptible to
disintegration, which complicates their handling, however can be utilized in packing cargoes
inside. Polymeric NPs stands in the study for small, flexible, hydrophilic particles, very often

used in biological applications.
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Fig. 16 TEM image of surface modified (A) MPyV particles, (B) Qp particles, (C) NDs. (D) Intensity distribution

of various NPs modified with inhibitor in water measured by DLS.

NDs were modified with already thoroughly described PHPMA coating bearing azide
groups. Inhibitor-alkyne was attached using “click” reaction. Either amidic coupling or “click”
reaction was used to attach inhibitors to virus-like particles. Virus-like particles are colloidally
stable without polymer coating; however non-specific interactions occur, especially of MPyV.
MPyV interacts with several cell receptors and cell-surface glycoproteins and are spontaneously
internalized inside cells. Therefore, PHPMA coating was introduced to the surface of virus-like
particles in half of the samples. All NPs were modified with fluorescent dyes. Polymeric
particles, based on PHPMA polymer, were synthetized and characterized directly with inhibitor
and dye attached.

First, we evaluated the interaction of NPs with GCPII in vitro. Interaction of NP-

inhibitor with GCPII presented on the surface of gold chip was measured by SPR (Fig.17).
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Fig. 17 SPR measurement of (A) NDs, (B) polymer-coated MPyV. NPs were injected through channel and led to
interact with either surface with GCPII (GCPII") or without (GCPII"). After approximately 8 minutes, buffer

Tris-buffered saline (TBS) was injected and no desorption was observed.

All NP-inh conjugates interacted with GCPII surface and did not bind to the surface without
GCPII, similarly NPs without inhibitor did not bind to any surface. Inhibition constant (K;) was

calculated from interaction of NP-inh with GCPII in the solution. K; for small-molecule
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inhibitor is in nanomolar range. K; decreases to subnanomolar range after attachment of the
inhibitor to the polymer and to picomolar range for other NP-inh conjugates.

Successful targeting of NPs with cells is more demanding with many other factors and
components present in such system. NPs were added to the cells and fluorescent signal was
detected using flow cytometry (Fig. 18). NP-inh conjugates show high interaction with GCPII-
expressing cells. For NDs, polymer-coated and uncoated QBs and polymeric particles, no non-
specific interaction were observed (either of NP-inh with cells without GCPII expression or NP
without inhibitor with both types of the cells). MPyV particles exhibit high non-specific
interactions toward the cells (unrelated to GCPII receptor). These interactions were even higher
than specific interaction of MPyV-inh. Coverage of MPyV with PHPMA polymer reduce the
non-specific interaction, however, the coverage of few tens of PHPMA polymers seems to be

insufficient as the non-specific interaction is not eliminated.
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Fig. 18 Flow cytometry measurement of NPs (A) with inhibitor and (B) NPs without inhibitor on either
glioblastoma cells expressing GCPII (U-251* MG) or without GCPII expression (U-251" MG). Fluorescence is
normalized to autofluorescence of negative cells and adjusted to the relative fluorescence of particles (to overcome
the problem of differently fluorescent NPs). Significant difference (on significance level of o = 0.001) between

NP-inhibitor particles on U-251" MG cell and all negative controls.

Confocal microscopy revealed that NP-inh particles are internalized inside the cells in
peri-nuclear region. (Fig. 19A) From negative controls, MPyV with polymer and above all
without polymer were also observed to interact with the cells, similarly to the results from flow
cytometry. MPyV particles non-specifically interacting with cells seem to be located near cell

membrane (Fig. 19B).
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Fig. 19 Confocal microscopy of (A) ND particles (labeled with Alexa Fluor 488) interacting with either cells
expressing GCPII (U-251* MG) or without GCPII expression (U-251- MG). (B) Non-specific interaction of non-
coated non-modified MPyV particles with U-251 MG cells.
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Publication 6: Plasmonic Nanodiamonds: Targeted Core—Shell Type NPs for Cancer Cell
Thermoablation

Ivan Rehor, Karin L. Lee, Kevin Chen, Miroslav Hajek, Jan Havlik, Jana Lokajova, Milan
Masat, Jitka Slegerova, Sourabh Shukla, Hamed Heidari, Sara Bals, Nicole F. Steinmetz, Petr

Cigler

Once we master the control of NDs’ surface and properties, NDs can be used for broad
spectrum of biomedical applications. For therapy, special features of NPs such as photothermal
ablation can be utilized. Certain NPs transform light to heat. Cells that contain NPs are
illuminated, heated up and killed. Once NPs are targeted only to cancer cells, light can be
applied to whole tissue using laser with harmful effect only on cells internalizing the NPs.
Photothermal effect was shown also on ND particles, however gold NPs, explicitly gold
nanoshells are much suitable material. Gold NPs as noble-metal NPs show quantum size effects,
such as phenomenon called localized plasmon resonance. Gold nanoshells have very high
extinction coefficient in a near-infrared imaging window region, where the light penetrate
favorably into the tissue.

In this publication, we prepared multiple-layer structure with gold nanoshell (Fig. 20A)
and utilized the resulting NPs in thermal ablation of HeLa cells. We prepared NDs (Fig. 20B)
with a silica layer, making NDs more spherical (Fig. 20C) as shown previously. Small gold
seeds (2-3 nm) were adsorbed on the surface of silica layer (Fig. 20D) and a compact gold layer
was then grown from Au’" salt and reduction agent carbon oxide in the solution (Fig. 20E).
From common TEM, thickness and compactness of the shell cannot be recognized. Three-
dimensional reconstitution and thickness of the shell (approximately 12.6 nm) was measured
using electron tomography (HAAF-STEM). Absorption spectrum of prepared blue-colored
ND@Au particles had maximum at 675 nm. Stability of prepared ND@Au in buffered solution
(PBS and media with serum) was ensured by polymer coating with 5-kDa PEG.
Heterobifunctional PEG was attached to the surface by lipoic acid, moiety with affinity to the
gold. Alkyne groups at the second end of the PEG chains were functionalized further with
secondary fluorescent label Alexa Fluor 647-azide and transferrin-azide using subsequent

“click” reaction.
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Fig. 20 (A) Scheme of ND modification with multi-layer system. First, NDs are coated with thick silica layer, gold
seeds are attached and further grown to compact gold shell. Second, modification of ND@Au with PEG, Alexa
Fluor 647 and transferrin followed. TEM images of (B) NDs, (C), silica-coated NDs, (D) silica-coated NDs with
gold seeds, (E) silica-coated NDs with gold layer (ND@Au). (F) Cell viability of HeLa cells measured by

luciferase assay with delay 24 hours after laser ablation (1 minute, 37 W/cm?).

Transferrin interacted with transferrin receptors on targeted cells (a human breast cancer cell
line SKBR3 or HeLa cells) and resulted in higher interaction of ND@Au-Tf particles than non-
targeted particles with cells. ND@Au-Tf particles were internalized inside the cells in contrast
to non-targeted particles, which, if interacted, co-localized with the membrane according to
confocal studies. We demonstrated the possibility of killing cancer cell upon red laser
irradiation. Cells without NPs did not change their viability (according to luciferase assay) upon
laser irradiation, similarly to non-radiated cells with NPs. Only HeLa cells exposed to both
ND@Au-Tf and laser irradiation were completely killed after one minute of irradiation (power

laser 37 W/cm?) (Fig. 20F).
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Publication 7: Optical imaging of localized chemical events using programmable

diamond quantum nanosensors

Torsten Rendler, Jitka Neburkova, Ondrej Zemek, Jan Kotek, Andrea Zappe, Zhiqgin Chu, Petr

Cigler, Joerg Wrachtrup

NDs’ optical properties are sensitive to electric and magnetic field. Paramagnetic ions,
such as Gd**, create a fluctuating magnetic field that can be sensed by (N-V) relaxometry. T}
electronic relaxation time of (N-V) center is influenced by the number of spins (Gd**
complexes) within effective (N-V) sensing radius, therefore their detachment from the surface
can be measured (Fig. 21A).

In this publication, we attached Gd*>" complexes to the surface of PHPMA-coated NDs
(prepared by the same procedure as previously in (Slegerova et al., 2015)). Instead of targeting
ligands, Gd** complexes modified with azide were attached to alkyne-modified NDs. Gd**
complexes with cleavable linkage sensitive to either acidic pH (hydrazone linker) or increased

redox potential (disulfide linker) were prepared (Fig. 21B).
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Fig. 21 (A) Cartoon showing the sensing mechanism of a ND-polymer-Gd hybrid nanosensor in response to a local
environmental change. (B) Chemical structure of the polymer interface with Gd** complexes attached via a non-

cleavable and two types of cleavable linkers.

The release of Gd*" complexes was evaluated by ICP-MS (Fig. 22A). Detachment of
Gd>" complexes in both acidic pH and increased concentration of glutathione (GSH) occurs in
a physiologically relevant time (within 1 hour) under physiological conditions (pH 4.5-7.4, 1-
10 mM GSH, which corresponds to condition change after NDs entering the cells) (Fig. 22B).
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Fig. 22 (A) Release kinetics of Gd*" complexes in redox-sensing particles in the presence of 1, 5 and 10mM
glutathione (GSH) in buffer analyzed by ICP-MS. (B) Time-dependent ensemble measurement for 7 of the redox-

sensing particles in buffer solution before and after addition of ImM or 10mM GSH.

Perfect stability of polymer-coated NDs in buffers enabled 71 measurement to be done
in a microfluidic channel that mimics cellular environments. Measurement of 7 relaxation time
of (N-V) centers corresponds to ICP-MS measurements. The pH sensing system operates in
quite a broad pH range (pH 2.0-7.4) with accuracy = 0.7 pH unit (Fig. 23A). We were able to
distinguish under confocal microscope NPs of various 77 relaxation time, for example NPs

incubated in acidic pH and new-comers from neutral pH (Fig. 23B).
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Fig. 23 (A) Dependence of the fitted 77 changing rate of acidic-sensing NPs on pH. 77 points were measured for
120 seconds. (B) 71 contrast image of NPs incubated in pH 2.0 and freshly added NPs from pH 7.4 buffer. White

arrows point to newly added ones. The color bar indicates the 7 value ranging from short (blue) to long (red).

These sensors working under physiological conditions can enable further monitoring of

intracellular processes that are important for various bioapplications.
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5. MY CONTRIBUTION TO THESE PUBLICATIONS

The presented data were all result of team effort of all co-authors. Here I summarized my

involvement in individual publications:

Publication 1: Surface modification of NDs (preparation and optimization of silica and polymer

coating), imaging of NDs in cells

Publication 2: Surface modification of NDs (preparation and optimization of silica and polymer

coating)

Publication 3: Surface modification of NDs (preparation of silica, polymer coating, reactions
with fluorescent dye and targeting peptide), optimization of polymer coating, characterization
of the particles, cell experiments (cell viability assay, flow cytometry, confocal microscopy),

preparation of the manuscript

Publication 4: Chemical modification of transferrin, surface modification of NDs (preparation
of silica, polymer coating, reactions with fluorescent dye and targeting protein),
characterization of the particles, cell experiments (cell viability assay, flow cytometry, confocal

microscopy), preparation of the manuscript

Publication 5: Surface modification of NDs (preparation of silica, polymer coating, reactions
with fluorescent dye and small-molecule inhibitor), expression of Qf virus-like particles, their
isolation and modification (polymer coating, modification with fluorescent dye and small-
molecule inhibitor), characterization of the particles (DLS, TEM, SPR, matrix-assisted laser
desorption/ionization MALDI), cell experiments (flow cytometry, confocal microscopy),

preparation of the manuscript

Publication 6: Chemical modification of transferrin glycosylic chains with azide moieties, its

purification and characterization

Publication 7: Surface modification of NDs (preparation of silica, polymer coating, reactions
with Gd** complexes), characterization of the NDs (DLS, zeta potential, TEM), exploration of

the conditions and kinetics of the Gd** release from the surface (ICP-MS measurements)
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6. DISCUSSION

NPs can be used for various biological applications in both diagnostics and therapy.
Especially, targeted nanomedicine has remarkable potential in cancer related applications.
Superiority of NPs emerges from their proper size, ability of acquire various functions and
extreme local concentration of ligands achieved around the NPs resulting in increased affinity
(phenomenon called avidity). Mastering surface properties and preparation of controllable
interface are key requirements for all applications. In this PhD thesis, I focused on preparation
of such surfaces with low non-specific interactions and high specific interaction toward cancer
cells. The central NPs used in this thesis are biocompatible polydisperse NDs. Many researchers
previously published polymer coatings on NDs, although the quality of the coating was not
sufficient to protect NDs from non-specific interactions with cells. Usually, “grafting to”
procedures introducing PEG on the surface were established. (Dong et al., 2015; Wang et al.,
2014; Zhang et al., 2015)

We chose PEG and “grafting to” approach for our first attempt to coat NDs with
polymer. (Rehor et al., 2014a) PEG was grown on amino-modified silica layer on NDs. NDs
were rounded by thick silica layer and their size polydispersity was reduced. Shape of NPs
influence their fate in cells. Sharp NPs (including NDs) were shown to disrupt the membrane
of endosomes and to escape from the vesicle to the cytoplasm. Rounded NPs went through the
endocytosis pathway and were excreted. (Chu et al., 2014) We were able to ensure ND-PEG
stability in buffers and therefore fulfill fundamental condition for further applications.
However, ND-PEG conjugates were internalized spontaneously inside the cells, so their non-
specific interactions with cells were not eliminated. We therefore further focused on
modification of NDs with “grafting from” approach, which was reported as a method
introducing denser polymers on surfaces. (Zhao and Brittain, 2000) “Grafting from” method is
experimentally more demanding; however has potential to provide NPs with polymer coatings
in conformation of dense brushes. For “grafting from” approach, we selected PHPMA as a
hydrophilic biocompatible non-immunogenic polymer. First, silica coating was installed on the
surface of NDs. 3-(Trimethoxysilyl)propyl methacrylate as a part of the silica mixture reduce
the thickness of the silica shell during the reaction. This molecule block the growth of the layer
by capping the formed silica layer by organic substituent. This method does not lead to rounded
NDs, however for many applications we need the close proximity of the polymer shell to the

core of ND. Thin silica shell (approximately 1-2 nm) does not significantly enlarge the NDs
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and can be utilized also for other types of NPs as a general approach to NP modification. The
main motivation of 3-(Trimethoxysilyl)propyl methacrylate presence is preparation of the
platform from which HPMA monomer further polymerize. Prepared PHPMA-coated NDs were
colloidally stable and the protein adsorption was four-fold lower than for non-coated NDs.
(Rehor et al., 2014b) Nevertheless, after further optimization, (Slegerova et al., 2015) we
achieved NDs with dense polymeric coating and no measurable non-specific interaction with
cells. The growth of the polymer layer in a more viscous environment and in lower temperature
resulted in better coating. Stability of these optimized PHPMA-coated NDs was ensured in
biologically relevant buffers and media and even more harsh conditions such as 1 M NacCl.

As a next step, we focused on targeting efficiency of NDs after attachment of targeting
ligand. Usually, poor targeting efficiency is an outcome of the incomplete polymer layer
resulting in non-specific interactions. Satisfactory targeting efficiency (12-fold) was previously
achieved only for targeting folate-modified NDs into HeLa cells. (Zhang et al., 2009a) As we
are able to eliminate the non-specific interaction of cells, potential of our NDs is high. We
modified PHPMA-coated NDs with cyclic RGD peptide, ligand for targeting integrin oy[33
overexpressed on cancer cells. (Slegerova et al., 2015) Cyclization of RGD improves binding
efficiency and integrin selectivity by enhancing stability and structural rigidity of the peptide.
NDs were also labeled with Alexa Fluor 488-alkyne. Introduction of fluorescent dye was
important in our case, because fluorescence of NDs was not compatible with our flow cytometer
setup. However, flow cytometry can be used for detection of ND fluorescence. (Zhang et al.,
2009a) We observed 8-times higher interaction of ND-cRGD than interaction of negative
controls with glioma cancer cells on flow cytometer. As negative controls, NDs without peptide
and pre-incubation with free cyclic RGD were used. Free cyclic RGD binds to the receptor and
blocks the receptor from further interactions. If the subsequent interaction of ND-cRGD is
blocked, as in this case, the interaction is specific and requires the receptor. We observed no
significant difference between non-treated cells and cells treated with negative controls.
Therefore, we were successful in our goal of eliminating non-specific interaction. Flow
cytometry is a quantitative method, but does not provide information about NDs localization.
According to the results from confocal microscopy, ND-RGD were localized inside the cells.
Similarly successful in decreasing non-specific interaction of NDs was group of professor
Komatsu with polymer layer consisting of PG. (Zhao et al., 2014b) However, the increase of
interaction of ND-PG modified with peptide cyclic-RGD in comparison to controls was only

50%.
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Further, we focused on increasing specific interactions, which was in the case of our
ND-RGD 8-fold. The specific interaction is affected by the system of targeting ligand-receptor
(and its binding efficiency constant), conformation of more complexed ligands (proteins) and
their concentration on the surface. Modifications using azide-alkyne cycloaddition catalyzed by
Cu(I) ions (“click” reaction) was possible for all the prepared coated NDs as NDs have in
polymer structures either azide or alkyne groups. We prefer biorthogonal reactions on the
surface of NDs because of the mild conditions of the reactions, high yields and higher
specificity in reactions with biomolecules. In case of small peptide, such as RGD, the chosen
reaction does not play such an important role.

On the other hand, biomolecules such as proteins, contain in their structure many
potential moieties for attachment using either amidic coupling or disulfide bond formation.
Many amines in the molecule can be involved in the attachment using amidic coupling making
it impossible to control conformation and biomolecule exposure on the surface. This control is
a key for enhancing interaction of ligands on NPs with their targets. Protein transferrin has one
recognizing epitope towards the transferrin receptor. This reaction site needs to be exposed to
the environment and not hindered by the ND surface. Site-specific attachment of transferrin on
far end from the reaction site is needed. We modified the sialic acid in glycosylic chains in the
structure (four in every transferrin molecule) with clickable moiety. (Neburkova et al.,
submitted) First, the saccharide diol structure was cleaved by meta-periodate to an terminal
aldehyde. This aldehyde then reacted in biorthogonal reaction with 3-aminooxypropylazide
linker, forming an aldoxime bond. Cleavage by meta-periodate needs to be carefully optimize
to prevent adverse cleavage effects in the protein structure. Bioorthogonal reaction (oxime
ligation) with aminooxy linker ensures introduction of maximally four azide groups in the
glycosylic structure of the protein on far end from recognizing epitope.

Transferrin-azide reacted in “click” reaction with alkyne-modified PHPMA-NDs
already labeled with Alexa Fluor 488-azide. The consecutive “click” reaction is performed with
low molar excess of first reactive molecule (fluorescent dye) and large excess of second
molecule (protein transferrin). However, the loading of second molecule is affected by the
occurrence of first “click” reaction. Loading of transferrin on NDs was evaluated by two
methods as 6 and 20 per one particle with and without fluorescent dye, respectively. Although
6 molecules of transferrin per one particle is not particularly high, it was enough for efficient
targeting. Flow cytometry revealed 175-times higher interaction of ND-Tf with CCRF-CEM

lymphoblast cells than ND without transferrin or controls with free transferrin pre-incubation.
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Controls were not distinguishable from each other and from non-treated cells. Polymer surface
coating fulfilled its function and NDs did not interact non-specifically. We examined interaction
of NDs with three different cell-lines: two cancer cell lines (U20S, CCRF-CEM) and one non-
cancerous cell line HUVEC. We performed the experiments in co-culture to imitate cancer
environment. Cancer cell line was always mixed with endothelial cell line and incubation with
NDs was done in this mixture of two lines. We proposed the method how to distinguish between
co-cultured cell lines by labeling them for analysis after experiment without having any
influence on cell surface structures. Before analysis, specific antibodies towards cell line
labeled with different fluorescent dyes were introduced. Flow cytometry on three different
fluorescent channels was measured without overlapping of the fluorescence. For all three cell
lines, ND-Tf conjugate signal was significantly higher than signal of controls. However, ND-
Tt selectively choose cancer cells over endothelial cells from the mixture. Difference between
cell lines is dependent on amount of transferrin receptors on the cell surface. Cancer cells
overexpress transferrin receptors as their iron(IIl) uptake is higher. Expression of transferrin
receptors on non-cancerous cells results in specific internalization of certain amount of ND-Tf,
which nevertheless decrease the difference between cancer and non-cancerous cells. Therefore,
more tissue-specific targeting system (receptor-ligand) is needed.

GCPII is expressed only in few tissues such as prostate, central nervous system, small
intestine and kidney. GCPII is overexpressed on prostate tissue-cancer cells. NDs with the
PHPMA structure modified with small-molecule inhibitor were prepared as well as other NPs
included in this study. (Neburkova et al., 2018) We compared the targeting efficiency of one
ligand within the same experimental setup dependent on various types and characteristics of
NPs, surface ligand density, surface functionalization and modification method. The interaction
of NP-inh particles with GCPII was studied in solution, on the artificial surface or on the cell
membrane. Inhibition efficiency of NP-inh in solution was sustained. Inhibition constants (Kj;)
were for NP-inh conjugates in picomolar range, three orders of magnitude lower than for free
inhibitors. This decrease is probably caused by avidity effect of inhibitors on the surface of
NPs. NP-inh selectively interacted with GCPII bound to the gold surface of a chip in SPR
measurement. Regardless the difference in inhibitor loading, surface chemistry and type and
size of the NPs, all NPs were able to interact with GCPII on gold chip in a similar manner. We
observed similar effect also concerning NP-inh interaction with GCPII on cell membrane
measured by flow cytometry. Only interaction of ND-inh was notably higher (75-fold higher

than controls), probably because of the combination of optimized bionanointerface with high
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loading of inhibitors. For NDs, polymer-coated and uncoated Qs and polymeric particles, no
non-specific interaction were observed. High non-specific interactions of MPyV (unrelated to
GCPII receptor) were observed because of MPyV interactions with its primary target (certain
receptors and glycosylated surfaces) on the cells. Elimination of non-specific interactions was
the only requirement for the efficient targeting. “Grafting to” polymerization of PHPMA to
virus-like particles did not provide reasonable yield, probably because of the limited solubility
of the PHPMA polymer with hydrophobic amine-reactive groups (thiazolidine-2-thiones).
Therefore, the polymer did not sufficiently lowered non-specific interaction of MPyV. Decrease
of non-specific interaction and denser coating was provided by PEG-coating of MPyV.
Although the polymer was attached by “grafting to” approach, the yield was sufficient for
protection. For targeting with small molecules, elimination of non-specific interactions has to
be provided by polymeric shell. Contrary, MPyV targeted with large protein transferrin did not
need to be coated with polymer, since the size of the protein by itself was sufficient to sterically
hinder the MPyV. (Zackova Suchanova et al., 2017) QB do not show non-specific interactions
with cells even without polymer coating. However, polymer coating would be needed for Qps
for in vivo applications, as QPs are immunogenic. Confocal microscopy confirmed the
internalization of NP-inh particles. All NP-inh were observed inside the cells in perinuclear
region. Non-specifically interacting MPyV were localized near the membrane.

We showed the preparation of bionanointerface consisting of dense polymeric layer and
various targeting ligands (peptide, protein, small molecule) and successful targeting ability of
such particles. NDs with surface under control can be used for therapeutic applications. NDs
(usually DNDs) were shown to be used as small-drug carriers, however from our point of view,
other types of NPs (such as hollow organic NPs) are more useful for this purpose. Nevertheless,
nanophototherapy as a therapeutic technique is worth to explore further. NPs with gold
nanoshells transform very efficiently light (from the laser) to the local heat and kill the cell, in
which they are internalized. NDs coated with thick silica layer served as a good platform for
gold shell layer growth. (Rehor et al., 2015) Gold shell is easier to grow on rounded particles,
which thick silica layer provide. Seeded growth of gold results in a fairly compact layer,
however with thickness of at least 10 nm. Absorption properties of gold shells depends on the
size of the core and thickness of the shell. Prepared ND@Au had maximum of the absorption
peak in near-infrared region at 675 nm, where the light penetration through tissues is easier
because of the lower tissue absorbance, lower auto-fluorescence and lower NIR light scattering.

HeLa cells with NDs inside were completely killed after a one-minute irradiation with a pulse
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750-nm pulse laser (37 W/cm?). These irradiation conditions did not cause any adverse effect
to cells without ND@Au. We examined the possibility of killing cancer cells with ND@Au in
parallel with improving the polymer bionanointerface. Therefore, the experiments were done
on ND@Au coated with PEG and modified with transferrin. Although ND@Au were
preferentially internalized to cancer cells, the targeting effect is rather weak, because of high
non-specific interaction. Nevertheless, we confirmed the possibility of killing cell by thermal
ablation and now we are currently working on preparation of gold layers with PHPMA polymer
coating “grafted from” the surface.

PHPMA-coated NDs were used also as a proof-of-concept for further biological
applications of NDs as sensors of physiological relevant parameters. (Rendler et al., 2017) For
this project, enhanced colloidal stability and possibility of further functionalization with high
yield of NDs was needed. NDs with PHPMA coating were modified with Gd** complexes.
Presence of paramagnetic Gd*"ion shorten 7} relaxation time of (N-V) center. Three complexes
were attached, non-cleavable one, sensitive to lower pH, and responsive to higher concentration
of reduction agents. Kinetics of the cleavage was studied using I[CP-MS method, in which only
Gd*" released from the surface was measured. It was shown that the cleavage of Gd** occur in
reasonable fast conditions. Too fast or slow cleavage would prevent the use of this system as a
sensor inside of the cells. All cleavable Gd*" complexes were cleaved within an hour in
biologically relevant intracellular conditions (in pH 4.5 or GSH concentration 5 mM). Cleavage
of pH-sensitive complex occurs also at pH 7.4, but in time scale of few tens of hours. On the
other hand, at non-physiological pH 2.0, the cleavage is very rapid and finishes in few minutes.
Similarly the concentration of GSH (1-10 mM) influenced the rate of the cleavage. The Ti
relaxation time and its change can be measured because of the colloidal stability in microfluidic
channel. The change of T} relaxation time was caused only by the Gd** cleavage, no shrinking
or swelling of the polymer layer was observed. No change in 71 was observed for controls (NDs
with non-cleavable Gd*" complex). The kinetics of T} relaxation time change (relaxation rate)
was in agreement with release measurement from ICP-MS and theoretical model. The T
relaxation time measurement is fast and the 7} relaxation rate can be fitted with high precision
from two-minute measurement. For pH sensor, value of pH can be extracted from the relaxation
rate. NDs with different 77 relaxation time can be distinguished under confocal microscope due
to the fast 77 measurement. Disadvantage of this sensor is its irreversibility; however, that is
common feature for all of the NP sensor introduced so far. (Howes et al., 2014) Attempt of

preparation of even better reversible sensors is of the particular interest.
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7. CONCLUSIONS

In this thesis, a superior nanobiointerface on NPs was proposed, prepared and studied. NPs with

optimized biocompatible surfaces were shown to have potential in biomedical applications. The

particular hypotheses listed within aims of the thesis were successfully answered.

NDs were coated with multilayer structure consisting of silica and polymeric shell. They
were stable in buffer solutions.

Different polymerization methods (“grafting to” and “grafting from™) with different
types of polymers (PEG or PHPMA) provided diverse ability of surface protection.
Ability of polymer shell to increase colloidal stability, to decrease non-specific
interactions with proteins and cells and to enable high yield surface modifications was
studied. Dense polymeric shells from PHPMA “grafted from” the surface of NDs
showed the best results in eliminating non-specific interactions.

PHPMA-NDs were modified with biorthogonal “click” reactions with various ligands
including fluorescent dyes and targeting ligands (peptide RGD, protein transferrin and
small-molecule inhibitor of protease). The controlled way of attachment and
environmental exposition was important especially for transferrin.

Successful targeting was shown for all PHPMA-coated ND conjugates with increasing
targeting effect from peptide, small-molecule inhibitor to protein.

Differences in targeting of various types of NPs were studied on NDs, virus-like NPs
and polymeric NPs modified with small-molecule GCPII inhibitor. The highest
targeting effect was observed for NDs, although other types of the NPs were also
successfully targeted to cancer cells overexpressing GCPII. Requirement of proper
polymerization methods for preparation of dense polymeric shells was again confirmed.
Apart from targeting, two other biological applications were studied. First, NDs were
modified with plasmonic gold nanoshell and their ability to kill the cancer cells using
photothermal ablation was investigated. The cells with internalized NDs were
effectively killed upon a short exposition to near-infrared laser. Second, pH and redox
potential was measured by selective release of Gd**-complexes from NDs. The release
resulted in change of 7 relaxation time of NDs enabling optical readout of localized
chemical processes occurring on an extremely small scale (10722-102° mol) using

confocal microscopy.
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Fluorescent Nanodiamonds Embedded in Biocompatible
Translucent Shells

Ivan Rehor, Jitka Slegerova, Jan Kucka, Vladimir Proks, Vladimira Petrakova,
Marie-Pierre Adam, Frangois Treussart, Stuart Turner, Sara Bals, Pavel Sacha,
Miroslav Ledvina, Amy M. Wen, Nicole F. Steinmetz, and Petr Cigler*

High pressure high temperature (HPHT) nanodiamonds (NDs) represent extremely
promising materials for construction of fluorescent nanoprobes and nanosensors.
However, some properties of bare NDs limit their direct use in these applications: they
precipitate in biological solutions, only a limited set of bio-orthogonal conjugation
techniques is available and the accessible material is greatly polydisperse in shape.
In this work, we encapsulate bright 30-nm fluorescent nanodiamonds (FNDs)
in 10=20-nm thick translucent (ie., not altering FND fluorescence) silica shells,
vielding monodisperse near-spherical particles of mean diameter 66 nm. High
vield modification of the shells with PEG chains stabilizes the particles in ionic
solutions, making them applicable in biological environments. We further modify
the opposite ends of PEG chains with fluorescent dyes or vectoring peptide using
click chemistry. High conversion of this bio-orthogonal coupling vielded circa 2000
dye or peptide molecules on a single FND. We demonstrate the superior properiies
of these particles by in vitro interaction with human prostate cancer cells: while bare
nanodiamonds strongly aggregate in the buffer and adsorb onto the cell membrane,
the shell encapsulated NDs do not adsorb nonspecifically and they penetrate inside
the cells.
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Fluorescent Nanodiamonds Embedded in Biocompatible Translucent Shells

1. Introduction

Fluorescent nanodiamonds (I'NDs) arc a recently intro-
duced class of biccompatible!™l luminescent probes.!” 101
Their exceptional optical propertics for bioimaging are
facilitated by the presence of nitrogen-vacancy centers, NV,
which are localized defects of the diamond crystalline lat-
tice[1112l The NV center is extremely photostable, showing
no photobleaching or photoblinking. Upon excitation by
grcen light (typically 532 nm wavclength lascr), NV center
emits in red to near infrared part of spectrum (emission
maximum ~700 nm for the negatively charged NV center!!2]}
with high quantum efficiency (up to 90% in nanodia-
mond).1"® Its fluorescence therefore falls into the so-called
tissue absorption window and is well-separated from cell or
tissue aulofluorescence.!] FNDs were successiully used as
fluorescent probes!™ ¥ and sensors!'™ in vitro, allowing
for single particle tracking inside cell.2! They were also suc-
cessfully visualized and tracked in small mammals.2 Unique
electron structure of NV center allows for selective turn-off
of its emission by external electromagnetic field.1%2223] This
property was suceessfully used for background-free imaging
of nanodiamonds.[242]

Fluorescence lilelime of NV center (>10 ns) is substan-
tionally longer than lifetime of autofluorescence (<4 ns).
Therefore use of time-gated techniques like fluorescence
lifetime imaging microscopy (IFLIM) is also a way to sup-
press background signal, as shown for cells in culturel®! and
recently demonstrated in vivo.[2l

In vivo long term cell tracking is an essential method in
cell-based therapies such as adoptive immunotherapy and
stem-cell therapy.?"% The biocompatibility of TNDs, their
absolute optical stability and ability to observe them in vivo
makes them an ideal candidate for in vive long term tracking
of stem cells, as was recently demonstrated.[*]

Although unmodified FNDs have been demonstrated
as biocompatible nanoparticles, 4173 a hetter control of
nanodiamond propertics is crucial for development of highly
sophisticated probes enabling, for example, construction of
multimodal nanoprobes or stealth®!] ENDs, which are able
to target selectively cancer cells and tumors in vivo. Among
the key issucs of FNID arc still limited options for their
biocorthogonal modifications by biomolecules, their colloidal
behavior in bullers and biological media as well as a control
of their size and shape. Overcoming these issues is essential
for construction of advanced bioprobes.

We focused on optimizing propertics of the brightest
available FNDs that can be prepared from high-pressure
high-temperature (HPHT) type nanodiamonds (N1Ds) 118334
Although chemical modifications on the surface of detona-
tion NDs is well described and many approaches [or intro-
duction of various functionalities were described® I the
situation with HPH'T NDs is more complicated due to their
lower reactivity and surface/volume ratio. Direct covalent
attachment of (bio)molecules to IIPIIT NDs surface is
performed typically via amide bonds.*! adsorption of pro-
teins! 244421 or functionalization of artificially created surface
graphene structures*?l Because these conjugation reactions
arc rather nonspecific, the attention is currently paid onto
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sophisticated organic systems enabling selective, bioorthog-
onal bond formation.[#

As typical colloidal dispersions, unmodified NDs in solu-
tion lose their colloidal stability at higher ionic strength and
aggregate.***! This behavior presents a serious disadvantage
for direct biological application, as all biological liquids or
cultivation media contain high concentrations of salts. Salt-
caused aggregation could be overcome by chemical modifi-
cation of the NI surface!*®l or by attachment of hydrophilic
polymers*= or proteins>*-* to the ND surface.

Strikingly, in contrast to many kinds of nanoparticles that
can now be controllably engineered with well-defined peo-
metric and chemical properties/*132 the control of HPHT
ND shape is still in beginning. The available materials con-
sist of heterogencous nanoparticles of very irregular shapel®'l
bearing sharp edges and spiky vertexes (Figure 1A).

In a majority of publications the NDs are consid-
ered biocompatible and no toxicity was observed in cell

Number fraction %

20 40 60 80
Diameter Inm

100

Figure 1. BF-TEM images of non-coated ND1 (A) and aminosilica-coated
ND3 (B) particles. Several coated ND3 particles are shown at higher
magnificationin (C). (D) High resolution TEM image showing the uniform
silane surface coating, The crystallinity of the diamond core is evidenced
by the presence of 111 diamond lattice planes, indexed in the Fourier
Transform inset. (E) Histograms from image analysis of TEM micrographs
of non-coated ND1 (gray) and aminosilica-coated ND3 (black) particles.
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Scheme 1. The schematic structure (A) and preparation (B) of the particles, The fluorescent
diamond nanocrystal is consecutively coated by silica shell (pink), thin crosslinked
aminopropyl-silica shell (violet), and PEG-alkyne layer (dark violet). Azide-labeled 125-RGDS
peptide (NDsa), coumarin (NDsb), and fluorescein (NDsc) moleties are attached. TEQS -
tetraethoxysilane, BTSE - 1,2-bis{triethoxysilyljethane, APS — (3-aminopropyltriethoxysilane,
PVP — polyvinypyrrolidone, EEDQ — 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroguinoline, DMAP
- dimethylaminepyridine.

I. Rehor et al.

studies!! 173853 nor in animal models
experiments/>3436 (for a review sce ref.
[4]). However, several recent works docu-
ment toxic effects of NDs in vitrol3™3#l
as well as in vivo, indicating that their
biocompatibility should not be overgener-
alized. Generally, a nanoparticle’s biolog-
ical response strongly depends on ils size
and shape (for a review see refs. [31,60])
The shift from spherical to non-spherical
shapes can significantly affect the behavior
of a nanoparticle in biclogical environ-
ment® During finishing of this article
three pioneering works dealing with the
spiky ND shape appeared.[®®] Among
others il has been demonstrated that
coating by silica shell can transform NDs
to pseudo-spherical particles of improved
shape homogeneity.[6304]

Here we introduce a composite sur-
face architecture on bright HPH'T FNDs
cnabling sclective bioorthogonal attach-
ment of various (bio)molecules by click
chemistry. The architecture comprises
silica shell, which normalizes the spiky
NI shape into pseudo-spherical. The silica
surface allows simple modification with
polyethyleneglycol (PEG) chains, respon-
sible for colloidal stability of particles in
butfers. The PEG chains can be farther
modified with a molecule of choice using
click reaction. Obtained particles are [airly
monodisperse in shape and colloidaly
stable in iomic buffers. Noteworthy, the
surface archilecture has no adverse eflects
on the unique fluorescence of NV centers.
Comparing to non-coated NDs, we dem-
onstrate superior behavior of coated NDs
in in vilro tissue culture; their applica-
tion for prostate cancer cell labeling and
imaging is shown.

2. Results and Discussion

2.1. Preparation and Structure of the Shell-
Coated NDs

The architecture is designed from two
covalently connected layers surrounding
the ND particle: i) a solid crosslinked silica
shelll®S] bearing ii) a flexible polyethylene
glycol (PEG) layer (Scheme 1A). The par-
ticle is therefore exposed to solution by a
polymeric interface that protects it from
electrolyle-induced precipitation. At the
same time we took advantage of PEG
heterofunctionality and we decorated the
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Fluorescent Nanodiamonds Embedded in Biocompatible Translucent Shells
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Figure 2. Normalized IR spectra of noncoated (ND1), silica-coated
(ND2), aminosilica-coated (ND3), and PEGylated aminosilica-coated
(NDg) fluorescent nanodiamonds, For clarity, spectra are shifted along
the y-axis.

opposite ends of polymer chains by alkyne moicties enabling
the use of click chemistry.[®]

The silica shell can be grown by controlled hydrolysis
of tetraalkoxysilylesters or substituted trialkoxvalkylsily-
lesters,”] in which the alkyl group allows further surface
modification. The presence of the alkyl group, on the other
hand, weakens the compaciness of the shell, making it
hydrolytically labile and also colloidally unstable in aqueous
media.”! To avoid hydrolytic lability, we used a crosslinking
agent, bis(tricthoxysilyl)ethane (BTSLE), that improves the
shell's resistance to hydrolysisl®! (Scheme 1B). Tirst, the
TEOS-based shell was formed (ND2), [ollowed by growth
of a crosslinked amino-functionalized layer from a mixture
of APS and BTSE (ND3). Notably, this procedure enabled
direct functionalization of nancdiamond by silane-based
moicties without any reductive pretreatment that is an essen-
tial step in anhydrous silylation procedure introduced by
Krueger and collaberators.? Amino-modified silica surface
was used for attachment of the heterobifunctional PEG chain
bearing N-hydroxysuccinimidyl group at one end of the chain
and alkync moicty at the other. N-hydroxysuccinimidyl group
served for formation of an amidic anchor, whereas the alkyne
moiely was used Lor allachment ol various molecules 1o the
particle by click chemistry in the next reaction step.

The composition of the shell was confirmed by IR spec-
troscopy indicating the presence of both Si-O bands and
characteristic diamond bands (Figure 2). The characteristic
peaks present in all silica-coated samples at about 1110 e
correspond to the asymmetric stretching vibrations of the
Si—0O-Si [rom silica shells. The peaks at about 1640 cm ! and
3450 ¢cm ! also indicate the formation of silica coating on the
surface, corresponding to silanol groups (Si-OH) as well as
to OII groups from nanodiamond and residual water. Bands
al 2900, 1467, and 1355 cm™! are characleristic for PEG.

The bright field transmission electron microscopy (BF-
TEM) images in Figure 1 show NDs before and after
cncapsulation. The diamond particles themsclves (NDI1,
Iigure 1A) arc of irregular shape (circularity ~0.67), with
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Table 1. Elemental composition of FND bearing different surface
architectures.

% C % H %N
ND1 93.7 0.38 0.06
ND2 19.6 1.28 0.29
ND3 19.8 1.90 1.10
ND4 215 2.07 0.66

sharp cdges and often clongated in one dimension (needle—
like). Their diameter (expressed as average circular equiva-
lent diameter — see Supporling information) is 27 + 7 nm.
After coating (Figure 1B-D), the particles become more
spherical (circularity ~0.87), and their diameter rises to 66 &
10 nm (Iigure 1I2). Notably, spherical shape of nanoparticles
is generally considered as the proper, biocompalible geom-
etry for bio-applications.|?7%l

The optimal size of nanoparticular biolabels is considered
Lo be between 10 and 100 nm, depending on specilic appli-
cation Pl Both original and coated particles fall into this
size range. The total mass of the sample rises approximately
4-fold upon cncapsulation, which corresponds to the data
from elemental analysis (Table 1). The thickness of the shell
can be varied by changing the amounts of silylesters during
encapsulation. Indeed, the thinner shell leads to smaller par-
ticles, however, their shape is more distant from spherical
(Figure ST in Supporting information).

In order to confirm the presence ol the various coalings
on ND4 directly, we performed spatially resolved electron
cnergy-loss spectroscopy (EELS) measurements using the
spectrum imaging technique in STEM model™ (Figure 3).
The acquired EELS data were used lo generale an elemenl-
specific map for silicon and element- and bond-specific maps
for amorphous carbon and diameond. The diamond map in
Figure 3C conflitms the size and irregular shape of the dia-
mond core. The Si map shows the ~10-20 nm thick silica shell
surrounding the diamond core. Some amorphous carbon is
measured at the surface of the diamond core in the amor-
phous carbon map, which is to be expected in most NI sam-
ples™ The predominant amorphous carbon signal, however,
arises from the thin layer of PEG at the surface of the silica
coating.

2.2. Stability Studies and Chemical Modifications

Because low colloidal stability of nanoparticles in buffers
and biological liquids is a typical limitation for their appli-
cations in biodisciplines, we tested the stabilization effects of
this PEG layer on the particles. The difference between ND1
and NDH4 particles alter dissolving in PBS bulfer is clearly
observable with the naked eye (Figure 4). Aggregation of
colloidal aqueous solutions of ND4 at various pH and ionic
strength were further monitored using dynamic light scat-
tering (Figure 82 in Supporting Information). The particles
were colloidally stable (i.e., their hydrodynamic diameter
remained unchanged within the experimental error) across
a wide working pH range (2-10) and extreme ionic strength
(1 M NaCl). After one week a precipitation was observable
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Figure 3. STEM-EELS analysis of PEGylated aminosilica-coated NDg nanoparticles. (A) Annular
dark field STEM image with the 72%129 pixel spectrum image (S) region indicated by the
white rectangle, (B-E) STEM-EELS maps for (B) amorphous carbon, (C) diamond, (D) silicon,
and (E) a color map showing diamond (red), silicon (blue), and amorphous carbon (green).

in the alkaline solution (pH = 10) only, while the other alter-
natives were stable at least for two weeks. I'urthermore, par-
ticles exhibiled long term (al least 1 month) stability in PBS
and tissue culture media, which is essential for their use in
bioapplications.

The function of the mid-size {5000 Da) heterobifunc-
tional PEG in the surface architecture is not only a col-
loidal protection: its terminal alkyne group exposed to the
solution is available for selective attachment of various (bio)
molecules via click chemistry. In order 1o demonstrate the
applicability of particles as a modular platform for construc-
tion of different probes, three selected azide-modified mole-
cules were attached to the NID4 particles: 'ZI-labeled RGDS
peplide 7 (ND5a), coumarinl™! (ND3b), and flucrescein(™]
(ND3¢) (for structures see Scheme 1B).

The RGDS peptide exhibits targeting properties towards
tumor cells and here served as a model structure for our
future studies. Its radiolabeling!™ enabled highly sensitive

Figure 4. Photography of ND1 and NDg dispersions (0.5 mg mL™%)
in PBS, 30 min after mixing. ND1 (left) precipitates and finally gives
sediment at the bottom of the tube, while NDg (right) remains in the
form of stable colloid scattering the laser beam (red laser pointer).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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monitoring of conjugation yield by radio-
activity measurements. The consecutive
post-reaction washing steps (Figure 83
in Supporting information) revealed that
only a small amount of peptide can be
released after the excess from reaction has
been washed away. The tolal load ol pep-
lide estimated from radioactive measure-
ments was 8 pmol g To confirm that the
peptide is bound sclectively by click chem-
istry and not only adsorbed to the particle
surface, a control reaction without Cu! cat-
alyst was performed. The total amount of
peptide attached in control was only ~4%
of the load reached by reaction in the
presence ol Cul calalyst. The vast majorily
of RGDS attached by reaction in presence
of catalyst was therefore covalently bound
lo the PEG chains, and only a very small
fraction of physisorbed peptide remained
on the particles after post-reaction wash-
ings. Because presence of hydrophobic
RGDS peptide on a nanoparticle can lead
Lo its aggregation, we tesled also the long-
term colloidal stability of conjugate ND35a
in PBS buffer using DLS. The colloidal behavior introduced
already by PEG layer was preserved even after attachment
of the peptide: the particles remained stable for al least one
month.

To directly confirm the covalent grafting mechanism, the
fluorogenic probe coumarin azide!™! was attached to the par-
licles, providing ND5b. The dye itsell is non-fluorescent, but
a highly fluorescent structure is formed upon cycloaddition
to an alkyne. Compared with the control sample reacted in
the absence of Cul, the reaction of coumarin azide with the
particles in the presence of Cul catalyst produced a charac-
teristic bright fluorescent product (Figure 84 in Supporting
information).

2.3. Spectroscopic Characterization

Modification of I'ND surface chemistry has been shown to
produce changes in NV cenlers charge state which is strongly
reflected in fluorescence spectral’””l To evaluate the pos-
sible influence of the silica shell on FND fluorescence, we
measured the photoluminescence spectra for ND1 and ND4
(Figure 5). The normalization to the diamond Raman signal
cnabled us to compare the relative change in fluorescence
caused by formation of the shell. The spectra show that the
shell behaves as an inert translucent layer: ils presence has
no significant influence on the fluorescence and the spectrum
retains its intensity and characteristic shape.

Tor detailed understanding of the conjugation process
and quality of the resulting conjugate we aimed to measure
the [raction of FNDs that are not properly moedified by either
silica shell or PEG-alkyne and therefore cannot be further
modified by click reaction. Using total internal reflection
fluorescence microscopy (TIRI') we characterized conjugate
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Figure 5. Normalized photoluminescence spectra of non-coated (ND1,
black) and PEGylated silica-coated (NDg, red) FNDs. For comparison of
relative change in fluorescence caused by formation of the shell the
spectra were normalized to the diamond Raman signal. The relative
difference in photoluminescence intensity is within the standard
deviation of the measured data. Each spectrum shows an average of 50
normalized measurements, The standard deviation was 8,9% for ND1
and 9.4% for NDg. ZPL — zero phonon line.

NDSe bearing a sccondary fluorescent probe, fluoreseein,”!
at the single particle level. I'rom 5 measurements, we counted
400 red spots that colocalize with green ones, and only 20
that do not colocalize (Figure S6 in Supporting information).
This result confirmed us that the vast majority (>95%) of
the I'NDs are properly modified and the reaction procedure,
although performed in very diluted solutions (240 uM fluo-
rescein-azide), is robust enough to provide high yield conju-
gation (for experimental details and further discussion sce
Figures §5-87 in Supporting information). It should be noted,
that the total load of fluorescein on particles was 9 ymol g 1 of
NDs (estimated by UV-Vis spectroscopy) which is in agree-
ment with conjugation yiclds of RGDS peptide (8 pmol g7,
see above). Because the loads ol both molecules obtained by
different methods (scintigraphy and UV-Vis spectroscopy,
respectively) are in excellent agreement despite the different
character of the molecules, this load represents apparently an
upper limit for covalent attachment of molecules to the par-
ticles. The quantilies can be recalculaled. using simple spher-
ical model, giving a number of approximately 2000 molecules
attached to a single nanoparticle. This quantity is sufficient
not only for targeting of a probe, but also for applications
more demanding on a cargo payload, like MR imaging con-
trast agents or drug delivery systems.

2.4. Imaging of Coated NDs in Cells

We cxamined the differences between ND1 and ND4 par-
ticles in interaction with human prostate cancer cells. The
unmodified, “naked™ nanoparticles have due to high [ree
energy to the environment a much greater nonspecific affinity
for the cell surface than particles modificd by proteins™! or
sterically protecting polymers. Using in vitro tissue culture
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experiments, we examined whether the shell structure on
ND4 is able to compensate this effect compared to “naked”
ND1. For this experiment we choose serum-free PBS buffer,
a well-defined medium enabling control and analysis of
binding events on cells.” We dispersed both ND1 and ND4
particles in PBS buffer and exposed cells for one hour to this
solution, Aller washing the cells with ND-[ree PBS buller
we observed the cellular localization of the particles using
confocal microscopy (Figure 6). While the ND4 were found
internalized inside prostate cancer cells (LNCaP cell line),
the ND1 were mostly adhered on the cell membrane. This
difference may be explained by the observation that ND1
are strongly aggregating and subsequently precipitating in
PBS buffer (Figure 4), while the ND4 are colloidaly stable
under these conditions (see above). We hypothesized that
the presence ol large aggrepates ol ND1 [ormed in the buller
promotes cell binding but prevents internalization, possibly
because the larger aggregates are energetically not favored
Lo be endocytlosed.

To prevent the aggregation as well as decrease the free
cnergy of particles we preincubated ND1 in cell growth
medinm containing serum. Noncovalent adserption of serum
albumin has been already described as an option for stabi-
lizing NDs in aqueous solutions.[?1l We tested the aggregation
state of NI in cell media using DLS, which showed rapid
formation of still =600 nm large aggregates. Due to serum

FND

DIC+FND

ND4

Figure 6. Confocal microscopy images of PEGylated aminosilica-
coated (NDg) and noncoated (ND1) particles preincubated in PBS and
internalized by LNCaP cells, The displayed images are fluorescence from
NDs (FND) in false colours (left) and merged differential interference
contrast (DIC) and FND fluorescence (right), FNDs were dipersed in PBS
before addingto cellsin medium (final concentration 200 ug mi?). Cells
were washed by PBS after one hour incubation, incubated for subseguent
23 hours and observed after fixation, Fluorescence of FND was collected
by Zeiss LSM 780 at 639-758 nm upon excitation at 532 nm. For full set
of images see Figure S8 in the Supporting Information.
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proteins stabilization the ND-serum complex did not further
agglomerate or precipitate for several days (in contrast to
ND1 which precipitates in PBS in less than 30 minutes). In
cell experiment, we indeed observed very similar behavior
for both serum media treated ND1 and ND4 samples: the
particles were internalized into cells without nonspecific cell
membrane adhesion (Figure S8 in Supporting information}.
However, in case of ND1 the cells were interacting with very
different, 600 nm particles resulting from association of ND1
nanoparticles in presence of serum proteins and ions from
medium. In contrast, colloidal behavior of ND4 was not influ-
enced by any biologically relevant liquid used in study (see
Figure 82) and particles we taken up in non-aggregated form.

From these studies, it is clear that the shell architecture,
or more precisely its bionanointerface formed by hydro-
phillic PEG. prevents the nonspecific adsorption of particles
to the cell membrane. This property is a key starting point for
any study on cell recognition or targeting,.

3. Conclusion

In summary, this study introduces hybrid near-spherical nano-
particles combining, the advantages of fluorescence of NV
color centers in NDs with a bio-orthogonally reactive trans-
Iucent shell. We have demonstrated in bulk solution as well
as at the single particle level that the surface architecture is
not quenching or otherwise modifying the unique fluorescent
properties of NV centers. The attachment of molecules or bio-
molecules can be performed selectively at high conversion effi-
ciencies using click chemistry in aqueous buffers or biological
media while keeping the excellent colloidal stability of the par-
ticles. Morever, the bionanointerface of particles prevents their
nonspecific adhesion on cell membrane, as proven on human
prostate cancer cells. Our design based on unique photophysical
properties of non-photobleachable NV center in combination
with silica coating can therefore serve as a versatile biocom-
patible platform, providing new directions for construction of
various sophisticated imaging probes or targeted systems. ¥l

4. Experimental Section

Chemicals and  Solvents:  Tetraethoxysilane  (TEOS),
1,2-bis(triethoxysilyllethane  (BTSE),  (3-aminopropyl)triethox-
ysilane (APS), polyvinypyrrolidone MW = 10 000 g mol™ (PVP),
2-ethoxy-1-ethoxycarbonyl-1,2-dihydroguinoline  (EEDQ), and
dimethylaminopyridine (DMAP) were purchased from Sigma-
Aldrich. NHS-PEG(5000)-alkyne (Scheme 1B) was purchased
from Iris Biotech. !25%|-labeled RGDS peptide azidopentanoyl-
GGGRGDSGGGY(*#5)-NH,,l”3l  coumarin-azide,l”*!  fluorescein-
azidel"® (Scheme 1B), and THPTA ligand'®® were synthesized
according to published procedures.

infrared (IR) spectroscopy: IR spectra were recorded from
4000-400 cm™* on a Bruker Equinox spectrometer using KBr pel-
lets. The sample weight was 1.0 mg/pellet for all samples,

Raman Spectroscopy: Photoluminescence spectra were meas-
ured with a Renishaw InVia Raman Microscope at an excitation
wavelength of 514 nm with 25 mW laser power. Spectra were
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recorded at room temperature and normalized to the diamond
Raman peak (excitation at 488 nm). The measurements were per-
formed on aqueous solutions (as received, 1:1, 1:2, 1:5, and 1:10
dilutions) in a Hellma fluorescence cuvette (type no. 105.252-QS).
A set of 10 measurements was performed on each sample. All
spectra were normalized to the diamond Raman peak.

Elemental Analysis: Elemental analysis was performed with a
CHN PE 2400 Series automatic analyzer. Each sample was meas-
ured three times, and the results were averaged.

UV-Vis Spectroscopy: UV-Vis spectra were recorded with a
Specord 210 (Analytik Jena) spectrometer in the 300-700 nm
range at room temperature with an optical path of 1 cm.

Luminescence Spectroscopy: Luminescence measurements
were performed on an Edinburgh Instruments FS900 spectrofluor-
imeter, equipped with a 450 W xenon arc lamp, a microsecond
flash lamp, and a red-sensitive photomultiplier (300-850 nm).

Electron Microscopy: To prepare the samples, a drop of
diluted colloidal solution was placed on a carbon-coated copper
grid and left to dry. Bright field transmission electron microscopy
(TEM) experiments presented in Figure 1A and S1 were performed
using a JEOL JEM-1200EX electron microscope operated at 60 kV.
All other TEM, high resolution TEM, STEM, and spatially-resolved
EELS experiments were carried out on a FEI Titan 80-300 “cubed”
microscope fitted with an aberration-corrector for the imaging lens
and the probe forming lens and a GIF Quantum energy filter for
spectroscopy, operated at 80 kV to minimize knock-on damage to
the sample. STEM-EELS experiments were performed using a con-
vergence semi-angle « of ~21 mrad and a collection semi-angle
B of ~200 mrad, using a beam current of approximately 80 pA. A
fine electron probe (diameter ~1.5 A) was scanned over a region of
the sample, acquiring an EELS spectrum at each point. All spectra
were acquired at an energy dispersion of 0.4 eV per pixel and an
energy resolution of approximately 1.2 eV. Chemical maps for the
C signals (amorphous carbon and diamond) were generated by
fitting the carbon K-edge to known references for diamond and
amorphous carban. The Si maps were generated by plotting the
intensity under the background-subtracted Si L, ;-edge in each
pixel using a 22 eV broad energy window.

The size distributions of coated and noncoated particles in
TEM microphotographs were calculated with Image] software,
using more than 150 particles for each sample. Average particle
sizes are expressed in the form of average circular equivalent
diameter. It is defined as the diameter of a spherical particle that
has the same area as the observed particle.

Dynamic Light Scattering (DLS): DLS was recorded with a Zeta-
sizer Nano ZS system (Malvern Instruments) at room temperature.
Sample concentrations were 0.05 mg/mL.

Radioactivity Measurements: Gamma emission of 2% was
measured with an ionization-chamber Bgmetr 4 applied activity
indicator (Empos, Prague, Czech Republic). The concentrations of
RGDS in samples were calculated from a measured activity of a
sample and known activity per 1 mg of labeled RGDS. 17!

Total Internal Reflection Fluorescence (TIRF) Microscopy: The
TIRF micrascope is a home-made setup relying on a Zeiss Axiovert
35 mount and a x100 and 1.49 numerical aperture microscope
objective (Ref. UAPON 100XOTIRF, Olympus, Japan). We used con-
tinuous-wave diode-pumped solid-state lasers sources, one at a
wavelength of 488 nm and 50 mW maximum power for fluorescein
excitation (Sapphire 488-50 LP, Coherent Inc., USA) and the other
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at 561 nm for excitation of NV color centers in nanodiamonds, at
100 mW maximum power (SLIM-561-100, Oxxius S.A., France). We
used two different filter sets depending on the detection channel:
the “green channel” dedicated to fluorescein and the “red channel”
for FND fluorescence. The “green channel” filter set is composed of
a dichroic beamsplitter (Ref. z488rdc Chroma, AHF Analysentechnik,
Germany) and a 50 nm band-pass filter centered on 525 nm, which
is close to the maximum of fluorescein fluorescence (ET525/50,
AHF). The “red channel” filter set is composed of a dichroic beam-
splitter with a sharp edge at 561 nm and a 97% flat transmission
above this wavelength (Ref. ZT561rdc Chroma, AHF) and a 75 nm
band-pass filter centered on 697 nm, which is the maximum of the
NV color center fluorescence (HC 697/75, Ref. F39-697, AHF). The
detection was performed with a cooled electron multiplied CCD
array detector (iXon-DU885, Andor Technology, Ireland).

For colocalization statistics, five TIRF fields of view were ana-
lyzed (an example of ane field is depicted in Figure S6). To obtain
similar maximal counting rates of 160 kilo counts/s (kcts/s),
excitation laser intensities of 32 kW cm 2 at a 561 nm excitation
wavelength (Figure S6A) and 3 kW cm? at a 488 nm excitation
wavelength (Figure S6B) were used.

Confocal Microscopy: Confocal microscope Zeiss LSM 780 was
equipped with the In-Tune laser (with minimum power 1.5 mW per
wavelength) tuned to 532 nm wavelength and an oil-immersion
objective (Plan-Apochromat 63x/1.40 Oil DIC M27). The fluores-
cence images were collected in ZEN 2011 software at room tem-
perature using InTune laser, intensity 100% at 532 nm, QUASAR
PMT spectral channel #34 in range 639-758 nm with master gain
setto 1200V (or 850 Vin case of ND1 pre-incubated in PBS), offset
0, digital gain 1, pinhole at diameter 67 pm (1.35 Airy unit) and
with line averaging 2. For continuous maintenance of focus Defi-
nite focus was used. Images were processed using the GIMP2 Pro-
gram where images were cropped to selection and input level of
black points was set to 15. Fluorescence from nanodiamonds is
displayed in false colors in red-to-white LUT.

Nanodiamond Pretreatment (ND1): Nanodiamonds were sup-
plied by Microdiamant Switzerland (MSY 0-0.05). The parti-
cles were oxidized by air in a Thermolyne 21100 tube fumace at
510 “C for 5 hours. The nanodiamonds were subsequently treated
with a mixture of HNO, and H,SO, (85 “C, 3 days), washed with
0.1 M NaOH and 0.1 M HCl, washed five times with water, and
freeze-dried.!¥!l Purified nanodiamond powder (160 mg), con-
taining approximately 100-200 ppm of natural nitrogen impuri-
ties, was pressed in an aluminum target holder and irradiated with
a 15.5 MeV proton beam extracted from the isochronous cyclotron
U-120M for 70 min (fluence 6 x 10® cm~?). The irradiated mate-
rial was annealed at 900 °C for 1 h and subsequently oxidized
for 6 h at 510 "C. The nanodiamonds were then treated with a
mixture of HNO; and H,50, (85 °C, 3 days), washed with 0.1 M
NaOH and 0.1 M HCl, washed five times with water, and freeze-
dried. Prior to use, the particles were dissolved in water (2 mg/mL)
and sonicated with a probe (Cole-Parmer, 750 W) for 30 minutes.
The resulting transparent colloid was filtered using a 0.2 pm PVDF
microfilter to provide colloidal solution of NDa particles,

Coating of Nanodiamond Particles with Amino-terminated
Silica (ND3): Polyvinylpyrrolidone (96 mg, 9.6 pmol) was dissolved
in water (204 mL) and sonicated for 10 minutes in an ultrasonic
bath. ND1 colloid (6 mL, 2 mg mL?) was added, and the mixture
was stirred for 24 hours. The colloid was then concentrated via cen-
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trifugation in two steps. In the first step (40,000 rcf, 1 hour), the
volume was reduced to approximately 12 mL. The second centrifu-
gation step (30,000 rcf, 30 min) was performed in microvials and
reduced the solvent volume to approximately 0.4 mL. Sedimented
nanodiamonds were resuspended in ethanol (12 mL) in a round
bottom flask and sonicated in an ultrasonic bath for 2-4 min. TEOS
(112 mg, 539 pmol) was added. After 2 minutes of vigorous stirring,
ammonia solution (25%, 500 pL) was added, and the reaction mix-
ture was stirred for 14 h, affording ND2. BTSE (12 mg, 34 pymol) and
APS (12 mg, 54 pmol) were added to the solution. After approxi-
mately 2 h, the reaction mixture became turbid, a portion of parti-
cles slowly precipitated from solution and stuck to the walls of the
reaction vessel. The reaction mixture was stirred for an additional
24 hours. The product was purified by centrifugation (14,000 rcf,
5 min) with ethanol (12 mL, 4x) and MeCN (12 mL, 2x) and was dis-
solved in 6 mL of MeCN. The ND3 particles were stored in the freezer
(-18 °C) as a stable colloid for several weeks without changes in
particle characteristics (confirmed with TEM, and DLS) or reactivity.

Grafting of PEG Chains (NDg): NHS-PEG-alkyne (42 mg,
8.4 pmol), EEDQ (8.4 mg, 34 pmol), and DMAP (4.1 mg, 34 pmol)
were dissolved together in 6.4 mL MeCN. The resulting solution
was placed into an ultrasonic bath cooled to 18 “C. Using a syringe
pump, the ND3 colloid (6 mg ND, i.e., 24 mg of particles in 3 mL
solution) was slowly added to the reaction mixture in 30 min. The
mixture was sonicated at 18 °C for an additional 2.5 hours and then
gently shaken for 16 hours. The product was purified by centrifuga-
tion (14 000 rcf, 5 min) with MeCN (6 mL, 3x), ethanol (12 mL, 1x),
and water (6 mL, 2x) and was dissolved in water or PBS (3 mL). For
long term storage, the product (NDg) was kept in MeCN at —18 °C.

Functionalization of ND4 by '*llabeled RGDS, coumarin
azide, and fluorescein azide (NDsa-c): A solution of Cu-catalyst
was prepared in a separate vial by mixing CuS0,-5H,0 (20 pL of a
25 mM solution) and THPTA ligand (20 pL of a 50 mM solution).

The click reactions were performed similarly to those described
in ref.[4] by mixing reactants in a 1.5 mL vial in the following order
and quantities:

1. Water (87 pL)

2. Aqueous colloid of ND4 (250 pL containing 0.5 mg of ND, i.e.,
2 mg of particles)

3. 125I-labeled RGDS (222 pL of a 0.46 mM agueous solution)
or fluorescein azide (5.90 pL of a 17.3 mM DMSO solution) or
coumarin azide (13.5 pl of a 7.6 mM DMSO solution)

4. Aminoguanidine hydrochlaride (32 pL of a 100 mM solution)
Cu-catalyst solution (16.5 pL) (see above)
6. Sodium ascorbate (32 pL of a 100 mM solution)

The vials were well-sealed and kept for 3 h without stirring
or shaking. Nanoparticles NDsa, NDsb, and NDsc were isolated
in almost quantitative yield by centrifugation (14 000 rcf, 5 min)
and washed with water (1x, 1 mL) and PBS buffer (3%, 1 mL). The
amount of molecules attached to the nanoparticles after every
washing was quantified by UV-Vis spectrophotometry in the case
of fluorescein azide or by radioactivity measurements in the case
of 12|-labeled RGDS (see Figure $3).

Cell Culture and Cellular Uptake: LNCaP cells (human prostate
cancer cell line, ATCC) were grown in RPMI medium (Sigma) with
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10% FBS serum (Sigma) in Petri dish with No. 1.5 glass bottom
D35C4-20-1.5-N (BioPort Europe, s.r.0.) at 37 “C in a humidified
5% CO, atmosphere. After 24 hours (the cells were 20-30% con-
fluent) the culture medium was replaced with the fresh medium
containing NDs (ND1 or NDg) at concentration 200 pg ml!. NDs
were pre-incubated either half an hour in RPMI medium or one
hour in isotonic PBS solution (pH = 7.4) before adding to the cells.
After one hour of incubation the cells were washed twice with RPMI
medium for removing excess of nanodiamonds. After additional
23 hours of incubation cells were fixed by 2% formaldehyde solu-
tion in PBS at 4 “C. After fixation cells were washed twice with PBS
and subjected to confocal microscopy.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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Supporting Information

Figure S1: BF-TEM images of aminosilica-coated particles prepared with a half amount of
tetraethoxy silane compared to the particles ND3 (Figure 1B).

10000

E 1000 4 7 z
£ 7N
1
o 7 N ,
= ' B 7
< 1004 g é /ﬁ %

AN .-

Figure S2: Aggregation states (expressed as zeta averages from DLS measurement) of
colloidal aqueous solutions of ND4 particles at pH 2, 4, 7, 10, and 12 (pH adjusted using
HCI and NaOH solutions), in 1M NaCl, PBS buftfer and serum-containing cell grow media
(Sigma Aldrich RPMI-1640 + serum). Measurements were performed 24 hours (black
bars) and 2 weeks (hatched bars) after sample preparation. The sample at pH 12
precipitated during the first two hours, and the sample at pH 10 precipitated after one
week. All other samples remained colloidally stable.
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Figure 83: The content of “l-labeled RGDS peptide in reaction mixture and in the ND5a
sample after the specified number of washings (1 mg of nanoparticles was washed with 1.2
mL of water and isolated via centrifugation. The activity of colloid was measured after each
washing step using ionization chamber.

125

Figure S4: UV-irradiated spectroscopic cuvettes with reaction mixtures after fluorogenic
click reaction of ND4 with coumarin-azide in the presence (left) and absence (right) of Cu(T)
catalyst. The fluorescence of product ND3b is clearly observable in the left cuvette.

Single particle measurements

Fraction of ND1 displaying NV color center fluorescence

The fraction of fluorescent NDs was determined using a setup combining an atomic force
microscope (AFM, MFP- 3D-BIO, Asylum Research, USA) with an inverted confocal
microscope sensitive to single NV color center photoluminescence (see ref.' for example).
Nanodiamonds were first spin-coated on a quartz coverslip, which was then simultaneously
raster-scanned by AFM and confocal microscopes. From scans of the mixtures shown in
Figure S5 and three additional scans (not shown), we observed that 97 of 134 nanodiamonds,
i.e., 74%, were fluorescent. Moreover, the maximal nanodiamond size measured by AFM was
about 100 nm (probably an aggregate of two particles), in relatively good agreement with
TEM (Figure 1).
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Figure S85. AFM and confocal microscopy simultaneous imaging of non-coated FNDs
deposited on a quartz converglass. (A) Photoluminescence image (scale in kilocounts s ' on
the single-photon counting module). (B) AFM image of the same field of view. The red
circles are centered on NDs that do not exhibit fluorescence. Note that the AFM scan is
slightly shifted by about 1 pm towards the negative x-axis, and by about 400 nm towards the
positive y-axis.

Figure S6: TIRF microscopy images of the fluorescein-labeled particles (NDSc), spincoated
on a quartz converglass. (A) Red detection channel image showing only NV center
fluorescence; (B) Green detection channel, showing fluorescein signal in the same field of
view; (C) Merged image in which colocalized spots appear in yellow-white. All red spots of
(A) colocalize with green spots of (B). Scale bars: 10 um, intensity scales in kilo counts per
second (kcts s"') on the detector.
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Individual photoluminescence (PL) spectra of ND4

A large number of green spots that do not colocalize with red ones (total of 530), originating
from NV centers, were detected in TIRF microscopy images (see Figure S6). To understand
this observation, the individual particle spectra were measured using a home-made confocal
microscope with an imaging spectrograph, equipped with a cooled CCD array on its detection
channel. ND4 particles were spincoated on a quartz coverslip similarly as for the analysis
shown in Figure S5. The PL of the sample was raster-scanned using a continuous wave (cw)
excitation laser at a wavelength of 488 nm and a combination of a dichroic beamsplitter
(z488rdc Chroma, AHF Analysentechnik, Germany) and a longpass filter with a steep edge at
488 nm (RazorEdge LP02-488RS, Semrock Inc., USA). This allowed us to record the full PL
spectra. The excitation laser was then positioned on an individual FND to record the
spectrum. Figure S7 shows three different types of spectra obtained for different particles. A
large majority of the spectra (about 90%) displays only NV° or NV~ PL characteristics
(Figure S7A) with a very low signal in the green bandpass detection channel of the TIRF
microscope setup. A rare green signal that could come from a color center emitting in the
green like the H3 center’ or Raman from silica (see Figure S7C) can therefore be ruled out.
These observations, along with the fact that only 26% of the ND1 particles do not display NV
center fluorescence (Figure S5), indicate that the green spots in Figure S6 that do not
colocalize with NV emission are mostly not related to FND. The most probable cause of the
non-colocalized green signal is the presence of fluorescent impurities in the solvent that we
can detect considering the single emitter sensitivity of our setup.
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Figure S7: Photoluminescence spectra of individual PEGylated aminosilica-coated (ND4)
FNDs, excited with a cw laser at 488 nm wavelength (1 mW power). The light green
rectangles indicate the detection range of the green channel on the TIRF setup. (A) PL
spectrum of an ND4 particle displaying mostly neutral NV center emission characterized by a
zero-phonon line at 575 nm (indicated by the arrow). (B) PL spectrum of another ND4
particle, showing in addition to NV° emission, the presence of a green emitting center, the
H3, corresponding to N-V-N,* which would give a significant signal in the TIRF green
detection channel. (C) PL spectrum of yet another ND4 particle displaying narrow peaks in
the TIRF green detection channel (labeled with R). We attribute these peaks to the 1873 cm™
Raman peak of amorphous silica,® which results in a peak at 537 nm for the 488 nm excitation
wavelength used, very close to the 532 nm peak maximum observed.

94



NANO

MICRO
Submitted to Smu | |

FND merged

DIC

95



NANO| |MICRO
Submitted to Smu

Figure S8 Images of FNDs internalized by LNCaP cells: (A) PEGylated aminosilica-coated
ND4 and (B) non-coated ND1, dispersed in PBS; (C) ND4 and (D) ND1 pre-incubated in
medium containing serum proteins; (E) cells without nanodiamonds. The displayed images
are differential interference contrast (left), fluorescence from NDs (middle), and merged
image (right). All the cells were washed by PBS atter one hour incubation with NDs (final
concentration 200 ng mL_l), incubated for subsequent 23 hours and observed after fixation
with solution of 2% formaldehyde. Fluorescence of FND was collected by Zeiss LSM 780 at
639-758 nm upon excitation at 532 nm. The upper right part of the image marked by a red
line is identical with Figure 6.
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The novel synthesis of a polymeric interface grown from the
surface of bright fluorescent nanodiamonds is reported. The
polymer enables biocorthogonal attachment of various mole-
cules by click chemistry; the particles are resistant to nonspe-
cific protein adsorption and show outstanding colloidal stabili-
ty in buffers and biological media. The coating fully preserves
the unique optical properties of the nitrogen-vacancy centers
that are crucial for bioimaging and sensoric applications.

Fluorescent nanodiamonds {FNDs) are a recently introduced
class of luminescent probes!'™ FNDs are biocompatible™”
nanoparticles with sizes ranging from about five to several
hundred nanometers. FNDs emit bright fluorescence in the red
part of the visible spectrum {maximum at =700 nm), which is
well separated from the cell/tissue autofluorescence. Nanodia-
mond flucrescence originates from so-called nitrogen-vacancy
(N-V) centers. Emission from N-V centers is completely resistant
to photobleaching and photoblinking.® The absolute stability
of N-V emission is unique amongst all fluorescent dyes and is
especially crucial in applications that require large laser
powers, such as super-resolution microscopy.®'® Furthermore,
the electron structure of the N-V center'"'? allows for con-
struction of fluorescence-read sensors’>' or for background-
free observation of FND probes in vivo !>
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The use of FNDs without any surface modification as fluores-
cent bioprobes or biosensors is limited for three major rea-
sons: 1) nanodiamonds {NDs) precipitate in biological solu-
tions,'7 " 2) proteins nonspecifi-
cally adhere to the ND surface,'”
and 3)direct surface modifica-
tions of the ND surface are limit-
ed. The urgent need to overcome
these limitations is evidenced by
the large number of publications
devoted to improving ND particle
properties through various sur-
face modifications {for a review,
see Ref. [20]).

Coating of NDs with polymeric
shells appears to be a promising
approach. After coating, ND parti-
cles exhibit an improved colloidal
stability'”"**' ¥ and reduced ad-
sorption of blood proteins.'” Further functionalization of the
polymeric shell has also been demonstrated."” Introduction of
azide and alkyne groups onto the ND surface and their subse-
quent reaction using azide-alkyne cycloaddition {click reaction)
was recently reported.”'%%%7

Herein, we show simultaneous removal of the three above-
described drawbacks of “naked” bright® FNDs by means of
a novel surface architecture constructed on a FND surface. This
architecture comprises an ultrathin, <21 nm silica layer (unlike
recently published thick silica shells on FNDs¥#'") and a poly-
methacrylate copolymer coating that allows further functionali-
zation of the FNDs by click chemistry® (Scheme 1).

The silica shell was grown from a mixture of tetraethoxysi-
lane and 3-{trimethexysilyl)propyl methacrylate using a modi-
fied Stéber procedure. The presence of this coating was con-
firmed by infrared spectroscopy (Figure S1 in the Supporting
Information). Terminal methacrylate groups of the silica coating
were used to grow a dense layer of copolymers, which consist-
ed mainly of poly[V-(2-hydroxypropyl)methacrylamide] (poly-
(HPMA)). Poly(HPMA) is a widely used hydrophilic biocompat-
ible polymer® and has been used to coat various fluorescent
probes.*¥ We used a “grafting from” coating method, in which
the polymer coating is polymerized from the surface of the
FND. This approach usually offers denser and better protecting
coatings than “grafting to” methods, in which the polymer is
first synthesized in solution and then attached to the sur-
face.?> 3! polymer chains were grown using radical polymeri-
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Scheme 1. Schematic structure of the polymer coating on a fluorescent nanodiamond crystal.

zation with azobis(isobutyronitrile) (AIBN) as initiator. A small
fraction {5%) of HPMA monomer was replaced in the reaction
mixture by propargylacrylamide (AlkMA) or 3-(azidopropyl)me-
thacrylamide (AzMA) to introduce azide or alkyne moieties to
the polymer, respectively. These groups are suitable for
copper-catalyzed click reaction,”” enabling attachment of vari-
ous molecules and biomolecules to the FND surface (see
below).

Figure 1 shows bright-field TEM images of FNDs modified by
poly(HPMA-co-AlkMA). The FNDs are coated with a thin layer
of polymer that evenly covers the nanodiamond surface {Fig-
ure 1a,b). The thickness of the layer varies between approxi-
mately 2 and 5 nm. The high-resolution images (Figure 1c,d)

Figure 1. TEM images of FNDs coated with poly(HPMA-co-AlkMA). {a} Over-
view image showing the irregular shape and size of the coated FNDs.

(b) Single-coated FND; the polymer-coated diamond surface is shown in
more detail in (¢} (area indicated by the white rectangle). The arrows indi-
cate elongated or rolled-up chainlike structures, presumably the polymer
chains. {d) High-resolution TEM image of a FND surface showing the surface-
coating layer.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

show that the surface layer is formed by chainlike structures,
which are presumably the polymer strands. Thermogravimetric
analysis provides additional evidence for the presence of poly-
mers on the FND surfaces (Figure S2). Based on the difference
between the silica-coated and silica—poly{HPMA-co-AlkMA)-
coated FNDs, we concluded that the polymer comprises ap-
proximately 9% of the total mass of the prepared material.

Modifications of FND surface chemistry can cause changes
in the charge state of the N-V centers, which is strongly reflect-
ed in the fluorescence spectra.*’** To evaluate the passible in-
fluence of our modification on FND fluorescence, we measured
the photoluminescence spectra of noncoated and poly(HPMA-
co-AlkMA)-coated FNDs {Figure S3). The spectra show that the
shell behaves as an inert translucent layer; its presence has no
significant influence on the shape and intensity of the fluores-
cence spectrum,

The colloidal stability of FNDs in buffers and biclogical lig-
uids is essential for their successful application as fluorescent
bioprobes. Performed experiments show the long-term colloi-
dal stability of coated FNDs in saline, in buffers typically used
in cell biology (0.1m phosphate-buffered saline (PBS), 2-{N-
morpholinojethanesulfonic acid (MES), and 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)), and in cell-growth
media (Figure S4). A stability study performed in universal Brit-
ton-Robinson buffer revealed that the particles are stable
under acidic to basic conditions and become unstable in
strongly acidic solutions only (Figure S5). In contrast, naked
FNDs aggregate (Figure 2a) and eventually precipitate in any
of these solutions.

The adsorption of blood proteins, which may lead to scav-
enging of particles into the reticuloendothelial system, was
tested with radiolabeled bovine serum albumin (BSA). Serum
albumin is the most abundant serum protein {ca. 4-5% weight
concentration in plasma), which makes it the best blood pro-
tein representative.*” To evaluate the protein resistance of the
particles, we mixed noncoated and poly(HPMA-co-AlkMA)-
coated FND solutions with '#| radiolabeled bovine serum albu-
min {'®1-BSA).5 After incubaticn, FNDs were removed by cen-
trifugation, and the remaining radioactivity in the supernatant
(corresponding to the BSA concentration) was measured {for

ChemPlusChem 2014, 79, 21-24 22
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Figure 2, Properties of polymer-coated FNDs, (a) Poly(HPMA-co-AlkMA}-
coated FNDs (left} and naked nanodiamonds (right) dispersed in PBS buffer
(30 min after mixing; concentration 0.5 mgmL~'). The laser beam is strongly
scattered by the precipitating naked FND particles, and the polymer-coated
particles form a stable colloidal solution. (b) The reaction of poly(HPMA-co-
AlkMA)-coated FNDs (left) and control poly(HPMA)-coated FNDs (right},
with the fluorogenic probe coumarin-azide (lighted by UV lamp). The

bright fluorescence results from the click reaction.

details, see Supporting Information). We observed that the in-
troduction of the polymeric film on FNDs caused a nearly four-
fold reduction in the total adsorbed amount of BSA. This re-
duction slightly exceeds the 3.2-fold reduction described for
amphiphilic polymer zonyl-coated NDs."'?

A copper-catalyzed alkyne-azide cycloaddition reaction
{click reaction)®? was used to modify the poly(HPMA-co-
AlkMA)-coated FNDs with various model molecules. We chose
this reaction owing to its excellent bioorthogonality and mild
reaction conditions (see below). First, to directly confirm the
covalent grafting mechanism, the fluorogenic probe coumarin-
azide™” was attached to the poly(HPMA-co-AlkMA)-coated par-
ticles. The dye itself is nonfluorescent, but a highly flucrescent
structure is formed upen cycloaddition te an alkyne. The reac-
tion of coumarin-azide with the particles in the presence of
a Cu' catalyst produced a characteristic bright fluorescent
product, whereas the control reaction performed in the ab-
sence of Cu', remained dark({Figure 2b).

Several molecules were attached to the surface of the HPMA
copolymer-coated FNDs to demonstrate the versatility of the
conjugation procedure and to quantify the yield of the click re-
action (see the Supporting Information). As a representative
fluorescent dye we used Alexa488-azide, because its high ex-
tinction coefficient allows quantification using absorption spec-
troscopy. To test the performance of the reaction in the inverse
azide-alkyne arrangement, we coupled Alexa488-alkyne with
poly(HPMA-co-AzMA)-coated FNDs under the same conditions.
As an example of a peptide we used '“|-labeled
GGGRGDSGGGY-azide (RGDS-azide),*"*¥ a vectoring molecule
used in nanoparticle targeting of tumor cells.*** The presence

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the '#| label enabled the highly sensitive monitering of the
conjugation yield by radicactivity measurements. All of these
reactions were performed in aqueous solutions with approxi-
mately 100 pm concentrations of modifying molecules. The re-
action time was 2 h. The loads of modifying molecules were
found to be in the range of tens of micromoles per gram of
FNDs in all cases. The results show that our surface architec-
ture allows a stable covalent connection of various molecules
to the nanoparticles,

In summary, this study describes the preparation and prop-
erties of a versatile platform for FND-based bioprobe construc-
tion. A new modification of the FND surface using an ultrathin
silica shell bearing methacrylate groups as a platform for poly-
mer growth is presented. The methacrylamide copolymeric
layer grafted from the silica surface simultaneously overcomes
the three current main limits to the bioapplicability of naked
FNDs: buffer solubility, nonspecific protein binding, and the
possibility of a convenient chemical modification. Moreover, it
does not alter the fluorescent properties of the FNDs. The at-
tachment of molecules to FNDs can be performed selectively
using click chemistry in aqueous buffers or biclogical media,
while maintaining the excellent colloidal stability of the parti-
cles. Our design, based upon the unigue photophysical proper-
ties of N-V centers in FNDs, provides a versatile biocompatible
platform for the construction of bioimaging probes or targeted
systems. Experiments on cancer cell targeting and fluorescence
imaging are currently in progress.
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Supporting Information
Materials and Methods

Chemicals and solvents

Tetracthoxysilane (TEOS), 3-(trimethoxysilyl)propyl methacrylate (TMPM), and polyvinylpyrrolidone MW =
10,000 g/mol (PVP) were purchased from Sigma-Aldrich, Alexa488-azide from Life Technologies. ['*I]-Nal
solution was obtained from Lacomed Ltd. (ReZ, Czech Republic). '*I-labeled RGDS peptide was synthesized
and radiolabeled on solid phase as previously described.! N-Propargyl acrylamide (AIkMA) and 3-
(azidopropyl)methacrylamide (AzMA) were synthesized by acryloylation of propargylamine or
azidopropylamine with acryloyl chloride.' HPMA,? coumarin-azide,> and THPTA ligand® were synthesized
according to published procedures. For structures of reagents see Scheme S1.

HPMA and AIBN were purified directly before polymerization by recrystallization. HPMA was recrystallized
twice from an acetone:hexane mixture (1:1 vol:vol). AIBN was recrystallized once from acetone. The
temperature was held below 30 °C during all recrystallization procedures.

o}

AN CEGRGDSGEEY(2 N OH
N N (21NH /‘/M
H N-N
Y
/\/‘N/\\‘}/\N

0% 0. OH ‘W=N
N R

£l

Z.

125 RGDS-azide

2

-

Coumarin-azide THPTA OH

Scheme S1 Structure of reagents used for modification of nanodiamonds.

Instrumental Methods

Infrared (IR) spectroscopy
IR spectra were recorded from 4000 cm™ to 400 cm™ on a Bruker Equinox spectrometer using KBr pellets. The
sample weight was 1.0 mg/pellet for all samples.

UV-Vis spectroscopy
UV-Vis spectra were recorded with a Specord 210 (Analytik Jena) spectrometer in the 300-700 nm range at
room temperature with an optical path of 1 cm.

Luminescence spectroscopy
Luminescence measurements were performed on an Edinburgh Instruments FS900 spectrofluorimeter equipped
with a 450 W xenon arc lamp, a microsecond flash lamp, and a red-sensitive photomultiplier (300-850 nm).

Thermogravimetry
Thermogravimetry was measured with a Setaram Setsys instrument. Approximately 1 mg powder sample was
heated under air with a heating rate of 20 °C/min.

Electron microscopy

To prepare the samples, a drop of diluted colloidal solution was placed on a carbon-coated copper grid and left to
dry. High resolution TEM experiments were carried out on a FEI Titan 80-300 “cubed” microscope fitted with
an aberration-corrector for the imaging lens and operated at 80 kV to minimize knock-on damage to the sample.
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Dynamic light scattering (DLS)
For stabilily studies in biological bulfers, DLS was recorded with a Zelasizer Nano ZS system (Malvern
Instruments) at 25 °C. Sample concentrations were 0.05 mg/mL.
For stability studics at various pH values, DLS was carried out on an ALV instrument cquipped with a 22 mW
He—Ne laser. An ALV 6000, multi-bit, multi-tau autocorrelator covering approximately 12 decades in the delay
time 7 was used for measurements of lime aulocorrelation [unctions. The correlation functions were analyzed
with REPCALC analvtical software.’ which provides a relaxation time distribution function, G(t). The
temperature was controlled within 0.05 °C, The prepared samples were filtered into a dust-free cell. Experiments
were conducted in a broad angular range (30-150°). The diffusion coefficient 1 was obtained from the standard
relation:

I'=7"=Dg 4h)
where /'is the relaxation rate and ¢ =4znsin(@/2)/ 4 is the scattering veclor with A representing the laser
wavelength, » the refractive index of the solvent, and & the scaltering angle. The apparent particle hydrodynamic
radius. Ry, was calculated using the Stokes-Einstein equation.
For turbid samples, R, was additionally measured at a scattering angle (8) of 173° on a Zetasizer Nano-ZS.
Model ZEN3600 (Malvern Instruments, UK). For evaluation of data. we used the DTS (Nano) program. The
universal Britton-Robinson acetate-borate-phosphate buffer with constant ionic strength (0.15 mol/L) was used
for stability studies. The nanodiamond concentration was 10 mg/mL.

Radioactivity measurements

Gamma emission of '’ was measured wilh an ionization-chamber Bqmetr 4 applied activily indicator (Empos,
Prague. Czech Republic). The concentrations of RGDS in samples were calculated based on measured activity
and known activity per 1 mg labeled RGDS.

ND modifications

ND pretreatment

NDs were supplied by Microdiamant Switzerland (MSY 0-0.05). The particles were oxidized by air in a
Thermolyne 21100 tube furnace at 510 °C for 5 hours. The NDs were subsequently (reated with a mixture of
HNO; and H,S8O0, (85 °C, 3 days), washed with 0.1 M NaOH and 0.1 M HCI, washed five times with water, and
frecze-dried.” Purificd ND powder (160 mg), containing approximatcly 100-200 ppm of natural nitrogen
impurities, was pressed in an aluminum larget holder and irradiated with a 15.5 MeV proton beam exiracted
from the isochronous cyclotron U-120M for 70 min (fluence 6 x 10'® em™). The irradiated material was annealed
at 900 °C for 1 h and subsequently oxidized for 6 h at 510 °C. The NDs were then treated with a mixture of
HNO; and H250, (85 °C, 3 days), washed with 0.1 M NaOH and 0.1 M HCI, washed five times with water, and
freeve-dried. Prior (o use, the particles were dissolved in water (2 mg/mL) and sonicated with a probe (Cole-
Parmer, 750 W) for 30 minutes. The resulting transparent colloid was filtered using a 0.2 um PVDF filter.

Coating of ND particles with methacrylate-terminated thin silica layer

Polyvinylpyrrolidone (96 mg, 9.6 pmol) was dissolved in water (204 mL) and sonicated for 10 minutes in an
ultrasonic bath. ND colloid (6 mL, 2 mg/mL: i.c., 12 mg NDs) was added. and the mixture was stirred for 24
hours. The colloid was then concentrated via centrifugation in two steps. In the first step (40,000 rcf, 1 hour), the
volume was reduced Lo approximately 12 mL. The second centrifugation step (30,000 rcf, 30 min) was
performed in microvials and reduced the solvent volume to approximately 0.4 mL. Sedimented NDs were
resuspended in cthanol (12 mL) in a round bottom flask and sonicated in an ultrasonic bath for 2-4 min. TEOS
(84 mg, 404 umol) and 3-(trimethoxysilyl) propylmethacrylate (28 mg, 113 pmol) were added. After 2 minutes
of vigorous stirring, ammonia solution (25%, 500 pL) was added, and the reaction mixture was stirred for 14 h.
The product was purified by centrifugation (14,000 rcf, 5 min) with ¢thanol (12 mL, 4x) and was dissolved in
6 mL of MeCN. The methacrylated silica-coated particles were stored in the freezer (—18 °C) as a stable colloid
for several weeks without changes in particle characteristics (confirmed with TEM and DLS) or reactivity.

Coating of NDs with polymer layer

A dispersion of silica-coated NDs in ethanol (2 mg/mL, 0.5 mL; ie., | mg NDs) was diluted with ethanol
(9 mL). Freshly recrystallized N-(2-hydroxypropyl) methacrylamide (HPMA, 298 mg, 2.1 mmol), N-propargyl
acrylamide (AIKMA, 52 mg, 0.48 mmol), and azobis(isobutyronitrile) (AIBN, 100 mg, 0.61 mmol) were added.
The polymerization was carried out at 70 °C for 16 h, After polymerization, the NDs were centrifuged at 14,000
rcl. The pellet was re-dispersed in ethanol (1.3 mL) and then washed with ethanol (1.3 mL) two additional times,
separated with 15 min centrifugation at 16,000, 20,000, and 25,000 g, respectively. Particles were washed three
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times with water (1.3 mL each) and separated by centrifugation (30,000 g, 15 min). The NDs were re-dispersed
in 1 mL water.

To obtain NDs suitable for modification with alkynes, AIkKMA was substituted with the same molar amount of 3-
(azidopropyl)methacrylamide (AzMA, 73 mg, 0.48 mmol).

Functionalization of coated NDs by click reaction
A solution of Cu-catalyst was prepared in a separate vial by mixing CuSO,5H,O (20 uL of a 25 mM solution)
and THPTA ligand (20 uL of a 50 mM solution).
The click reactions were performed similarly to those described in ref.* by mixing reactants in a 1.5 mL vial in
the following order and quantities:
1. Aqueous colloid of poly(HPMA)-AIKMA coated NDs (250 pL containing 0.5 mg of ND)
2. '®Ilabeled RGDS-azide (222 pL of a 0.46 mM aqueous solution), A488 alkyne/azide (13.2 uL of 3.2 mM
DMSO solution) or coumarin azide (8.4 ul of a 7.6 mM DMSO solution)
Aminoguanidine hydrochloride (32 pL of a 100 mM solution)
Cu-catalyst solution (16.5 uL) (see above)
Water was added to adjust the total reaction volume to 608 uL
Sodium ascorbate (32 pL of a 100 mM solution)

o v e L

The vials were well-sealed and kept for 2 hours without stirring or shaking. Modified nanoparticles were isolated
in almost quantitative yield by centrifugation (20,000 rcf, 10 min) and washed with water (2x, 1 mL) and PBS
buffer (3x, 1 mL). The amount of molecules attached to the nanoparticles was quantified by UV-Vis
spectrophotometry in the case of Alexa488 or by radioactivity measurements in the case of '*I-labeled RGDS.
The loads were found to be 20 pmol per gram of NDs in the case of Alexa488 azide and 14 pmol/g in the case of
Alexa 488 alkyne, respectively. For attachment of '*I-labeled RGDS-azide we used 2.5-times higher
concentration than that of Alexa488-azide. The load of radiolabeled RGDS estimated by radioactivity
measurements was 73 pmol/g (3.6-times higher, than in the case of Alexa488-azide). The loads of the respective
molecules slightly varied in each repetition of the reaction; however, the range of yields remained always in tens
of micromoles per 1 g of NDs.

Physico-chemical characterization

Stability experiments

A colloidal solution of NDs (1 mg/ml, 100 uL) was added to 10 mM buffer (900 uL). The pH of the buffer was
checked before ND addition. The following buffers (pH) were used: MES (6.0), HEPES (7.4), and PBS (7.5).
We also assessed particle stability in 0.15 M NaCl and in cell growth medium (RPMI-1640 + serum). The
samples were stored at 4 °C, and the aggregation state was examined with DLS 2 hours, 2 days, and 2 weeks
after mixing.

Universal Britton-Robinson acetate-borate-phosphate buffer with constant ionic strength (0.15 mol/L) was used
for stability studies at various pH values. The pH of the buffer was set to 3.0, 5.0, 7.0, 9.0, and 11.0. The ND
concentration was 10 mg/ml in all samples. The aggregation state was examined with DLS 1 hour, 1 week, and 2
weeks after mixing.

Radiolabeling of bovine serum albumin (BSA) with T

BSA (20 mg) was dissolved in PBS (500 pL) and purified on a PD-10 desalting column (GE Healthcare,
Uppsala, Sweden) using water as the eluent. BSA-containing fractions were freeze-dried. This purified BSA (3
mg) was dissolved in 300 uL PBS, pH 7.4, and ['**I]-Nal stock solution (20 uL, 380 MBq) was added. After
addition of aqueous chloramine T (20 pL, 10 mg/mL), the mixture was incubated for 60 min at room
temperature. The reaction was stopped by the addition of an ascorbic acid solution (50 uL, 10 mg/mL in PBS)
and 30 min incubation at room temperature. The BSA fraction was isolated on a PD-10 column using water as
eluent and was freeze-dried. Yield: 332 MBq (93%) in 3 mg protein

Albumin adsorption to nanodiamonds
An aqueous dispersion of nanodiamonds (50 pL, 1 mg/mL) was added to PBS (250 uL) containing a solution of
5T.labeled BSA (5 L, 1 mg/mL BSA in PBS, 100 MBq '®I/mL) in a 1.5 mL Eppendorf vial. The entire vial
was measured for radioactivity (4y) with a Bqmetr 4 ionization chamber (Empos Ltd., Prague, Czech Republic).
After 30 min incubation, nanodiamonds were centrifuged, and the radioactivity of 100 puL supernatant (4,) was
measured. The mass of albumin bound to nanodiamonds m4 (in ng) was calculated according to equation 2:

Mags =5 *[1 = (3.05 * 4 /Aio)] @)
The calculated mass of adsorbed albumin was 4.25 g for naked nanodiamonds and 1.15 pg for poly(HPMA-
AlKMA).
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Figure S1. Normalized FTIR spectra of silica-coated NDs (red) and naked NDs (black). The characteristic pcak
at about 1100 cm ™' corresponds (o the asymmelric stretching vibrations of the $i—0O-Si from silica shell. The
peak around 1680 em ' corresponds to the alkenyl C=C stretch vibration. Bands at 2900 ¢m ! correspond to the
alkyl stretch vibration of the trimethylence chain of silylpropylmethacrylate; the corresponding bending vibration
can be found at 1420 cm™. The band at 800 cm™ corresponds to the =C-H bending vibration.
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Figure S2. TGA curves of pure ND (black), pure poly(HPMA) polymer (green), ND coated with silica shell
(red), and ND coated with silica shell and polymeric shell (blue).
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coated NDs. The normalization to the diamond Raman signal enabled comparison of relative change in
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The standard deviation was 5.6% [or ND and 6.3% for ND-poly(HPMA-AIKMA). ZPL: zero phonon line.
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Core-shell nanoparticles based on fluorescent nanodiamonds
coated with a biocompatible N-(2-hydroxypropylimethacrylamide
copolymer shell were developed for background-free near-infrared
imaging of cancer cells. The particles showed excellent colloidal
stability in buffers and culture media. After conjugation with a
cyclic RGD peptide they selectively targeted integrin o, fi; recep-
tors on glioblastoma cells with high internalization efficacy.

Optical imaging using fluorescent probes is an essential tool
in contemporary biomedicine with emerging applications in
areas such as cancer diagnosis. Fluorescence imaging holds
advantages over other imaging methods: high sensitivity, good
spatial resolution and the possibility to create environment-
sensitive sensors. Although various types of molecular and
nanoparticle probes have been described, they typically have
limited applicability due to photobleaching, photoblinking
and/or intrinsic toxicity. Fluorescent nanodiamonds (FNDs),
recently introduced biocompatible near-infrared fluorescent
probes, do not possess any of these disadvantages, which
renders them promising nanoparticles for bioimaging
applications." ™ Point defects in the crystal lattice structure
called nitrogen-vacancy (NV) centers are responsible for the
fluorescence of FNDs. NV centers are non-photobleachable
and non-photoblinking fluorophores with maximum emission
around 700 nm (ref. 4) and a long lifetime’® of roughly 11-19
ns. These features have led to the use of the bright HPHT
FNDs (FNDs prepared from high-pressure, high-temperature
NDs) in demanding optical applications such as single particle
tracking inside cells,” long-term in vivo tracking of particles,”
tracing of neuronal processes,™ revealing the relationships
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Designing the nanobiointerface of fluorescent
nanodiamonds: highly selective targeting of
glioma cancer cellst
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Martin Hrubyd and Petr Cigler*®

between the particle shape and their intracellular fate'® and
fluorescence lifetime imaging microscopy in vitro'' and
in vivo.” The unique sensitivity of the NV center to the electric
and magnetic field was also utilized for the construction of
various FND-based sensors.'* ' Here, we show selective and
highly effective targeting of glioblastoma cells (U-87 MG)
expressing integrin o,f; using polymer-modified FND particles
bearing cyclic RGD peptides.

Specific ligands attached to fluorescent probes can control
probe distribution in a living system by targeting certain cellu-
lar receptors or compartments. Targeting using nanoparticles
has some advantages over targeting with conventional probes.
Nanoparticles have a polyvalent surface, which strengthens the
binding efficacy of the targeting ligands to, for example, over-
expressed receptors on cancer cells. This phenomenon is
called avidity.">'® In contrast to free ligands, nanoparticles are
not filtered through glomerular capillaries due to their size,
and the efficiency of targeting is therefore increased due to the
prolonged blood circulation time.'” In cancer therapy, nano-
probes accumulate nonspecifically inside solid tumors due to
the abnormal leaky tumor vasculature (Enhanced Permeation
Retention, EPR effect).' The targeting of cancer cells by HPHT
FNDs has been performed in vitro with various ligands such as
transferrin,'” folic acid,*” growth hormone*' and chlorotoxin-
like peptide.*

The RGD recognition sequence occurs in fibronectin, fibri-
nogen, collagen, laminin and many other proteins present in
the extracellular matrix.”* *® This sequence specifically inter-
acts with the integrin superfamily. The integrin receptors
contain non-covalently associated « and p subunits.">** " w,fi;
integrins are overexpressed on cancer cells and endothelial
cells in the tumor neovasculature. Overexpressed «,f; integrins
are found in melanoma, breast cancer, prostate cancer, pan-
creatic cancer, ovarian cancer, glioblastoma and neuroblas-
toma.***’ Synthetic peptides bearing the RGD sequence and
antibodies against o,fp; integrins have heen successfully used
in the targeted delivery of diagnostic probes and drugs to
cancer cells and tumors.'””*® The effectiveness of targeting
using the RGD motif can be improved by its cyclization. Cyclic
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RGD (¢cRGD) peptides have higher stability, structural rigidity
and better binding properties and integrin selectivity com-
pared to linear RGD.*™*® Peptides containing the RGD
sequence are also considered promising therapeutics, because
of their ability to block the integrin function.*® For example,
cilengitide, a cRGD peptide that may inhibit angiogenesis, is
currently being tested in phase IT clinical trials for the treat-
ment of glioblastoma.”*

In this work, we describe selective and specific targeting of
cells derived from glioblastoma (U-87 MG; an aggressive,
highly vascularized brain tumor) by FNDs. Although glioblas-
toma cells have been previously used as a target for cRGD-
modified nanoparticles such as carbon nanotubes,*” quantum
dots®® and gold nanoparticles,®" effective targeting of cancer
cells with directly modified FNDs is not a simple task hecause
of their strong tendency to aggregate in biological liquids
(such as buffers, media and bloed).>*** The FND aggregates
adhere non-specifically to the cell surface,” which can, in
turn, also prevent the desired tumor selectivity due to the non-
specific premature entrapment into the reticuloendothelial
system. The biocompatibilization of nanodiamonds can be
achieved using various direct surface modifications® or by
polymer coatings such as polyglycerol,”** poly[n~(2-hydroxy-
propyl] methacrylamide],” poly(ethylene oxide) (PEG)," PEG
copolymers*™** and Zonyl palymer.*® However, the targeting
of a brain tumor such as glioblastoma is challenging also
because of limited permeability of the blood-brain barrier
(BBB). In recent studies it has been shown that BBB break-
down in tumors allows nanoparticles <200 nm in diameter to
bypass the BBB and enter the brain.** For this type of transport
a minimally adhesive nanobiointerface such as a dense PEG""
or siRNA*® layer is the key parameter enabling the direct treat-
ment of brain tumors without the need for targeting moieties.

View Article Online
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Another pathway for transporting the drugs into a brain tumor
is convection-enhanced delivery which can be significantly
enhanced by complexation of a drug with nanodiamonds.*®

These examples show effective ways for targeting the brain
tumors based on the size and surface properties of nanoparti-
cles. We focused here rather on controlling the selectivity of
targeting using active moieties attached to FNDs and on cellu-
lar delivery of these particles in the glioblastoma model. We
used our recently developed core-shell nanoparticles,” which
comprise an FND coated with an ultra-thin silica layer and a
layer of biocompatible polymethacrylamide copolymer
(Scheme 1). This type of copolymer has comparable biocompa-
tible properties as PEG" and serves here as a “click”-reactive
interface that shields the particles against aggregation and
non-specific interactions in biological environments. The layer
also functions as a flexible spacer between the FND and a
biomolecule.

We coated the FNDs with an ultrathin (<1 nm) silica shell
grown from a mixture of tetraethoxysilane and 3-(trimethoxy-
silyl)propyl methacrylate using a modified Stéber procedure. A
methacrylated silica Tayer on a FND was further coated with a
copolymer of N-(2-hydroxypropyl)methacrylamide and N-pro-
pargylacrylamide. The copolymer chains were grown from the
nanoparticle surface (“grafting from” approach™) by radical
polymerization with azobis(isobutyronitrile) (AIBN) as the
initiator. We focused on improving the previously described
coating procedure and adjusting the reaction conditions to
prefer the growth of longer polymeric chains. We increased the
viscosity of the reaction mixture by performing the reaction in
DMSO instead of ethanol, decreased the polymerization temp-
erature from 70 °C to 55 °C, prolonged the time from 1 to 3
days and used a 7.5-fold higher concentration of FNDs
(0.85 mg ml™") and monomers [2 M N+{2-hydroxypropyl)-

Scheme 1 Schematic structure of the fluorescent nanodiamond crystal coated with a biocompatible methacrylamide copolymer grown from an
ultrathin silica shell. The copolymer bears the secondary fluorescent probe (Alexa Fluor 488) and the targeting peptide {(cRGD). Both molecules were
stepwise attached via click chemistry, providing the conjugate marked as “FND—cRGD” (shown here in the scheme). Reaction with only Alexa Fluor

488 provided the control particles marked in the text as “FND".
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methacrylamide and 35 mM  N-propargylacrylamide]. The
obtained coatings further enhanced the colloidal stability of
FNDs in biological environments and completely eliminated
non-specific adhesion on cells. The newly prepared coated FNDs
were stable even in solutions with extreme ionic strength {1 M
NaCl) in contrast to our previously described polymer-coated
FNDs, which were stable in NaCl solutions at concentrations up
to only 0.15 M (Fig. 1S and 2S in the ESI}). In control experi-
ments, we also did not observe any nonspecific interactions
between polymer-coated FNDs and cells (see below).

To conjugate the cRGD moiety to the particles, we utilized
the alkyne groups present on the copolymer chains. They are
suitable for Cu(i)-catalyzed azide-alkyne cycloaddition (“click”
reaction), enabling high yielding attachment of various azide-
modified molecules.*** The click reaction is convenient due
to its high efficacy in an aqueous environment (fast kinetics
under mild conditions), applicability for diverse substrates
without conformational changes (from small molecules to
polymers, proteins and nanoparticles) and experimental
simplicity.** ** The click reaction is particularly attractive due
to its biological inertness (bioorthogonality), in which protect-
ing groups are avoided while specificity is ensured."””°

We selected cyclic (Arg-Gly-Asp-p-Phe-Lys)-azide (Scheme 1)
from a variety of cRGDs.”” The presence of a lysine residue
makes the peptide an ideal building block for further chemical
conjugation reactions, such as the introduction of a bioortho-
gonally reactive azide group. For good targeting efficiency, the
RGD peptide also needs to be exposed far from the nanoparti-
cle surface,” which was here ensured by the flexibility of the
polymer chains as well as by the presence of the lysine linker.
The hydrodynamic diameter of the nanoparticulate hioconju-
gate is also kept in the range suitable for passive accumulation
in solid tumor tissue due to the EPR effect or for entering the
brain vie BBB breakdown in tumors (<cz. 200 nm)** we
further attached Alexa Fluor 488 to all types of particles used
in the study of nanoparticles as a secondary fluorescent label
because our flow cytometry setup does not allow direct obser-
vation of FND fluorescence.

We modified our polymer-coated FNDs stepwise with Alexa
Fluor 488-azide and cRGD-azide using the same conjugation
procedure (click chemistry). Running the reaction with a low
molar excess of the first compound (Alexa Fluor 488-azide)
over polymer alkyne groups resulted in substitution of only a
fraction of the surface alkyne groups, providing FNDs (marked
further in bold). This substitution resulted in approximately
300 Alexa Fluor 488 molecules per particle (ie., ~8 pmol g )
as determined spectrophotometrically. FNDs were then reacted
with cRGD-azide, providing the FND-cRGD conjugate (for
Experimental details, see the ESI{).

In cell experiments, we focused first on examining the
potential toxicity of the particles. We tested the prepared conju-
gates at a concentration of 50 pg ml™" on U-87 MG cells. Free
cRGD (100 pg ml™") and the known apoptosis inducer stauro-
sporine [0.3-5 pM) were used as controls (Fig. 38 and 4S in the
ESIT). According to luminescent cell viability assay, FNDs and
FND-cRGD did not harm cells under our experimental con-

Tnis journal is ® The Royal Soc ety of Chemistry 2012
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Fig.1 Cell viability assay based on ATP gquantification in cell lysates.
Luminescence intensity correlates with the ATP level and thus with the
quantity of metabolically active (viable) cells. Both types of polymer-
coated FNDs (FND and FND—cRGD alternatives) have nho impact oh cell
viability under the used experimental conditions. The control, FND and
FND-cRGD alternatives are statistically not distinguishable among each
other on the significance level @ = 0.01 (ANOVA) and they are signifi-
cantly different from cRGD and 2.5 pM staurosporine (¢ = 0.01)
alternatives.

ditions (Fig. 1). The apparent decrease in the viability of cells
incubated with free cRGD is a known consequence of cell
detachment during the incubation. RGD sequences bound on a
surface or macromolecule promote cell adhesion, whereas free
RGD sequences in
adhesion.”™ Subsequently, we observed the interaction of par-
ticles with glioblastoma cells (U-87 MG) by flow eytometry and

solution act as decoys, preventing

1000+
800
600
400

200

fluorescence (mean)

0-

Fig. 2 Fluorescence intensity measurements of U-87 MG cells incu-
bated with FNDs modified with cRGD (FND—cRGD) using flow cytome-
try. All types of FNDs are polymer-coated. As controls, FNDs without
<RGD (FND) and pretreatment experiments with free cRGD peptides
(cRGD + FND and cRGD + FND—cRGD) were performed. The fluor-
escence recorded in flow cytometry is read using Alexa Fluor 488,
which is present in all types of particles. FND-cRGD specifically recog-
nized a,fiz integrins on U-B7 MG cells. The FND + ¢RGD alternative is
statistically significantly different from the controls (ANOVA, « = 0.01). All
negative controls are statistically not distinguishable among each other
on the significance level « = 0.01.
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excitation 488 nm

RGD preincubation, FND

Fig. 3 Confocal fluorescence images of U-87 MG cells treated with FND-cRGD and FND nanoparticles (all particles are polymer-coated]. {A)
Measurement of FND-cRGD in cells using fluorescence of Alexa Fluor 488 and FNDs’ fluorescence (excitation at 488 and 561 nm, respectively). The
last picture shows merged results from both channels. The confocal images were taken at the same focal plane. The time between the measure-
ments of Alexa Fluor 488 fluorescence and FND's intrinsic fluorescence was due to extensive photobleaching on a scale of tens of minutes. (B)
Merged fluorescence and bright-field images of cells treated with FND—cRGD and FND nanoparticles with or without pretreatment with a free
cRGD peptide. Only FND—cRGD without pretreatment was found inside the cells. The images were recorded using the Alexa Fluor 488 channel. (C)
Cross-section measurement of cells treated with FND—cRGD shows that particles are present inside the cell. Images were recorded with a 1.5 ym
step in the vertical direction and presented from left to right and top to bottom with a 28 x 28 pm field of view. The images were recorded using the

Alexa Fluor 488 channel.

confocal microscopy. Either FND or FND-eRGD at a final con-
centration of 50 pg ml * was incubated with the cells for 1 hour.

The strong affinity of FND-cRGD over FND to U-87 MG cells
was revealed by flow cytometry, which shows 12-fold higher
fluorescence upon nanoparticle binding (Fig. 2; for histograms
see Fig. 5587). Differences in the surface compositions of FND
and FND-cRGD (i.c., the presence of a relatively hydrophobic
cyclic peptide) can lead to different surface properties that are
not related to integrin binding specificity. We tested therefore
this possible behavior using a free ¢cRGD peptide added in
excess during pretreatment (20 min, 100 pg ml '), which satu-
rates the RGD-binding sites (i.e., o f; integrins). We observed

418 | Naroscale, 2015, 7, 415-420

no significant differences between FND and FND-cRGD
affinities when cells were pretreated with cRGD. This clearly
indicates that FND-cRGD particles use integrins as their recep-
tors to bind the cells and that the interaction is highly specific
(Fig. 2).

We were further interested in testing the relevance of flow
cytometry experiments recorded using Alexa Fluor 488 fluo-
rescence by confocal microscopy, so we studied the colocaliza-
tion of intrinsic FND and Alexa 488 fluorescence for
FND-cRGD particles (Fig. 3A). Notably, we took advantage of
the extreme photostability of FND fluorescence to record con-
focal images before and after photobleaching of Alexa Fluor

This journa. s @ Tne Roya. Sadety of Cnem stry 2015

113



"
ket
ke
&
=)
ws
_
f=2
aQ
I
S
ey
=
=
=]
=
2
=3
£
=
=
=3
[a]
<
-
=
o
2
=
ws
(o
=
=}
o
o
=
=
=
-]
&
g
.2
@
Z
%
3
Bl
=
b
=5
<

g
2
H

i

3

T
£
Z

B

—

=

o

=
g
2
5

§
=]
=

z
-

£
=

=
|

2
.
=
(=]
£
£
<

S
»
2

=
u

5
=
:

4
=}
=

=
2
2
=
§

2

z

2

e
-

Nanoscale

488 fluorescence (and cell autofluorescence). This procedure
enabled background-free imaging of FND fluorescence. A
similar pattern of bright spots in the merged picture (from
both channel detections) showed that Alexa Fluor 488 is
bound to the particles. The quantification of the colocalization
data suggests that FND's fluorescence almost completely over-
laps Alexa Fluor 488 fluorescence (Manderson M = 0.93) and
Alexa Fluor 488 tluorescence shows also a strong overlap with
FND's fluorescence (Manderson M = 0.78). These data con-
firmed the relevance of flow cytometry for quantification of
the particle interaction with cells.

Finally, we focused on supporting the results from flow
cytometry experiments using confocal microscopy and on
determination whether the FND-cRGD particles enter the cell
or remain bound to the surface. Complementary to our flow
cytometry data, confocal microscopy also showed no inter-
action between non-targeted FND particles and U-87 MG cells,
while the FND-cRGD were bound to the cells (Fig. 3B). Using
confocal microscopy cross-section measurements, we found
that FND-cRGD is localized inside the cells (Fig. 3C). This
finding corresponds to the results from other studies in which
internalization via receptor-mediated endocytosis of various
RGD-targeted nanocarriers was observed.* Notably, a similar
and effective approach as has been demonstrated here was
published during revisions of this paper for targeting of the
U-87 MG cells by RGD-modified polyglycerol-coated FNDs.*”

Conclusions

We designed and prepared a novel type of FND-based nanopar-
ticles that target glioma cells with unprecedented efficiency
and specificity. The nanoparticles consist of an FND core
coated with an ultra-thin silica layer and a biocompatible N-(2-
hydroxypropyl)methacrylamide copolymer shell bearing cRGD
peptides. This ligand on the nanoparticle surface is a tight-
binder of integrin «,p; receptors, which are overexpressed on
this type of cancer cells. Upon selective recognition and
binding to e«p; receptors, the particles are internalized and
localized inside the cell. Thanks to their extreme photostabi-
lity, the particles can be used for background-free near-infrared
imaging of cancer cells for an unlimited period of time.
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Supplementary Information

ND pretreatment

NDs were supplied by Microdiamant Switzerland (MSY 0-0.05). The NDs were oxidized by air
in a furnace (Thermolyne 21100 tube) at 510 °C for 5 h. Subsequently, the NDs were treated with
a mixture of H,SO4 and HNO; (9:1) at 90 °C for 3 days and washed with water, 1 M NaOH and
1 M HCI. They were washed an additional S times with water and then freeze-dried. Purified ND
powder (120 mg), containing approximately 100-200 ppm of natural nitrogen impurities, was
irradiated in 5% aqueous colloidal solution for 210 min with a 15.7 MeV proton beam (4.9 x 107
protons/ml) extracted from the isochronous cyclotron U-120M. The irradiated material was
annealed at 900 °C for 1 h and subsequently oxidized for 4 h at 510 °C. The NDs were again
treated with a mixture of H,SO4 and HNO; (9:1) at 90 °C for 3 days. The resulting material was
washed with water, 1 M NaOH and 1 M HCI and an additional 5 times with water. The particles
were dissolved in water (2 mg/ml) and filtered using a 0.2 um PVDF filter, yielding ND-COOH

colloid.
Coating of NDs with a methacrylate-terminated thin silica layer

Polyvinylpyrrolidone (M = 10,000, 96 mg, 9.6 umol, purchased from Sigma-Aldrich) was
dissolved in water (204 ml) and sonicated for 10 min in an ultrasonic bath. ND-COOH colloid (6
ml, 2 mg/ml) was added, and the mixture was stirred for 24 h. The colloid was then concentrated
by a two-step centrifugation. In the first step (40,000 ref, 1 hour), the volume was reduced to
approximately 12 ml. The second centrifugation step (30,000 rcf, 30 min) was performed in
microvials, and the solvent volume was reduced to approximately 0.2 ml. Sedimented NDs were
resuspended in ethanol (12 ml) in a round bottom flask and sonicated in an ultrasonic bath for 2-4
min. Tetraethyl orthosilicate (84.06 mg, 405 pmol, purchased from Sigma-Aldrich) and
3-(trimethoxysilyl)propylmethacrylate (31.35 mg, 126 umol, purchased from Sigma-Aldrich)
were added to the round bottom flask. Ammonia (25%, 498 1) was added after 20 s sonication in
an ultrasonic bath. The reaction mixture was stirred for 14 h. The product was purified by

centrifugation (14,000 - 25,000 ref, 15 min) with ethanol (12 ml, 2 times).
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Coating of NDs with a polymer layer

HPMA [700 mg, 4.82 mmol, synthesized according to published procedures' and freshly
recrystallized twice from a mixture of acetone-hexane (1:3 v/v)] and N-propargyl acrylamide (35
mg, 0.06 mmol, synthesized by acryloylation of propargylamine with acryloyl chloride?) were
dissolved in DMSO (2.1 ml). 2,2"-Azobis(2-methylpropionitrile) (AIBN, 200 mg, 1.22 mmol,
recrystallized by thickening an ethanol solution on a rotary evaporator at a maximum temperature
of 30 °C) was added to the mixture. The mixture was filtered using a 0.2 um
polytetrafluorethylene microfilter. Methacrylate-terminated ND particles (2 mg) were added. The
reaction proceeded for 3 days under argon at 55 °C. The particles were centrifuged (21,000 rcf,
30 min) and purified by centrifugation with ethanol (25,000 rcf, 30 min, 1 ml, 3 times) and water
(30,000 rcf, 30 min, 1 ml, 5 times).

FND colloidal stability studies

The coating method with HPMA polymer was improved compared to our recently published
method® to yield FNDs with even better colloidal stability and fewer non-specific protein
interactions. FNDs synthesized according to the previously published method were stable in
biological solutions such as media or buffers but immediately began to aggregate in 0.5 M (and
higher) NaCl concentrations, according to dynamic light scattering (DLS, Fig. 1S). The newly
prepared FNDs are stable even after 24 h incubation in 1 M NaCl (Fig. 2S). DLS was recorded
with a Zetasizer Nano ZS system (Malvern Instruments) at 25 °C. Sample concentrations were

0.1 mg/ml.
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Intensity (Percent)

Size (d.nm)

FMND-polymer (EtOH) in water
FMD-polymer (EtOH) in 0.5 M MaCl 0 hr
FND-polymer (EtQH) in 1M NaCl 0 hr

Fig. 1S Dynamic light scattering (DLS) of the size distribution of FNDs synthesized according to
our previously published method? in solutions with various concentrations of NaCl. The
concentration of the colloids was 0.1 mg/ml.
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Fig. 28 Dynamic light scattering (DLS) of the size distribution of newly prepared FNDs in

solutions containing various NaCl concentrations. The concentration of colloids was 0.1 mg/ml.
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Functionalization of coated FNDs by click reaction

FNDs were modified with Alexa Fluor 488-azide (purchased from Life Technologies) and
cRGD-azide (cyclo(Arg-Gly-Asp-D-Phe-Lys), purchased from Peptides International). FNDs
were modified with these two ligands in consecutive reactions utilizing the same surface

functionalities. Washing procedures were employed after both modification steps.

Stock solutions for copper(I)-catalyzed azide-alkyne cycloaddition reactions were prepared in
water, except for the Alexa Fluor 488 stock, which was prepared in DMSO. The solutions of
CuSO0,4-5H,0 and tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, synthesized according to
published procedures*) were premixed (in a 1:2 concentration ratio) before they were added to
the reaction mixture to yield final concentrations of 0.32 mM and 0.64 mM, respectively. The

mixtures were filled to the final volume with water.

For the reaction of modified FNDs with Alexa Fluor 488-azide, the reactants were mixed in the
following order and final concentrations: colloid of poly(HPMA)-alkyne modified FNDs (0.4 mg
in a final reaction volume of 512 pl), Alexa Fluor 488-azide (20 uM), Cu-catalyst solution (see
above), aminoguanidine hydrochloride (5 mM) and a freshly prepared solution of sodium
ascorbate (5 mM). The reaction mixture was well-sealed, mixed and left for 3 h with no stirring.
Modified FNDs were isolated by centrifugation (26,000 rcf, 10 min) and twice washed with 1 ml
water. Half (0.2 mg) of the Alexa Fluor 488-modified FNDs was reacted in a click reaction with
cRGD-azide (160 uM) under the same conditions. Polymer-coated FNDs modified with Alexa
Fluor 488 (FNDs) and polymer-coated FNDs modified with Alexa Fluor 488 and cRGD (FND-

c¢RGD) were both treated the same and were washed with water (1 ml, 7 times).

Cell culture

Human glioblastoma-astrocytoma U-87 MG cells (ATCC® HTB-14™) were cultivated in
Eagle's Minimum Essential Medium (EMEM, LGC Standards Sp.z.0.0., cat. no. ATCC-30-2003)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Sigma-Aldrich), 2 mM
L-glutamine (Sigma-Aldrich), 1% (v/v) non-essential amino acids (Sigma-Aldrich, cat. no.
M7145) and antibiotics (100 1.U./ml penicillin, 100 pg/ml streptomycin; Sigma-Aldrich) at 37 °C
in a humidified atmosphere containing 5% CO,. Sub-confluent cells were subcultured every 3-4

days using a solution of 0.25% (w/v) trypsin and 0.53 mM EDTA (Sigma-Aldrich).
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Cell viability assay

The CellTiter-Glo® Luminiscent Cell Viability Assay (Promega) was used to test U-87 MG cell
viability.

U-87 MG cells were cultivated as described above. When they reached the exponential growth
phase, cells were harvested and seeded into a 96-well white microtiter plate (NUNC) at 4,000
cells per well. Each well contained 90 pl cell suspension. About 24 h prior to the experiment, the
growth media was replaced with 90 ul fresh media. The next day, 10 ul of 10-times concentrated
modified FND particles were applied in pentaplicates to wells (final concentration 50 pg/ml).
Free cRGD and the known apoptosis inducer staurosporine (Sigma-Aldrich) were added to the
cells at concentrations of 100 pg/ml and 0.3125-5 pM, respectively. Into wells containing
controls (cells without test compounds) and blanks (pure medium without cells), a volume of
water equal to the volume of the compound solutions added to the experimental wells was added.
After 1 h incubation with FND particles or compounds, the media in each well was replaced with
fresh media without the tested substances and left for an additional 2 h. Then, the viability assay
was performed as recommended by the manufacturer. Briefly, the loaded 96-well plate and
CellTiter-Glo® substrate were equilibrated to room temperature prior to analysis (30 min). Then,
the reconstituted reagent (100 pl) was added to each well, and the 96-well plate was mixed for 2
min at 370 RPM on an orbital shaker in the dark. Subsequently, the luminescent signal was
allowed to stabilize for 15 min at room temperature. Luminescence was recorded using a
microplate luminometer reader (Tecan GENios, Tecan, Austria). Blanks were subtracted from
experimental and control measurements. The percentage of viable U-87 MG cells was counted as
the ratio of luminescence from wells containing U-87 MG cells and test compounds to the
luminescence signal from an untreated population control. This ratio represents the mean = SD
from 1 independent measurement performed in pentaplicate wells (or 1 independent measurement
performed in triplicate wells for staurosporine). The apoptosis inducer staurosporin showed
toxicity in a concentration-dependent manner (Fig 3S). The change in cell morphology after
adding 2.5 uM staurosporine is shown in Fig. 4S (from inverted microscope Zeiss Axio

Observer.Al).
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Fig. 38 Cell viability assay based on ATP quantification in cell lysates after adding the apoptosis
inducer staurosporine in different concentrations. The luminescence intensity correlates with the
ATP level and thus with the quantity of metabolically active (viable) cells. Experiments with
0313 puM and 0.625 UM staurosporin are statistically not distinguishable from the control,
whereas experiments with 1.25 M, 2.5 pM an 5 pM staurosporin concentration are statistically
different from control (ANOVA, o= 0.05).

Fig. 4S Microscope observation of U-87 MG cells before (A) and after (B) adding 2.5 uM
staurosporine, an inducer of apoptosis.

Flow cytometry

Five days prior to experimental treatment, U-87 MG cells were harvested in the exponential

growth phase and seeded into a 24-well plate at 40,000 cells per well. Each well contained 1 ml
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cell suspension. Within the cultivation period, the growth medium in the wells was replaced once
with fresh medium. On the day of treatment, the cells reached approximately 60-70% confluence.
In each experiment, the following 1 h treatments were performed in duplicate: control (growth
medium + the corresponding amount of water), FND (final concentration of 50 pg/ml), FND-
¢RGD (final concentration of 50 pg/ml). Additionally, pretreatment of cells with 100 pg/ml
c¢RGD for 30 min was performed before FND and FND-cRGD were applied to the wells (50
ug/ml). Subsequent 60 min incubation was carried out in the dark at 37 °C in a humidified
atmosphere containing 5% CO,. After treatment, cells were harvested by scraping, washed twice
with 900 pl cold PBS, resuspended in 200 pl PBS, filtered through a 35-um nylon mesh and
analyzed with a BD LSRFortessa™ cell analyzer (Becton Dickinson, San Jose, CA). Ten
thousand events were acquired for each analysis. Fluorescence was excited at 488 nm and
detected in spectral range 515-545 nm. BD FACSDiva Software 6.0 was used to generate
histograms (see Figure 5S) and analyze data. The results represent the mean + SD from 2

independent measurements performed in duplicate and triplicate wells.
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Fig. 58 Histograms obtained from flow cytometry measurements.
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Confocal microscopy

Five days prior to experimental treatment, U-87 MG cells were harvested in the exponential
growth phase and seeded into Petri dishes (35 mm glass bottom dish with 4 chambers, BioPort
Europe, s.r.o., cat. no. D35C4-20-1.5-N) at 40,000 cells per well. Each well contained 1 ml cell
suspension. Within this cultivation period, the growth medium in wells was replaced once with
fresh medium. On the day of treatment, the cells reached approximately 60-70% confluence. In
each experiment, the following 1 h treatments were performed: control (growth medium + the
corresponding amount of water), FND (final concentration of 50 pg/ml), FND-cRGD (final
concentration of 50 pg/ml). Additionally, pretreatment of cells with 100 ug/ml cRGD for 30 min
was performed before FND and FND-cRGD were applied to the wells (50 pg/ml). Subsequent
60 min incubation was carried out in the dark at 37 °C in a humidified atmosphere containing 5%
CO,. After treatment, cells were washed twice with 900 ul cold PBS and fixed with a 2%
formaldehyde solution in PBS for 10 min. After fixation, cells were washed twice with 900 pl

PBS and stored in 1 ml PBS.

A confocal imaging of internalized FNDs was performed on Carl Zeiss LSM 780 confocal
microscope, equipped with two solid state lasers (405 nm, 561 nm) lasers, in-tune laser (tunable
laser), oil-immersion objective (Plan-Apochromat 63x/1.40 Oil DIC M27) and ultrasensitive

spectral 32+2 channel detector.

Firstly, the measurement of Alexa Fluor 488 dye bound to FNDs was done with following setup:
excitation at 488 nm by argon ion laser with 3.5 uW output power (at the sample plane), 90 um
pinhole, pixel dwell time 153 ps, pixel size 81 nm, spectral detector in the 493-630 nm range
(master gain set to 850 V, digital gain 1). Bright-field images were taken by using transmitted
light (PMT detector at 375 V, digital gain 1) concomitantly. An extensive bleaching for reducing
unwanted background was performed after that; 30 cycles with 153 ps pixel dwell time using
combined power of lasers at excitation wavelengths of 405 nm (~ 1.18 mW), 488 nm

(~0.62mW), 514 nm (~ 0.26 mW), 532 nm (~ 0.4 mW) and 561 nm (~ 1.69 mW).

Finally, intrinsical fluorescence of FNDs was examined. FNDs were excited using the solid state
561 nm laser (~1,69 mW), scanned with pixel size 81 nm, pixel dwell time 153 ps with 4x line
averaging, 90 um pinhole and emitted light was collected by spectral detector setup in the 569-

691 nm range, in photon counting lambda mode (14 channels, digital gain 1). The measured
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emission spectrum of FNDs in cells has maximum at 663 nm, therefore signal between
wavelengths 659 - 667 nm was used for visualization of FNDs in cells and signal in range 624-

691 nm was used for subsequent quantitative colocalization image analysis.

The fluorescence images were collected with ZEN 2011 software and processed in the GNU
Image Manipulation Program or in the ImageJ software’ with JACoP colocalization plug-in.
Because of different intensity in the Alexa Fluor 488 fluorescence channel and FND channel,
intensity of Alexa Fluor 488 channel was multiplied by factor 0.6 before merging the figures.
Quantitative colocalization analysis was performed by JaCoP plugin. Briefly after background
subtraction, threshold levels were automatically computed by Coste’s method and correlation

coefficients were computed.®

Statistical analysis

The ANOVA analysis was done using Data Analysis tool in Microsoft Excel 2010.
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ABSTRACT

Nanoparticles are covered in biological environment by protein corona, which completely change
nanoparticle surface characteristic and behavior. After creating dense polymeric shells on the surface,
particles gain intact surface completely suppressing non-specific interactions with proteins and cells
and stability in solutions with electrolytes. Such particles with antifouling surface can be further
modified with targeting moieties specifically interacting with cancer cells. Conjugate of fluorescent
nanodiamonds (FNDs) coated by “grafting from™ approach with polymer poly[N-(2-

hydroxypropyl )methacrylamide], further modified using bio-orthogonal reactions with protein
transferrin specifically and enormously strongly interact with human T-lymphaoblast CCRF-CEM cell
line (approximately 350-fold stronger interaction than negative controls). Interaction of these FND
particles with cells is specific and occurs only by transferrin receptor as was shown in a co-culture of
cancerous and non-cancerous cells. We propose the method how to distinguish between co-cultured
cell lines by labeling them for analysis after experiment without having any influence on cell surface
structures.

Precise control of particle stability and nanobiointerface is crucial for most bioapplications.
Nanoparticle stability is ensured either by charge or steric repulsion. Inorganic nanoparticles are
usually charged and therefore stable in water. Nanoparticle characteristic properties are completely
altered after adsorption of protein corona in biological environment.['l Therefore, nanoparticles need to
be coat by electroneutral polymers with antifouling properties to obtain intact surface and stabilization
by steric hindrance. Various hydrophilic polymers were used for this purpose such as poly(ethylene
oxide), poly(2-alkyl-2-oxazolines), poly(amino acids), polysaccharides, polyglycerol or poly[N-(2-
hydroxypropyl )methacrylamide] (PHPMA). PHPMA is a linear, biodegradable, non-immunogenic
polymer with functionalizable side chains, introduced by Jindrich Kopecek in the mid-1970s.1! In this
work, we describe design and preparation of non-toxic PHPMA nanobiointerface, universally
applicable for bioconjugation on inorganic nancparticles, which i) possess highly suppressed ability to
non-specifically bind on biostructures (proteins or cells) ii) enables biomolecules‘ conjugation and
support their specific interaction with target.
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Figure 1: Preparation of FND conjugate with protein transferrin. Transferrin is firstly oxidized by meta-periodate (NalO.)
and further reacted with linkage 3-aminooxypropyl-1-azide and conjugated using azide-alkyne cycloaddition catalyzed by
Cu (I) ions to PHPMA -coated FNDs modified with alkyne moieties.

In past few years we have been systematically focusing on stabilization and
biocompatibilization of fluorescent nanodiamonds (FNDs)B! which can be used as extremely sensitive
magnetic and electric optical nanosensors. Briefly, the optical FNDs contain point lattice defects,
nitrogen-vacancy (NV) centers, which are responsible for FNDs extraordinary optical properties such
as non-bleachable fluorescence, emission in near-infrared region (Figure 1S) and long fluorescence
lifetime (roughly 11-19 ns).[ FNDs can be used regarding to their properties in applications such as
single particle tracking inside cells, long-term in vive tracking of particles, fluorescence lifetime
imaging microscopy in vitro and in vivo or magnetometry.”! The unique sensitivity of the N-V center
to the electric and magnetic field was also utilized for the construction of various FND-based
sensors.!®l FNDs are suitable model for various inorganic nanoparticles considering their crystallinity,
sharpness and polydispersity in both shape and size. The behavior of FNDs in biological environment
is strongly dependent on their shape.”l FNDs strongly adsorb biomolecules and with protein corona
can be utilized in various applications.!*! Nevertheless, these FNDs without antifouling coating are
difficult to selectively bind to target cells. Targeting of non-coated FNDs by various biomolecules
such as chlorotoxin-like peptide!” or transferrin'”! was shown, however, FNDs adsorb to all
biostructures and their specific interaction is only slightly increased compared to non-targeted FNDs.
The interaction of nanoparticles with cells needs to be mediated only by targeting molecule on the
surface of nanoparticles. Layer of hydrophilic polymer on FNDs suppress the nonspecific interaction
and ensure FNDs stability by preventing aggregation in biological environment. Polymer needs to
create sufficiently dense brush to shield FND surface completely. The density of the surface coating
greatly depends on the method of attachment. Polymers can be attached to nanoparticle surface by
“grafting to” approach, when they are synthesized separately from the particles and then attached to
the surface. In the “grafting from™ method, the polymerization takes place directly on the surface.['"]
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“Grafting to” method is considered as less effective and not completely shielded FNDs have negative
zeta potential of the underlying core!'> '*l and interact non-specifically with cells.!'> ' Polymer shells
from polyglycerol and PHPMA prepared by “grafting from” approach yield particles with greatly
reduced non-specific interactions with cells, enabling more specific interaction of targeted FNDs with
cancer cells [1617)

For this study, we chose PHPMA -coated FNDs and as a target transferrin receptor, which is
overexpressed on rapidly dividing cancer cells in different rate depending on cell type. Conjugates of
transferrin with various ligands (from nucleic acids or drugs, to polymers and nanoparticles) are used
for targeting and treatment of cancer cells,!'*'*l reaching also phase 1 clinical trials.!®! Targeting with
nanoparticles has some advantages over targeting with conventional probes. Nanoparticles have a
polyvalent surface, which strengthens the binding efficacy of the ligands to targeted places. This
phenomencon is called avidity and leads to orders of magnitude stronger binding than for the
corresponding monovalent interaction and can results in enhanced discrimination between cells
expressing different levels of a target receptor. !l fn vive, nanoparticles are not filtered through
glomerular capillaries and stays in blood circulation for a prolonged time and accumulate thanks to a
leaky vasculature nonspecifically inside solid tumors (Enhanced Permeation and Retention, EPR
effect).[??l FNDs modified with transferrin have been prepared previously in several
publications ['®13!%3] nevertheless, non-specific interaction of FNDs (both non-coated and polymer-
coated) with cells was high and specific interaction was maximally 4-times higher. Besides
suppressing non-specific interactions, other parameters such as quantity of targeting ligands on
surface, employment of a linker and the way of biomolecule attachment (to preserve its properties) can
be optimize to receive optimally modified FNDs for targeting |*!l To control biomolecule coverage and
exposure on surface, as little reacting groups as possible should be present in the structure. Transferrin
includes 59 amino groups, theoretically reactive in amide bond formation, which were used before for
FND modification. %1321 There are only four sialic acids in glycosylated transferrin located at the end
of two branched carbohydrate structures, which can be transformed to aldehyde and subsequently
azide ['"*] Modifications of these sialic acids using biorthogonal reactions bring much easier control of
attachment compared to 59 amino groups.

Apart from effort to obtain FNDs with extraordinary high selectivity to transferrin receptors,
we further focus on method of targeting evaluation. To imitate the environment of cancerous and non-
cancerous cells together and to prove inter-cellular selectivity, we performed targeting experiments in
co-culture with cells bearing different amount of transferrin receptor. Co-cultures are lately more
explored, filling the gap between experiment with one cell line and in vivo.1*l There are different
approaches how to cultivate co-cultures from labeling one cell line with fluorescent dye and adding
other cell line to sophisticate 3D cultures.|*! We propose very simple protocol how to distinguish
between cell lines using fluorescent labeled antibodies, importantly, cells are labeled after experiment
without having any influence on cell surface structures and targeting.

To prepare intact anti-fouling surface on FNDs, we coated FNDs with a copolymer of HPMA
and N-propargylacrylamide. The copolymer chains were grown by radical “grafting from”
approach ¥’ FNDs coated by PHPMA brushes, which typically increase hydrodynamic diameter of
nanoparticles, are stable in media or buffers at least up to 1 M NaCl (Figure 28). PHPMA creates on
FNDs sufficiently dense polymer layer and therefore FNDs do not interact with cells and other
biomolecules non-specifically.['”] Transferrin glycosylation chains with 1,2-diol were cleaved and
subsequent oxime ligation of transferrin-aldehyde with short linkage 3-aminooxypropyl-1-azide
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provide transferrin with approximately 2.7 azide groups suitable for azide-alkyne cycloaddition
catalyzed by Cu(I) ions (“click” reaction) with alkynes on FNDs.I"*l We modified FNDs using “click”
reaction with approximately 6 molecules of transferrin-azide. Polymer shell and transferrin on the
surface of nanodiamonds was observed by HR-TEM. Presence of transferrin was confirmed by EELS
measurement of sulphur content originating from cysteins and methionins present in the protein

(Figure 2).

Figure 2: HRTEM image of (A) PHPMA-coated FNDs with arrow pointing out the thickness of the polymer layer and (B)
transferrin (marked with yellow arrow) conjugated to FND surface. The presence of transferrin was confirmed by EELS
measurement of sulphur content (see Figure S1 in Supporting information).

For cell culture experiments, three different cell lines with different rate of transferrin receptor
were selected: non-cancerous human umbilical vein endothelial cell line (HUVEC), human
osteosarcoma cancer cell line (U20S) and human T lymphoblast (CCRF-CEM) cells as a cancer cell
line with very high amount of transferrin receptors./®! All FND particles are not toxic according to the
XTT Cell Viability Assay under the targeting experimental conditions to all 3 different cell types used
(Figure 3A).

FNDs interaction with cells was observed by flow cytometer. FNDs were incubated with cells
in a co-culture, Either, U208 and HUVEC cells or CCRF-CEM and HUVEC cells were co-cultured
together to imitate the environment of cancerous and non-cancerous cells together. FND or FND-Tf
particles were introduced to the cells for 1 h incubation with or without pretreatment of cells with free
transferrin. After the treatment of cells with particles (to avoid any change of cell structures and
receptors), antibodies recognizing specifically one cell line modified with different fluorescent labels
were introduced to the cells, enabling matching of interacting FNDs with corresponding cells (Figure
3B). The remarkably stronger affinity of FND-Tf over FND and low interaction of particles with cells
pre-incubated with transferrin was observed on all cell lines. Interaction of FND-TT particles is,
therefore, specific and occurs only by transferrin receptor. FND-TT particles are localized inside the
cells according to cross-section measurements of FND fluorescence (Figure 3 C-J). Enormously strong
interaction (approximately 350-fold to all negative controls) was observed in case of CCRF-CEM cell
line. FND-TT particles specitically interact with cancerous CCRF-CEM cells in presence of non-
cancerous HUVEC cells. Difference between two cancerous cell lines (CCRF-CEM and U20S) in the
binding of FND-Tf depends most likely on the amount of transferrin receptors on their surface,
properties of the cells and is highlighted by the avidity effect of FND-TY.
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Figure 3: Interaction of FND particles with cells. (A) XTT viability assay concerning all combinations of particles used
further in targeting experiment with three cell lings, All combinations have no impact on cell viability under the used
experimental conditions. Alternatives are statistically not distinguishable among each other on the significance level o =
0.01 (two-way ANOVA, GraphPad Prism). (B) Fluorescence intensity measurements of various cell lines incubated with
FNDs modified with (ransferrin using llow cylomeltry. FND-T[ specifically recognized translerrin receplors. The FND-TI
alternative is statistically significantly different from the controls for all cell lines. All negative controls for each cell lines
are slatistically not distinguishable among each other, FND-TT in CCRF-CEM ling is statistically significantly diflerent
from FND-Tf in other cell lines (two-way ANOVA, o = 0.01, GraphPad Prism) (C-J) Cross-section measurement of cells
treated with FND-TT shows that particles are present inside the cell. The images were recorded using FND fluorescence

from N-V centers. Images were recorded with a 0.9 um step in the vertical direction and presented from left to right and top
to bottom with a 45 x 45 pm field of view.

.

Extremely high interaction of FND-Tf to T-lymphoblast cells is supposedly a combination of
many factors. Transferrin, conjugated to FNDs using biorthogonal reactions in a sufficient amount,
maintains its structure and is conveniently expose to the surroundings enabling proper interaction with
transferrin receptors over-expressed on cancer cells. Exceptionally dense layer of polymer PHPMA
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“grafted from” the surface of FNDs suppress all non-specific interaction of particles to proteins and
cells as is shown in a co-culture of non-cancerous and cancerous cell lines, distinguished for analysis
by labeling after targeting experiment without having any influence on cell surface structures.

Experimental:

FNDs with polymer PHPMA!'?! and transferrin-azide!'*! were prepared according to published procedures (for details see
Supplementary information). PHPMA-coated FNDs (1.2 mg in a final reaction volume of 1440 pl) were reacted in azide-
alkyne cycloaddition with copper (I) ions with transferrin-azide (90 pM), pre-mixed 0.32 mM CuSO4-5H-O and 1.6 mM
tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) ligand, aminoguanidine hydrochloride (5 mM) and a freshly prepared
solution of sodium ascorbate (5 mM). The reaction mixture was wcll-scaled, left for 3 h with no stirring and washed by
centrifugation. For flow cytometry measurements, we attached secondary fluorescent label Alexa fluor 488-azide to all
types of FNDs according to the same protocol in two consccutive reactions (becausc our flow cytometry sctup docs not
allow direct observation of FND fluorescence). Quantification of transferrin bound to the FND surface was done
independently by two methods, amino acid analysis and fluoromctric quantification using Qubit® protcin assay and
determined as approximatcly 6 transferrin molecules on onc labeled FND particle (20 transferrin molecules on one
unlabeled FND particle).

Flow cylomelry measurements: One day prior to the experimental treatment, U20S and HUVEC cells were seeded into a
6-well plate at 150,000 and 200,000 cells per well, respectively. Simultancously, only HUVEC cells were sceded into a 6-
well plate at 200,000 cells per well. Prior (o (he experiment, Dulbecco's Modified Eagle Medium (DMEM) withoul serum
was added to cells and CCRF-CEM cclls (1.5 million) were added to HUVEC cclls. FND and FND-TT (final concentration
50 pg/ml) were added (o co~cultures for 1 h. Pretreatment of cells with 100 pg/ml free transferrin for 30 min was performed
in controls before FND and FND-Tf were applicd to the wells, After treatment, cells were harvested, washed with PBS and
resuspended in 100 pl flow cytometry staining buffer . To the cell suspension, 2.5 ul of antibodics, specifically recognizing
respective cell surface receptors, were added. CD 144 receptors on HUVEC cells were specifically labeled by antibody
anti-CD 144 with VE-Cadherin fluorescent dye, CD 45 on the surface of CCRF-CEM cells with antibody anti-CD 45
conjugated with Per CP/Cy 5.5 dye. Cells were left to incubate with antibodies for 45 minutes at 4°C with gently shaking,
washed with staining buffer, resuspended and analyzed with a BD LSRFortessa™ cell analyzer.
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Materials and methods
FND pretreatment

Nanodiamonds (NDs) were supplied by Microdiamant Switzerland (MSY 0-0.05). NDs were
oxidized by air in a furnace (Thermolyne 21100 tube) at 510 °C for 5 h. Subsequently, the NDs
were treated with a mixture of H2SO4 and HNO; (9:1) at 90 °C for 3 days and washed with water,
1 M NaOH and 1 M HCI. They were washed an additional 5 times with water and then freeze-
dried. Purified ND powder (120 mg), containing approximately 100-200 ppm of natural nitrogen
impurities, was irradiated in an aqueous colloidal solution for 4.5 hours with a 15.9 MeV proton
beam (6.61 x 10'7 particles/ml) extracted from the isochronous cyclotron U 120M. The irradiated
material was annealed at 900 °C for 1 h and subsequently oxidized for 4 h at 510 °C. The
resulting fluorescent nanodiamonds (FNDs) (Figure 1S) were again treated with a mixture of
H2S04 and HNO;3 (9:1) at 90 °C for 3 days, washed with water, ] M NaOH and 1 M HCl and an
additional 5 times with water. The particles were dissolved in water (2 mg/mL) and filtered using

a 0.4 uym GMF filter, yielding FND-COOH colloid.
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Figure 1S: Fluorescence spectra of FND with two transition states (N-V)” and (N-V) and maximum in near-infrared

part of spectra at approximately 700 nm.
Coating of FNDs with a methacryloated thin silica layer

Polyvinylpyrrolidone (MW = 10,000, 91 mg, 9.1 pmol, purchased from Sigma Aldrich) was
dissolved in water (80 ml) and sonicated for 10 min in an ultrasonic bath. FND-COOH colloid
(16 ml, 2 mg/ml) was added, and the mixture was stirred for 24 h. The colloid was then
concentrated by a centrifugation (40,000 rcf, 1 hour), the solvent volume was reduced to
approximately 2 ml. Sedimented FNDs were resuspended in ethanol (32 ml) in a round bottom
flask. Tetraethyl orthosilicate (240 pl, 1076 umol, purchased from Sigma Aldrich) and 3-
(trimethoxysilyl)propylmethacrylate (80 ul, 83.6 mg, 336 umol, purchased from Sigma Aldrich)
were added to the round bottom flask. Ammonia (25%, 1333 pl) was added after 20 s sonication
in an ultrasonic bath. The reaction mixture was stirred for 14 h. The product was purified by

centrifugation (15,000 - 20,000 rcf, 15 min) with methanol (12 ml, 2 times),
Coating of NDs with a polymer layer

HPMA (700 mg, 482 mmol, synthesized according to published procedures' and freshly
recrystallized twice from a mixture of acetone-hexanes (boiling point approximately 70 °C, 1:3
v/v)) and N-propargyl acrylamide (35 mg, 0.06 mmol, synthesized by acryloylation of
propargylamine with acryloyl chloride®) were dissolved in DMSO (2 ml). 2,2'-Azobis(2-
methylpropionitrile) (AIBN, 200 mg, 1.22 mmol, recrystallized by thickening an ethanol solution
on a rotary evaporator at a maximum temperature of 30 °C) was added to the mixture. The

mixture was filtered using a 0.4 um glass microfiber microfilter. Methacrylate-terminated FND
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particles (32 mg) dispersed in 0.2 mg of DMSO were added (transferred to DMSO using rotary
evaporator). The reaction proceeded for 3 days under argon at 55 °C. The reaction mixture was
twice diluted with ethanol before centrifugation. The particles were centrifuged (20,000 rcf, 40
min) and purified by centrifugation with ethanol (20,000 rcf, 30 min, 1 ml, 3 times), water

(30,000 rcf, 30 min, 1 ml, 5 times) and store in methanol.
FND colloidal stability studies

FNDs modified with HPMA coating are stable in biological solutions such as media or buffers
according to dynamic light scattering (DLS) in contrast to non-modified FNDs without polymer
coating, which are unstable in PBS buffer. The polymer coated FNDs are stable even after 24 h
incubation in 1 M NaCl (Figure 2S). DLS was recorded with a Zetasizer Nano ZS system

(Malvern Instruments) at 25 °C. Sample concentrations were 0.1 mg/ml.
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Figure 25: Dynamic light scattering (DLS) of the size distribution by intensity of non-coated FNDs in water and PBS
and FNDs coated with HPMA polymer in water and 1 M NaCl solution. The concentration of the colloids was 0.1
mg/ml. The graph was generated in GraphPad Prism 7.

Preparation of transferrin-azide (Tf-N3)

Transferrin-azide was prepared according to previously published procedure (Figure 1).>* Human
holo-transferrin (Tf, 30 mg, 390 nmol) was dissolved in acetate buffer (0.1 M, pH 5.5) in

concentration 2 mg/ml. NalO4 solution was slowly added to cooled Tf solution (the final
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concentration 1 mM). Mixture was incubated on ice in the dark for 30 minutes and washed by
HEPES buffer (0.1 M, pH 7.2) using ultrafiltration cell. Tf-aldehyde was incubated with 3-
aminooxypropyl-1-azide> (16.2 mg, 140 pmol) in HEPES buffer with dimethyl sulfoxide
(DMSO, 20%, total volume 17 ml) for 5 h at room temperature (RT) at gentle mixing. The
removal of 3-aminooxypropyl-1-azide excess was performed by the in HEPES buffer (0.1 M, pH
8). Solution was freeze-dryed to obtain Tf-Nj.

Quantification of azide group in Tf-N3 using Alexa fluor 488

Tf-N3 was reacted with Alexa fluor 488-alkyne (A4ss-alkyne) or Alexa fluor 488-azide (Auss-
azide, as a negative control) (purchased by Life Technologies) using azide-alkyne cycloaddition
catalyzed by copper(I) ions (CuACC). Stock solutions for CuACC reactions were prepared in
water, except for the Alexa fluor 488 stocks, which were prepared in DMSO. Reagents were
mixed together in following order and final concentrations: 33 pM Tf-N3, 0.165 mM Aass-
alkyne/azide, pre-mixed 0.66 mM CuSO4-5H20 and 3.3 mM tris(3-
hydroxypropyltriazolylmethyl)amine ligand (THPTA, synthesized according to published
procedures®), S mM aminoguanidine and freshly prepared solution of 5 mM sodium ascorbate.
The reaction mixture was well-sealed, mixed and left for 3 h with no stirring. The removal of
Alexa fluor 488 excess was performed by the ultrafiltration in PBS buffer. Absorption spectra of
resulting solutions were measured (Figure 3S) and the amount of Alexa fluor 488 bound to Tf-N3
was estimated according to Alexa fluor 488 calibration curve. There is none non-specific
adsorption of A4ss-azide to Tf-Nj3 as it seems from the negative control. Approximately 2.7
molecules of Asss.alkyne are bound to 1 molecule of Tf-Nj (calculated as a mean from 4 different
Tf-Nj3 preparations and measurements), which is in accordance with the theoretical maximum of

4 azide groups present in one transferrin molecule.
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Figurc 38: Absorption spectra of Agsalkyne and Asgs-azide conjugated to Tf-N3z molecule using CuACC reaction.
‘While no non-specific adsorption of Assz-azide to Tf-Ns occurs in the negative control. all Age alkyne binds
specifically only to azide groups on Tf and therefore azide groups can be calculated. The graph was generated in

GraphPad Prism 7.

Functionalization of coated FNDs by azide-alkyne cycloaddition catalyzed by copper (I)

ions for flow cytometry measurements

FNDs were modified with Assgazide and Tf-N; (prepared according the protocol decribed
above). FNDs were modified with these two ligands in consecutive reactions utilizing the same

surface functionalities. Washing procedures were employed after both modification steps.

Stock solutions for CuACC reactions were prepared in water, except for the Asggazide stock,
which was prepared in DMSO. The solutions of CuS04-5H20 and THPTA were premixed (in a
1:2 concentration ratio for reaction with Alexa fluor 488 and in a 1:5 concentration ratio for

reaction with Tf-Ns) before they were added to the reaction mixture.

For the reaction of modified FNDs with Aasgs.azide, the reactants were mixed in the following
order and final concentrations: colloid of PHPMA-modified FNDs (2.5 mg in a final reaction
volume of 3200 pul), Agss-azide (20 uM), pre-mixed 0.32 mM CuSO4-5H20 and 0.64 mM THPTA
ligand, aminoguanidine hydrochloride (5 mM) and a freshly prepared solution of sodium

ascorbate (5 mM). The reaction mixture was well-sealed, mixed and left for 3 h with no stirring.
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Modified FNDs were isolated by centrifugation (20,000 rcf, 15 min) and three times washed with
1 ml water (20,000 rcf, 15 min). 1.2 mg of the Alexa Fluor 488-modified FNDs was reacted using
CuACC reaction with Tf-N3 (90 uM) in a final reaction volume of 1536 ul with pre-mixed 0.32
mM CuS045H0 and 1.6 mM THPTA ligand, aminoguanidine hydrochloride (5 mM) and a
freshly prepared solution of sodium ascorbate (5 mM). The reaction mixture was well-sealed,
mixed and left for 3 h with no stirring. Polymer-coated FND modified with Alexa Fluor 488 and
polymer-coated FND modified with Alexa Fluor 488 and Tf-N3 were both treated the same way

and were washed with water (1 ml, 15,000 rcf, 15 min, 7 times).

For cell viability assays and confocal microscopy, FNDs without Alexa fluor 488 were prepared

in the reaction with Tf-N3 under the same conditions as written above (see Experimental).

Electron microscopy

High resolution TEM, STEM, and spatially-resolved EELS experiments were carried out on a
FEI Titan 80-300 “cubed” microscope fitted with an aberration-corrector for the imaging lens and
the probe forming lens and a GIF Quantum energy filter for spectroscopy, operated at 80 kV to
minimize knock-on damage to the sample. The ND particles were immobilized on the lacy
carbon copper grids. Grids were placed on the filtration paper and ca. 50 uL of ND aqueous
solution (¢ = 0.1 mg/ml) was placed onto the grid. HRTEM imaging was carried out with an
excited electron monochromator, to extend the information transfer of the microscope. STEM-
EELS experiments were performed using a convergence semi-angle o of ~21 mrad and a
collection semi-angle B of ~75 mrad, using a beam current of approximately 80 pA. A fine
electron probe (diameter ~1.5 A) was scanned over a region of the sample, acquiring an EELS
spectrum at each point. All spectra were acquired at an energy dispersion of 0.25 eV per pixel
and an energy resolution of approximately 1.2 eV.

Detailed EELS spectra with high signal to noise ratio were acquired from spherical structures at
the surface of a ND. A reference EELS spectra were also taken from the ND “bulk” and from a
pure protein transferrin. The EELS spectra and the image of the structure on the surface of the
ND are displayed in Figure 4S. The spectrum from Region 2 (the spherical structure) shows the
presence of a faint sulphur signal (S-L23 at 160 eV) confirming that the spherical structures are

the transferrin.
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Figure 4S. (A) ADF-STEM image of the diamond patticle with the spherical structure on the side (Region 2). (B)
The spectrum taken from the spherical structure shows the presence of a sulphur signal at 160 eV. Quantification of

the S/C ratio yields 1 % S (1o carbon). =S reference” is related (o (he spectrum of translerrin,

Cell culture

The human osteosarcoma cell line U208, lymphoblastoid leukemia cell line CCRF-CEM, and
human umbilical vein endothelial cell line HUVEC were grown at 37 °C in a humidified
atmosphere containing 5% COz, in media supplemented with 4 mM L-glutamine (Gibco) and
10% FBS. The cultivation medium used for CCRF-CEM was Roswell Park Memorial Institute
medium (RPMI-1640; Sigma-Aldrich), for U208 it was Dulbecco's modified Eagle's medium
(DMEM, Sigma-Aldrich D5796), and for HUVEC it was Endothelial Basal Medium-2 with
supplements (EBM-2 SingleQuots™ Kit; Lonza). The cells were subcultured 2 to 3 times per
week. To detach adherent cells (U208 and HUVEC) trom the well, we used a solution of 0.25%
trypsin and 0.03% EDTA in PBS.

Cell viability assay

The influence of FND and FND-Tf on viability of CCRF-CEM, U208 and HUVEC cells was
tested using the XTT Cell Viability Assay (ATCC, cat. no. ATCC-30-1011K). The cells were
cultivated as described above. When they reached the exponential growth phase, U20S and
HUVEC cells were harvested and seeded into a 96-well white microtiter plate (NUNC) at 10,000
cells per well. Prior to the experiment, the growth medium was replaced with 95 pl Dulbecco's

Modified Eagle Medium (DMEM, Sigma-Aldrich D5796) without serum. CCRF-CEM were
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prior to the experiment collected by centrifugation at 300 x g for 5 minutes, resuspended in
DMEM medium without serum and seeded into a 96-well white microtiter plate (NUNC) at 1.5
million cells per well. 2.5 ul of free Tf (final concentration 100 pug/ml) were added to the wells
with pre-incubation experiment and control. After 30 minutes, 2.5 pl of modified FND particles
were applied to certain wells (final concentration 50 pg/ml). All experiments were done in
tetraplicates. Into wells containing controls (cells without test compounds), a volume of water
equal to the volume of the compound solutions added to the experimental wells was added. After
5.5 h incubation with FND particles or compounds, the viability assay was performed as
recommended by the manufacturer. Briefly, 50 pl of activated XTT solution (5 ml of tetrazolium
dye XTT solution with 100 ul of PMS (N-methyl dibenzopyrazine methyl sulfate)) was added to
each well and the plate was left for an additional 2 h. The plate was then mixed for 2 min at 370
RPM on an orbital shaker. Absorbance was recorded using a microplate reader (Tecan GENios,
Tecan, Austria). The percentage of viable cells was counted as the ratio of absorbance from wells
containing test compounds to the absorbance signal from an untreated population control. This

ratio represents the mean + SD from 1 independent measurement performed in tetraplicate wells.

Flow cytometry

Targeting experiments using flow cytometer were done in the co-culture of two cell lines. Either
U208 and HUVEC cells or CCRF-CEM and HUVEC cells were co-cultured together.

One day prior to experimental treatment, U20S and HUVEC cells were harvested in the
exponential growth phase and seeded into a 6-well plate at 150,000 and 200,000 cells per well,
subsequently. Each well contained 3 ml of cell suspension in Endothelial Basal Medium-2 with
supplements Endothelial Basal Medium-2 with supplements. Simultaneously, only HUVEC cells
were seeded into a 6-well plate at 200,000 cells per well in 3 ml of cell suspension in Endothelial
Basal Medium-2 with supplements. On the day of treatment, the growth medium in U20S and
HUVEC co-culture was replaced with 760 pl of Dulbecco's Modified Eagle Medium (DMEM,
Sigma-Aldrich D5796) without serum. CCRF-CEM were prior to the experiment collected by
centrifugation at 300 x g for 5 minutes, resuspended in DMEM medium without serum and
seeded into a 6-well plate with pre-seeded HUVEC cells (after removing the media from HUVEC
cells) at 1.5 million cells in 760 pl per well. In each experiment, the following 1 h treatments

were performed: control (growth medium + the corresponding amount of water), FND, FND-Tf
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(final concentration of 50 pg/ml, labeled by Alexa fluor 488). Additionally, pretreatment of cells
with 100 pg/ml free transferrin for 30 min was performed before FND and FND-Tf were applied
to the wells. Cells without any added compound and with or without antibodies were used as a
control. Incubations were carried out in the dark at 37 °C in a humidified atmosphere containing
5% COa. After treatment, cells were harvested using trypsin solution (for 1 minute in 37°C, then
trypsin inhibitor was added, washed with 900 pl cold PBS and resuspended in 100 pl flow
cytometry staining buffer (R&D systems FC001). To the cell suspension, 2.5 ul of antibodies,
specifically recognizing cell surface receptors, were added. CD 144 receptors on HUVEC cells
were specifically labeled by antibody anti-CD 144 labeled with VE-Cadherin fluorescent dye
(Molecular Probes Cat. No. A18353), CD 45 on the surface of CCRF-CEM cells with antibody
anti-CD 45 conjugated with Per CP/Cy 5.5 dye (Abcam Cat. No. Ab157309). Cells were left to
incubate with antibodies for 45 minutes at 4°C with gently shaking. Cells were washed twice
with staining buffer, resuspended in 400 pl, filtered through a 35-um nylon mesh and analyzed
with a BD LSRFortessa™ cell analyzer (Becton Dickinson, San Jose, CA). Ten thousand events
were acquired for each analysis. BD FACSDiva Software 6.0 was used to generate histograms
and analyze data. The results represent the mean + SD from 4 independent measurements

performed in uniplicates and

Amount of transferrin receptors was estimated from the interaction of Tf-A4ss (50 pg/ml) with
cell lines as a relative ratio of Tf-Aygs fluorescence to a control (cells without fluorescent
transferrin). Measurement was performed in triplicates.There are approximately twice more
receptors on CCRF-CEM than on U20S and 5-times more receptors on CCRF-CEM than on
HUVEC cell line.

Confocal microscopy

One day prior to experimental treatment, U20S cells were harvested in the exponential growth
phase and seeded into Petri dishes (35 mm glass bottom dish with 4 chambers, BioPort Europe,
s.r.0., cat. no. D35C4-20-1.5-N) at 40,000 cells per well. The well contained 1 ml cell suspension.
FND-TTf (final concentration of 50 pg/ml) were added to cells, incubations was carried out in the

dark at 37 °C in a humidified atmosphere containing 5% COg. After treatment, cells were washed
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twice with 900 pl cold PBS and fixed with a 2% formaldehyde solution in PBS for 10 min. After
fixation, cells were washed twice with 900 pl PBS and resuspended in 1 ml PBS.

A confocal imaging of internalized FNDs was performed on Carl Zeiss LSM 780 confocal
microscope, equipped with two solid state lasers (405 nm, 561 nm) lasers, in-tune laser (tunable
laser with minimum power of 1.5 mW per wavelength), oil-immersion objective (Plan-
Apochromat 63x/1.40 Oil DIC M27) and ultrasensitive spectral 32+2 channel detector.
Fluorescence of FNDs was excited using the solid state 561 nm laser (~1,69 mW), scanned with
pixel size 93 nm , pixel dwell time 177 ps, 61 um pinhole and emitted light was collected by
spectral detector setup in the 569-691 nm range, in photon counting lambda mode (14 channels,
digital gain 1). The measured emission spectrum of FNDs in cells has maximum at 661 nm,
therefore signal between wavelengths 659 - 667 nm was used for visualization of FNDs in cells.

The fluorescence images were collected with ZEN 2011 software.
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ABSTRACT: Glutamate carboxypeptidase IT (GCPII) is a membrane protease /7~
overexpressed by prostate cancer cells and detected in the neovasculature of G*CP" inhibitor
most solid tumors. Targeting GCPII with inhibitor-bearing nanoparticles can h
enable recognition, imaging, and delivery of treatments to cancer cells.
Compared to methods based on antibodies and other large biomolecules,
inhibitor-mediated targeting benefits from the low molecular weight of the
inhibitor molecules, which are typically stable, easy-to-handle, and able to bind
the enzyme with very high affinity. Although GCPII is established as a molecular
target, comparing previously reported results is difficult due to the different
methodological approaches used. In this work, we investigate the robustness and
limitations of GCPII targeting with a diverse range of inhibitor-bearing
nanoparticles (various structures, sizes, bionanointerfaces, conjugation chemistry, and surface densities of attached inhibitors).
Polymer-coated nanodiamonds, virus-like particles based on bacteriophage Qf and mouse polyomavirus, and polymeric
poly(HPMA) nanoparticles with inhibitors attached by different means were synthesized and characterized. We evaluated their
ability to bind GCPII and interact with cancer cells using surface plasmon resonance, inhibition assay, flow cytometry, and
confocal microscopy. Regardless of the diversity of the investigated nanosystems, they all strongly interact with GCPII (most
with low picomolar K; values) and effectively target GCPII-expressing cells. The robustness of this approach was limited only by
the quality of the nanoparticle bionanointerface, which must be properly designed by adding a sufficient density of hydrophilic
protective polymers. We conclude that the targeting of cancer cells overexpressing GCPII is a viable approach transferable to a
broad diversity of nanosystems.

KEYWORDS: GCPII, PSMA, inhibitor, click chemistry, targeting, cell, nanodiamond, virus-like particle, multivalent binding, polymer,
nonspecific interaction

Nanoparticle

H INTRODUCTION

in malignant lesions’) and poor prognosis of the patient. In

Targeted delivery of pharmaceuticals into tumor tissues offers
promise for precise cancer diagnosis and treatment. Nano-
particle (NP)-based carriers offer several advantages over
conventional therapy with cytotoxic drugs. The polyvalency
of ligands strengthens binding efficacy, the size of NPs leads to
prolonged blood circulation time and enables passive targeting
(so-called enhanced permeation effect), and the hollow interior
of NPs enables delivery of cargo.'

For specific cellular targeting, glutamate carboxypeptidase I
(GCPII), also known as prostate-specific membrane antigen
(PSMA), is a particularly interesting receptor due to its higher
expression in P]'Dstﬂte cancer tiSSuE ﬂlld Cﬂl]CEr'ﬂSSOClﬂtEd
neovasculature.”” Tts abundance correlates with the aggressive-
ness of the prostate cancer (GCPII is expressed in 80% of cells

icati © XXXX American Chemical Society
~gr ACS Publications

contrast to surface receptors that are present on all cell types,
such as transferrin receptor, GCPII is more tissue-specific. It is
primarily expressed in the prostate, central nervous system,
small intestine, and kidney; expression in other tissues is much
lower.> GCPII is a homodimeric transmembrane glycoprotein
and metalloprotease with two main natural substrates, the most
important of which is N-acetyl-L-aspartyl-L-glutamate (NAAG).
In the CNS, GCPII cleaves NAAG into the neurotransmitters
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N-acetyl- L-aspartate and glutamate. In the intestine, where it is
also known as folate hydrolase 1, GCPII participates in the
cleavage of y-linked glutamates from pteroyl-poly(y-glutamate),
freeing the vitamin folic acid.” Although the substrate and
physiological function of GCPII in prostate remain unknown,
its overexpression in prostate cancer is well-established, and the
enzyme has been exploited as a highly specific target for cancer
diagnostics and therapies.

Cancer cells overexpressing GCPII have been successfully
targeted with NPs bearing antibodies, * nucleic acid
aptamers,g’m and specific inhibitors."" " Despite the con-
venient properties of small molecules, including stability,
nonimmunogenicity, and ease of large-scale synthesis, using
inhibitors as targeting ligands is not common. NPs bearing
inhibitors have been developed for a very small number of
targets, including carbonic anhydrase IX'* and
GCPIL''™"*'°"* This may be due to the fact that enzymes
localized on the plasma membrane usually are not cancer- or
tissue-specific, and to the lack of known potent inhibitors for
these enzymes. Nevertheless, GCPII inhibitors previously have
been used with soft polymeric NPs, including in clinical trials,"?
and with inorganic NPs.'”*** Because of the very different
methodological approaches and NP structures used in various
studies, it is difficult to compare results.

Here, we focus on exploring the structural and chemical
diversity of NP systems that can be delivered to their cellular
targets using interactions between small inhibitor molecules
attached to the NP and GCPII on the surface of the target cell.
To do so, we use representatives of different types of NPs:
polymer-coated nanodiamonds, virus-like particles based on
bacteriophage Qf and mouse polyomavirus, and polymeric
nanoparticles with an inhibitor attached as a targeting ligand.
Although targeted nanosystems based on all these NPs have
been developed previously, targeting with small molecules is
typically a more challenging approach that requires surface
optimization. The range of selected particles enables us to
investigate nanosystems of different size, flexibility, bionanoin-
terface, and conjugation chemistry. We evaluate targeting
efficiency under the same conditions on the same cellular
model to identify the potential limitations of these GCPII-
inhibitor-targeting systems.

Nanodiamonds (NDs) are relatively polydisperse (in size and
shape), nontoxic carbon NPs with unique optical properties,
including near-infrared unbleachable fluorescence [derived
from nitrogen vacancy (NV) centers] sensitive to magnetic
and electric fields.”® Similar to other inorganic NPs, they
aggregate in electrolytes (buffers and media), driven by strong
van der Waals forces.”” NDs can be colloidally stabilized by
steric hindrance, either by proteins or by polymers. Although
proteins can both stabilize the particles and direct them to the
intended target, electroneutral polymers also can reduce
nonspecific interactions with proteins and cells, which is crucial
for preparation of outstanding NPs for targeting. In a biological
environment, interactions of proteins with NPs form a so-called
“protein corona” on the NP surface,”"*” which can be
prevented by creating a dense polymeric shell on the NP.
Intact, biocompatible, and nonimmunogenic pc{lymcrs can
shield the surface and minimize off-target binding.™

NDs without a polymer shell have been targeted to cells
using the protein transferrin® ~** or small protein toxins. ™
‘While use of a polymer interface can be beneficial for NPs
bearing proteins, it is necessary for NPs bearing small
molecules, because small molecules do not have a shielding

effect on the NPs. Polymer-coated NDs bearing folic acid,”>**
RGD pcptide,'v"“ and anti-HER2 pcptide'w have been targeted
to cancer cells with very high efficacy.

Virus-like particles (VLPs) are safe and noninfectious virus
derived NPs, usually formed in biological systems into well-
defined uniform structures by a self-assembly process from
multiple copies of the same capsid protein(s). VLPs are
available in various sizes and shapes and display different cell
binding properties. VLPs derived from plant viruses and
bacteriophages usually do not efficiently bind mammalian cells,
whereas VLPs derived from mammalian viruses can bind to the
mammalian cell surface, engaging the carbohydrate moieties of
glycocalyx.

Mouse polyomavirus (MPyV) is an example of a small (45
nm diameter) dsDNA nonenveloped mouse virus. Historically,
VLPs composed of MPyV c: ?sid protein were the first VLPs to
be used for gene transfer.*"" Because there is no preexisting
humoral immunity to MPyV in the human population, MPyV
VLPs are suitable for potential clinical use. The MPyV capsid is
composed of 72 subunits. Each subunit consists of 5 molecules
of the major capsid protein, VP1, which form pentamers. Under
experimental conditions, guided in vitre disassembly and
reassembly can be used for passive cargo loading into the
interior of VLPs, as shown for human polyomavirus jC.“‘
MPyV uses GDla, GT1b,"* and GTla" gangliosides as
primary receptors that mediate transport of the virus along
an infectious pathway. Moreover, @,f); integrin has been
identified as a secondary receptor.’® Although viral binding to
gangliosides is required for high levels of virus accumulation on
the cell surface, the presence of cell-surface glycoproteins also
allows for virus attachment and internalization. MPyV VLPs
therefore interact with a wide variety of mammalian cells via
sialic acid presented on cell surface glycoproteins and
glycolipids and enter cells readily. As with NDs, surface
modification of VLPs with polymers may be required for
selective targeting to the specific receptor and prevention of
nonspecific interactions. Recently, we demonstrated that large
molecules (the protein transferrin) displayed on the MPyV
surface can both retarget the VLP to cancer cells and prevent
the interaction with its primary receptors.® Targeting with
small molecules has not yet been demonstrated for MPyV
VLPs.

Bacteriophage Qf is an example of a small (28 nm diameter)
icosahedral virus, VLPs of which have been actively investigated
for several nanotechnology applications. Qf VLPs are highly
monodisperse and very stable, and they consist of 180 protein
subunits cross-linked by disulfide linkages. QfF VLPs can
package small enzymes to protect and stabilize them."” Unlike
other types of NPs, Qf VLPs do not interact with mammalian
cells to a great degree, and therefore they do not need to be
coated with polymers to decrease nonspecific interactions and
efficiently target cells. Qf VLPs have been modified with
f:r:msfgzrrirl,"'q epidermal growth factor,™ glycan,"'" and cyclic
RGD*' to target cells, as shown by M. G. Finn and
collaborators. Although a polymer coating is not needed in
vitro, for in vive applications the VLP surface should be covered
with polymers to improve pharmacokinetic properties and
reduce immunogenicity. Qff particles have been modified with
poly(]E‘,-c):lcazolima)s52 and oligo(ethylene g]ycol)-methacrylate“
to enhance thermal stability and evade immune responses.

Polymeric NPs are among the most widely used NPs for
bioapplications, thanks to their variability in composition,
which can be adjusted according to the needs of the application.
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Figure 1. (A) The overall scheme of GCPII targeting using NPs bearing GCPII inhibitors. A NP bearing polyvalent array of GCPII inhibitors binds
to GCPII, which is anchored in cell membrane. The nanoparticle is then endocytosed. (B) The structures of the inhibitors 1, 4, and 5 used for NP
modifications. (C) Schematic illustration of the used NPs and molecular structure of their bionanointerface. Only particles modified with GCPIL
inhibitors are shown: nanodiamonds (ND-inh), small nanoparticles based only on the coating polymer (pol-inh), bacteriophage Qf VLPs (Qf-inh,
Qf-pol-inh), and mouse polyomavirus VLPs (MPyV-inh, MPyV-pol-inh). The corresponding control particles (ND, pol, QF, Qf-pol, MPyV, and
MPyV-pol) have always the same structure, but do not contain the GCPII inhibitors (not shown for clarity). For VLPs, the attachment of inhibitor

via ceating polymer is indicated by the presence of “pol” in the abbreviation, while the absence of “pol” indicates a direct attachment to surface
lysines. See also Table 1 for further details.
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They are not prone to nonspecific interactions with cells, and
therefore they are not immediately internalized. On the other
hand, polymeric NPs are typically not monodisperse. Polymeric
NPs are the only particles assessed in this study that have
previously been used with a specific inhibitor to target GCPIL
Among the most studied have been block copolymers
containing 2 hydrophobic part, usually poly(lactid) acid,
bearing the hydrophobic molecule and a hydrophilic PEG
chain exposed to the environment.' ' "% For nudleic acid
delivery, copolymers contained combination of polyethyleni-
mine and PEG.'*'* Biodegradable, nonimmunogenic, water-
soluble, and biocompatible N-(2-hydroxypropyl)-
methacrylamide (HPMA) copolymer with inhibitor targeting
GCPII also has shown potential in bioapplications.”*

The most widely used conjugation chemistry for modifica-
tion of NPs with a targeting ligand is amidic coupling, which is
the easiest option for molecules that naturally contain carboxyl
or amine groups (such as VLPs). For amidic coupling, moieties
with activated carboxyl groups with fair stability and selective
reactivity to amines are needed. Here, we used the thiazolidine-
2-thione group (TT) to fulfill these requirements.s:' An
alternative option is use of highly effective bioorthogonal
reactions, which do not have significant reactivity toward
naturally occurring functional groups. The Huisgen azide—
alkyne cycloaddition catalyzed by Cu(I) ions (click reaction) is
popular due to its high bioconjugation efficacy without the
need for protecting groups, simplicity, and variety of available
substrates.””” In this work, we used both amidic coupling and
click reaction.

B METHODS

Synthesis of GCPII inhibitors and HPMA polymers is
described in the Supporting Information.

Preparation of Mouse Polyomavirus VLPs (MPyV,
MPyV-inh, MPyV-PEG). MPyV particles consisting of VP1
capsid protein were produced using baculovirus expression
system in Spodoptera frugiperda (Sf9) cells.”” Durification of
particles in cesium chloride density gradient was followed by
concentration through a sucrose cushion as previously
described.”"**

Labeling of MPyV VLPs with Alexa Fluor 488. Unmodified
MPyV VLPs were dialyzed against 0.1 M HEPES, pH 7.9, and
the protein concentration was adjusted to 2 mg/rnL (20 mg
VP1 protein in total). This solution was treated with NHS-
Alexa Fluor 488 (ThermoFisher Scientific, final concentration
34 nM, 0.2 equiv per surface lysine; each MPyV VLP contains
720 surface-exposed lysines) at room temperature overnight
with gentle shaking (250 tpm, TS-100C, Thermo-Shaker,
Biosan). Excess dye was removed by dialysis against 0.1 M
HEPES, pH 7.9 (4 °C, overnight with two buffer changes).
Two-thirds of the prepared MPyV VLP mixture were used for
subsequent preparation of MPyV-inh particles. The rest was
purified and concentrated by centrifugation through two
successive 20% sucrose cushions (35,000 rpm, SW41 Beckman
rotor, 3 h) and dissolved in storage buffer (10 mM Tris-HCl,
pH 74, 150 mM NaCl, 0.01 mM CaCl,), providing the
conjugate of MPyV VLPs (4 mg) used as a negative control
(MPyV).

Preparation of MPyV-inh by Click Reaction. Alexa Fluor
488-labeled MPyV VLPs were first modified with the
heterobifunctional linker propargyl-N-hydroxysuccinimidyl
(NHS) ester (Sigma-Aldrich). To a solution of MPYV in 0.1
M HEPES, pH 7.9 (2 mg/mL; total amount 14 mg) was added

4.87 mg of the linker (35-fold molar excess per surface lysine)
dissolved in 770 uL of DMSO (10% final concentration of
DMSO). The reaction mixture was incubated at room
temperature overnight with gentle shaking (250 rpm, TS-
100C, Thermo-Shaker, Biosan). Excess reagents were removed
by dialysis against 0.1 M HEPES, pH 7.4 (4 °C, overnight, first
two buffer changes contained 10% DMSO), providing MPyV
VLP—alkyne conjugate.

MPyV VLP—alkyne (5 mg in a final reaction volume of 6
mL), GCPII inhibitor § (see Figure 1 and Supporting
Information; 213.5 nmol) in 0.1 M HEPES buffer, pH 7.4,
containing 10 mM copper sulfate, 100 mM aminoguanidine, 50
mM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, syn-
thesized according to a previously published procedure™), and
freshly prepared 100 mM sodium ascorbate were used for click
reaction. Copper sulfate and THPTA were mixed in a separate
tube in a 1:5 concentration ratio prior to addition to the
reaction mixture. The reaction mixture was well-sealed, mixed,
and allowed to stand undisturbed at room temperature for 3 h.
Excess inhibitor was removed from the resulting MPyV-inh
conjugates by dialysis (cellulose ester membrane, 300 kDa,
Biotech) against 0.1 M HEPES, pH 7.4 (4 °C, overnight), and
storage buffer (4 °C, overnight). Finally, the MPyV-inh
particles were purified and concentrated by centrifugation
through two successive 20% sucrose cushions and dissolved in
storage buffer.

Preparation of MPyV-PEG Particles. MPyV were dialyzed
against 0.1 M HEPES, pH 8.0, with 0.01 mM CaCl, (4 °C,
overnight). Then, the solution of particles (0.95 mg/mL, total
amount 0.38 mg) was treated with 0.47 mg of acid-PEG,;-NHS
ester (Broadpharm, BP-22330, 35-fold excess per surface
Iysine) at room temperature for 5 h on a rotating mixer.
Excess reagents were removed by dialysis against TBS (20 mM
Tris-HCl, 150 mM NaCl, pH 7.4) with 0.01 mM CaCl, (4 °C,
overnight).

Characterization of the Particles. The quality of each
preparation was examined by electron microscopy and SDS—
PAGE. The amounts of VP1 were determined by Qubit protein
assay kit (ThermoFisher Scientific). For matrix-assisted laser
desorption/ionization mass spectrometry (MALDI) measure-
ments, 15 yL of the sample (25 pg, 1.54 pmol) was mixed with
7.5 uL of 100 mM dithiothreitol (DTT) and 7.5 uL of 10 M
urea for 10 min to disassemble the particles. According to
MALDI measurements, we found 540 inhibitor molecules per
MPyV-inh particle.

Preparation of Bacteriophage Qf Particles (Qf, Qf-
inh). Qf particles were prepared according to a previously
published procedure.'” Escherichia coli BL21 (DE3) (Invitro-
gen) cells harboring the plasmid pET28-B (containing capsid
protein) were grown in SOC supplemented with kanamycin.
Starter cultures were grown overnight at 37 °C, and were used
to inoculate larger cultures. Induction was performed with 1
mM IPTG at an ODgy, of 1.0 in SOB overnight at 25 °C. Cells
were harvested by centrifugation in a Beckman Coulter Avanti
J-20 XP (rotor JA 17) at 5,400 rcf. The cell lysate was prepared
by resuspending the cell pellet with phosphate buffer (0.1 M,
pH 7.0) and sonicating at 50 W for 20 min with 5 s bursts and
5 s pause intervals. Cell debris was pelleted by centrifugation
(Beckman Coulter Avanti J-20 XP) in a JA 17 rotor for 10 min
(27,000 rcf), and 2 M ammonium sulfate was added to the
supernatant to precipitate the Qf VLPs. Pelleted VLPs were
resuspended in phosphate buffer. Lipids and membrane
proteins were then extracted from particles with 1:1 n-
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butanol:chloroform; Qf VLPs remained in the aqueous layer.
Crude Qff VLPs were further purified by sucrose gradient
ultracentrifugation (10—40% w:v). Particles were pelleted out
from the sucrose solution by ultracentrifugation in a 70.1 Ti
rotor (Beckman) at 70,000 rpm for 2 h.

Labeling of Qp with Alexa Fluor 488. The unmodified Qf
VLPs (3 mg) were diluted in 0.1 M HEPES, pH 8 (5 mg/mL).
This solution was treated with Alexa Fluor 488 5-SDP Ester
(ThermoFisher Scientific, final concentration 280 uM, 0.2
equiv per surface lysine; each Qff VLP contains 720 surface-
exposed lysines) at room temperature overnight with gentle
shaking (250 rpm, TS-100C, Thermo-Shaker, Biosan). Excess
dye was removed by centrifugal filtration (Millipore, Amicon
ultra 2 mL, cut off 100 kDa, 6 times) into 0.1 M HEPES, pH 8,
providing the conjugate Qf VLP used as a negative control
(Qf). Two-thirds of the prepared Qf VLP mixture was used
for subsequent preparation of Qf-inh particles (Qg-inh).

Preparation of Qf-inh by Click Reaction. First, Qf VLPs
were modified with a heterobifunctional linker containing
propargyl and NHS ester moieties (alkyne-PEG;-NHS, Sigma-
Aldrich). To a solution of Qf VLPs in 0.1 M HEPES, pH 8 (5
mg/mL; total amount 2 mg), was added 3.94 mg of the linker
(17-fold excess per surface lysine) dissolved in 40 L of DMSO
(10% final concentration of DMSQ). The reaction mixture was
incubated at room temperature overnight with light shaking.
Excess reagents were removed by centrifugal filtration
(Millipore, Amicon ultra 2 mL, cut off 100 kDa, 8 times)
against 0.1 M HEPES, pH 7.4 (fist two buffer changes
contained 10% DMSO), providing Qf VLP—alkyne conjugate.

Qpf VLP—alkyne (1.6 mg in a final reaction volume of 160
pL), GCPII inhibitor § (see Figure 1 and Supporting
Information; 20§ nmol) in 0.1 M HEPES buifer, pH 7.4,
containing 5.12 mM copper sulfate, 25.6 mM tris(3-
hydroxypropyltriazolylmethyl }amine (THPTA), 40 mM ami-
noguanidine, and freshly prepared 40 mM sodium ascorbate
were used for click reaction. Copper sulfate and THPTA were
mixed in a separate tube in a 1:5 concentration ratio prior to
addition to the reaction mixture. The reaction mixture was well-
sealed, mixed, and allowed to stand undisturbed at room
temperature for 3 h. The resulting Qf-inh VLP conjugates were
purified from excess reagents by centrifugal filtration (Millipore,
Amicon ultra 2 mL, cut off 100 kDa, 8 times) into 0.1 M
HEPES, pH 7.4, providing Qf-inh conjugate.

Characterization of the Particles. The quality of each
preparation was examined by electron microscopy and SDS—
PAGE. The amounts of Qff VLPs were determined by Qubit
protein assay kit (ThermoFisher Scientific). For MALDI
measurements, 5 pL of the sample (50 pg, 19.5 pmol) was
mixed with 2.5 yL of 100 mM DTT and 2.5 yL of 10 M urea
for 10 min to disassemble the particles. According to MALDI
measurements, we found 180 inhibitors per Qf-inh particle.

Preparation of Poly(HPMA)-Coated VLPs (MPyV-pol,
MPyV-pol-inh, Qf-pol, and Qp-pol-inh). Unmodified
MPyV VLPs were dialyzed and diluted to a low molarity
buffer (0.67 mg/mL, 4 mM HEPES, pH 8, 20 mM NaCl, 4 uM
CaCl,). Unmodified Qf VLPs (1 mg/mL) were dispersed in 25
mM HEPES buffer, pH 8. Three milliliters of MPyV particles
(2 mg) was added slowly to a stirred solution of either polymer
with inhibitor (pol-inh) or polymer without inhibitor (pol),
both with TT reactive groups (3.76 mg/160 pL Milli-Q water,
approximately 1 molar equiv to surface lysines on particles).
Two milliliters of Qf particles (2 mg) was added slowly to the
stirred solution of pol-inh or pol with TT reactive groups (8.69

mg/mL Milli-Q_ water, approximately 0.4 equiv of surface
lysines on particles). Reaction proceeded for 24 h (room
temperature, mixing), and afterward remaining TT reactive
groups were quenched by buffered ethanolamine (10 molar
equiv to TT reactive groups). The conversion of TT reactive
groups was controlled by decrease of their characteristic
absorption band at 306 nm. After 12 h, no TT reactive groups
were present.

VLP particles were purified by ultracentrifugation in sucrose
density gradient (10—40% w:v, SW 28 Beckman rotor, 2 h
30,000 rpm for MPyV-pol and MPyV-pol-inh and 3 h 40,000
rpm for Qf-pol and Qf-pol-inh). Particles were pelleted out
from the sucrose solution by ultracentrifugation at 35,000 rpm
(SW 41Ti Beckman rotor) for 3 h.

Preparation of ND and ND-inh. NDs were pretreated and
coated with a methacrylate-terminated thin silica layer,
according to a previously published procedure.” Polymer
coating was performed with slight modifications. HPMA (152
mg, 1046 pmol, purchased from Polysciences and freshly
purified by FLASH chromatography) and 3-(azidopropyl)-
methacrylamide (8 mg, 47.6 gmol, synthesized by methacry-
loylation of 3-azidopropan-l-amine with methacryloyl chlor-
ide®) were dissolved in DMSQO (480 uL). 2,2'-Azobis(2-
methylpropionitrile) (AIBN, 50 mg, 0.305 mmol, recrystallized
by thickening an ethanol solution on a rotary evaporator at a
maximum temperature of 30 °C) was added to the mixture.
The mixture was filtered using a 0.4 pm glass microfiber
microfilter. Methacrylate-terminated ND particles (8 mg, 80 yL
in DMSO) were added. The reaction proceeded for 3 days
under argon at 55 °C. The particles were diluted three times
with methanol, centrifaged (21,000 rcf, 30 min), and purified
by centrifugation with methanol (25,000 rcf, 30 min, 1 mL, 3
times). Polymer-coated NDs were further modified using
azide—alkyne cycloaddition catalyzed by Cu(I) ions with Alexa
Fluor 488-alkyne (purchased from Life Technologies) and
GCPII inhibitor 4 (see Figure 1 and Supporting Information).
NDs were modified with these two ligands in consecutive
reactions utilizing the same surface functionalities. Washing
procedures were employed after both modification steps. Stock
solutions for copper(I)-catalyzed azide—alkyne cycloaddition
reactions were prepared in water, except for the Alexa Fluor
488-alkyne, which was prepared in DMSO. The solutions of
copper sulfate and THPTA were premixed (in a 1:2
concentration ratio) before they were added to the reaction
mixture to yield final concentrations of 0.32 mM and 0.64 mM,
respectively. The mixture was filled to the final volume with 50
mM HEPES buffer, pH 7.4. For the reaction of modified NDs
with Alexa Fluor 488-alkyne, the reactants were mixed in the
following order and final concentrations: colloid of poly-
(HPMA)-azide modified NDs (1.2 mg in a final reaction
volume of 1536 L), Alexa Fluor 488-alkyne (10 uM), Cu-
catalyst solution (see above), and a freshly prepared solution of
sodium ascorbate (5 mM). The reaction mixture was well-
sealed, mixed, and left for 3 h with no stirring. Modified NDs
were isolated by centrifugation (20,000 rcf, 20 min) and twice
washed with 1 mL of water. Half (0.6 mg) of the Alexa Fluor
488 modified NDs was reacted in a click reaction with GCPII
inhibitor (320 pM) under the same conditions (in a final
volume of 768 pL). Polymer-coated NDs modified with Alexa
Fluor 488 (ND) and polymer-coated NDs modified with Alexa
Fluor 488 and GCPII inhibitor (ND-inh) were both treated the
same and were washed with water (1 mL, 7 times).
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Surface Plasmon Resonance (SPR) Measurements. All
SPR measurements were performed on a four-channel SPR
sensor platform (PLASMON IV) developed at the Institute of
Photonics and Electronics (IPE) of the Academy of Sciences of
the Czech Republic, Prague. Gold SPR chips were loaded into a
pure ethanol mixture of alkanethiols containing carboxylic
terminal groups [HS-(CH,),;-PEG,-OH and HS-(CH,),-
PEG-O-CH,-COOH, molar ratio 7:3, Prochimia] with a
final concentration of 0.2 mM and incubated for 1 h at 37 °C.
The chips were then rinsed with ethanol and deionized water,
dried with flow of nitrogen, and mounted to the prism on the
SPR sensor. All experiments were performed at 25 °C. The
carboxyl groups present on the gold thin sensor were activated
by a solution of NHS, 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide (EDC) at final concentrations of 12.5 mM and
62.5 mM, respectively, in deionized water for 5 min at a flow
rate of 20 4L /min. Excess reagents were removed at a flow rate
of 30 pL/min. Next, 10 ug/mL neutravidin in 10 mM sodium
acetate buffer, pH 5.0, was loaded for 6 min. Then, a high ionic
strength solution (PBS with 0.5 M NaCl) was used to wash out
noncovalently bound proteins, followed by 1 M ethanolamine
for deactivation of residual activated carboxylic groups.
Afterward, the extracellular domain of GCPII modified with
biotin (Avi-GCPII, prepared according to Tykvart et al.**) was
loaded for 10 min. Various NPs (at final concentrations of S
nM) in TBS were injected (association phase) for several
minutes, and then TBS alone was injected (dissociation phase).

Inhibition Assay. The inhibitory effects of all particles and
polymers were measured as previously described with minor
modifications.** Briefly, in each well of a 96-well plate, 250 pg
of recombinant GCPII was preincubated for 5 min at 37 °C in
90 pL of reaction buffer (25 mM BisTris propane, 150 mM
NaCl, 0.001% (w/w) octaethylene glycol monododecyl ester
(Affymetrix), pH 7.4) with a dilution series of inhibitor
(particles or polymers). The reaction was started by adding 10
HL of the substrate, 4 uM pteroyldiglutamate. The reaction was
stopped after 20 min incubation at 37 °C by adding 10 uL of 25
puM  2-(phoshonomethyl)pentanedioic acid (2-PMPA) and
subsequently analyzed with an Agilent 1200 series HPLC
using isocratic separation in 2.7% AcCN, 19.5 mM phosphate,
pH 6.0, on an Acquity UPLC HSS T3 C18 1.8 #m column (2.1
% 100 mm, Waters) with detection at 281 nm. Obtained data
were fitted by logistic equation using GraphPad (GraphPad
Software, Inc.), and K, values were calculated from the log ICs,
the using Cheng—Prusoff equation.

Flow Cytometry. Cells (U-251" MG and U-251" MG; for
preparation see Supporting Information) were detached from
the dish by trypsinization, resuspended in DMEM (Sigma-
Aldrich D5796) supplemented with 4 mM L-glutamine (Gibco)
and 10% FBS (Gibco), and counted. An appropriate amount of
cells was centrifuged (300 rcf, 5 min, 4 °C) and dissolved in
serum free medium without phosphate (SFM-P, DMEM,
Sigma-Aldrich D3656). Subsequently, the cells were transferred
into a 96-well plate (6 x 10* cells per well) and incubated with
NPs (final concentration of 4 nM) for 1 h at 37 °C, 5% CO,.
This incubation was performed in triplicate and with negative
controls (SFM-P only). After the treatment, cells were
centrifuged (300 rcf, 5 min, 4 °C), resuspended in 200 pL of
TBS, and measured with a BD LSRFortessa flow cytometry
analyzer (Becton, Dickinson and Company). The data were
further analyzed with BD FACSDiva Software, version 6.0.
Statistical analysis was performed in R program version 3.3.1.
(2016-06-21).

Confocal Microscopy. U-251" MG and U-251" MG cells
(for preparation see Supporting Information) were grown in 4-
chamber Glass Bottom Microwell Dishes (Cellvis, D35C4-20-
1.5-N) at approximately 30% confluence, incubated for 1 h at
37 °C, 5% CO, with NPs, polymers (12.5 nM, diluted in SFM-
P, DMEM, Sigma-Aldrich D5796), or medium only (SFM-P).
Subsequently, cells were washed with TBS, fixed with 3.7%
formaldehyde for 10 min, washed again in TBS, and
counterstained with 500 ng/mL Hoechst 34580 solution
(Thermo Scientific). Fluorescence and transmitted light (TL)
images were acquired on a Zeiss LSM 780 confocal microscope
with ZEN 2011 software. The images were further processed in
Fiji software (contrast enhancement of Hoechst channel and
TL inmges.).M

B RESULTS AND DISCUSSION

Design and Preparation of Nanoparticles. To inves-
tigate the versatility of cell targeting using GCPII inhibitors, we
prepared six different types of particles with various surface
modifications, as shown schematically in Figure 1 (for clarity,
we present the final investigated particles in bold, for example
Qff-inh). We attached to the surface of these NPs fluorescent
labels (Alexa Fluor 488 or Atto 488; marked green in Figure 1)
and GCPII inhibitors (marked red). As a targeting moiety, we
used optimized urea-based inhibitors®>** 1, 4, and § that are
highly polar and negatively charged, contributing to Coulombic
stabilization of the particles in solution. The inhibitors were
equipped by linkers terminated with either groups for click
chemistry (azide, alkyne) or amino groups for conjugation to
activated carboxylic acids. To remove cytotoxic Cu®' ions,
which can remain in the sample after click reaction, we used
extensive washing procedures diluting the original concen-
trations of reagents by a factor of minimally 107 (see Methods).
This decreased the copper concentration far below from
cytotoxic limit, which is further suppressed by the use of
THPTA ligand.” Furthermore, in our previous works utilizing
click chemistry on similar nanoparticles,”® we have observed
no copper toxicity. Based on these assumptions, we have not
involved cytotoxicity tests in this study.

The span of NP structural archetypes studied here includes
those currently used in nanomedical applications ranging from
imaging and theranostic applications to drug delivery. Polymer-
coated NDs are hybrids with solid inorganic cores that retain
their original shape and size during all interactions. However,
their polymer shell enables flexible adjustment of targeting
groups for polyvalent binding. VLPs are usually classified as soft
matter nanomaterial; however, they are relatively rigid and do
not undergo significant size or shape changes. Nevertheless,
attachment of targeting groups to VLPs via flexible linkers can
allow for a similarly flexible interaction as in polymer shells on
NDs. Finally, our polymeric NPs represent the smallest and
most flexible systems used in this study, and are highly
susceptible to size and shape changes upon binding to a target.

VLPs from both MPyV and Qg are formed from proteins
containing lysine residues with modifiable amino groups. Both
types of VLPs contain approximately 720 surface lysines per
particle,””” which we used to modify the particles with dyes
and inhibitors either by short linkages or by polymer coating.
The first approach involved labeling with Alexa Fluor 488 active
ester (providing negative controls and MPyV or Qf
conjugates) to allow fluorescence visualization. Then, we
modified VLPs at the remaining lysines with an excess of a
short linker bearing a propargyl group and attached GCPI
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inhibitor—azide conjugates via click chemistry, obtaining
MPyV-inh and Qgf-inh conjugates. Because MPyV VLPs can
interact with sialic acid residues, which are ubiquitously
distributed and broaden MPyV cell and tissue tropism,” we
also prepared MPyV VLPs that should avoid these interactions
(MPyV-PEG). These VLPs were prepared by covering MPyV
with NHS PEG  ;-carboxyl.

The second approach for MPyV and Qf# VLP modification
involved coating the VLP surface with HPMA copolymer
premodified with Atto 488 dye and then with GCPII inhibitors.
In addition to dye and inhibitors, the copolymers also
contained hydrolytically stable TT reactive groups, which can
react with Iysine amino groups on the VLP surface, forming
amide bonds. The reaction of VLPs with polymer proceeded
overnight at pH 8. We then quenched all unreacted TT groups
with ethanolamine. This step is very important because
unteacted TT groups can cross-link the particles in the pellet
after ultracentrifugation. We incubated the VLPs with either
copolymer with inhibitor (pol-inh) or copolymer without
inhibitor (pol). After purification, we obtained four different
types of particles: MPyV-pol-inh, MPyV-pol, Qf-pol-inh, and
Qf-pol (see Figure 1). The same polymer used for
modification of particles was reacted in parallel with 1-
aminopropan-2-ol and served as two last types of NPs (pol-
inh and pol).

Coating with hydrophilic polymers greatly improves the
colloidal stability of NDs in buffers and media used for
bioapplications.™ Here, we modified NDs with a thin silica
layer bearing methacrylate moieties, from which polymer chains
of N-(2-hydroxypropyl)methacrylamide and 3-(azidopropyl)-
methacrylamide were grown by radical polymerization. The
polymer surface enables efficient modifications, because the
azide groups arc randomly distributed on flexible chains
without substantial steric hindrance from the surface. Using
dick chemistry, we equipped the NDs with GCPII inhibitor-
alkyne. Although NV fluorescent centers in NDs possess
excellent optical features for cell imaging,';"bg’m for the ease of
comparison with other particles in this study, we used NDs
without NV centers but with attached Alexa Fluor-alkyne dye,
providing ND-inh.

Characterization of nanoparticles. We characterized the
size, morphology, and colloidal stability of all prepared NPs by
transmission electron microscopy (TEM) and dynamic light
scattering (DLS) (see Supporting Information for methods).
TEM confirmed the presence of intact, highly monodispersed
VLPs and fairly monodispersed ND particles (Figure 24, Figure
S1). Analysis of the particle size distribution (Figure 2B)
revealed diameters of 44.7 + 1.6 nm for MPyV-pol-inh, 27.2 +
1.6 nm for Qf-pol-inh, and 53.5 + 12.0 nm for ND-inh. Using
DLS, we ascertained that the particles do not aggregate (Figure
2C, Figure $2F) at 37 °C. Their hydrodynamic diameters are
larger than the diameters obtained from TEM, indicating the
presence of hydrated polymer shells in an aqueous environ-
ment. DLS data indicated that attachment of the inhibitor
through either direct conjugation or a polymer coating does not
change colloidal stability of NPs.

Data obtained from SDS—PAGE analysis confirmed that
unmodified VLPs can be disassembled into VP1 monomers or
dimers (Figure $3). The fluorescent polymers on Qff VLPs
dissociated completely from the coat proteins during sample
processing, whereas polymers on MPyV VLPs remained cross-
linked with the major capsid protein VP1, forming high
molecular weight complexes (Figure S3AB). In the case of
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Figure 2. Characterization of NPs. (A) Representative TEM images,
negative staining with 2% solution of phosphotungstic acid for MPyV-
pol-inh and Qf-pol-inh, scale bar = 50 nm. (B} Volume-weighted size
distribution of the NPs according to TEM images analysis performed
with Image] software. (C) Hydrodynamic diameters of NPs with
conjugated inhibitors from DLS measurements at 37 °C (concen-
tration (.25 mg/mL in watcr).

directly modified VLPs (without polymers), the cross-linking
phenomenon was seen in both types of VLPs, but was less
pronounced in Qff VLPs, likely resulting from different
structural arrangements of particles. The absence of highly
cross-linked complexes in these VLPs suggests that the particles
potentially could more ecasily disassemble in cells to deliver
cargo. NDs cannot be stained like proteins (Figure S3A);
however, they were clearly detected at the start based on their
fluorescent signal (Figure S$3B). NDs did not migrate in the gel.

Increased thermal stability of VLPs can be indicative of
modification on the particle surfacc,hl especially in the case of
MPyV, which is structurally less stable than Qf. We monitored
temperature-induced changes in MPyV particle stability by DLS
(Figure §2). Nonmodified MPyV changed size slightly at
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temperatures over 60 °C (Figure S2A), and our results
corresponded well with the observed temperature midpoint
of denaturation (Tyy = 56 °C) for MPyV particles produced in
yeast.”" Modification with HPMA copolymer resulted in higher
thermal stability (up to 80 °C) (Figure S2D,E). Particles with
directly conjugated inhibitor (MPyV-inh) (Figure S2B) or
PEG (negative control, MPyV-PEG) (Figure $2C) did not
disassemble even after incubation at 90 °C. We assume that the
increased stability of the particles is mediated by the high
coverage of the MPyV surface with PEG residues, which are
present in both samples (the inhibitor linker is composed of
PEG). The lower stability of poly(HPMA)-coated MPyV could
be caused by incomplete coverage of copolymer on the surface.

Finally, we characterized the efficiency of labeling and
inhibitor loading. Due to the nonhomogeneity of dye labeling
between the different types of particles, we used the relative
fluorescence of particles to normalize the flow cytometry data
(Table 1). From quantification of dye on poly(HPMA)-coated

Table 1. Characterization of Nanoparticle Surface
Modifications, Amount of the Fluorophores on the Particles,
and Relative Fluorescence Intensities of NPs”

fluorophores/ relative
particle polymer  fluorophore particle fluorescence

ND HPMA  Alexa Fluor 110 7.7
488

ND-inh HPMA  Alexa Fluor 67 53
488

Qp Alexa Fluor 72 92
488

Qff-inh Alexa Fluor 44 39
488

MPyV Alexa Fluor 19 4.4
488

MPyV-inh Alexa Fluor 63 74
488

MPyV-PEG  PEG Alexa Fluor 30 69
488

Qfi-pol HPMA  Atto 488 28 126

Qfpolinh  HPMA  Atto 488 7 47

MPyV-pol HPMA  Atto 488 114 30,6

MPyV-pol- HPMA  Atto 488 88 233

inh
pol HPMA  Atto 488 3 1.0
pol-inh HPMA  Atto 488 3 14

“The fluorescence intensities of the respective NPs were measured at
the same molar NP concentration. The obtained values were always
normalized to the fluorescence intensity of the NP with the lowest
fluorescence intensity, pol.

VLPs, we estimate that there were approximately 2 HPMA
copolymers on each Qf-pol-inh particle and 8 molecules on
Qf-pol. Surface coverage of MPyV particles (which have a
larger surface area) was higher, with 30 and 35 molecules of
HPMA copolymer per MPyV-pol-inh and MPyV-pol particle,
respectively. In general, the number of attached HPMA
copolymers was lower than we expected. We hypothesize that
this may be due to the high content of TT reactive groups
connected to the copolymer backbone with hydrophobic alkyl
linkers. Due to the flexibility of the polymer chain, folding and
formation of local hydrophobic domains can occur, leading to
steric hindrance and lower reactivity of TT moieties.

We also used the dye quantification data to determine the
number of inhibitor molecules on polymer-coated VLPs (Table
2). Based on known stoichiometry of the dye and inhibitor in

the polymer, we obtained 12 and 180 inhibitors for Qf-pol-inh
and MPyV-pol-inh, respectively. We determined the number of
inhibitors on Qf-inh and MPyV-inh by MALDI measurement
after disassembling Qff and MPyV VLPs particles to protein
subunits by treatment with dithiothreitol and urea. Although
the mass spectra of the modified proteins were fairly complex
(Figure S4), we were able to quantify the inhibitor loads,
obtaining roughly ~180 inhibitor molecules on Qf-inh and
~540 on MPyV-inh (corresponding to 25 and 75% of modified
surface lysines, respectively). There were approximately 1,080
PEG molecules on MPyV-PEG (determined by the same
approach). MALDI measurement also confirmed that inhibitor
and PEG molecules were attached to the protein covalently.

Quantification of inhibitors on ND particles was a more
challenging task because they cannot be disassembled to
smaller units and measured by MALDI. However, based on an
analogous reaction performed under identical conditions with
fluorescent dye, we can assume a load of ~250 inhibitors per
ND particle.

Interaction of NPs with GCPIl in Vitro. To analyze
interactions between NPs and GCPII molecules, we performed
SPR studies and inhibition assays. SPR measurements enabled
us to ascertain the capacity of NPs to bind and recognize
GCPII. We immobilized GCPII on SPR chips through a
neutravidin—biotin interaction (GCPII+). This connection
ensures that the GCPII orientation on the gold sensor is
similar to the GCPII position on the plasma membrane. As a
negative control, we attached neutravidin alone (GCPII-). SPR
detects changes in the refractive index in the immediate vicinity
of the surface layer of a sensor chip induced by particle binding
to the surface, and because the particles have different refractive
indices, we cannot directly compare and quantify their binding
to GCPIL. However, SPR measurements of all NPs bearing
inhibitor verified their selectivity and strong affinity to GCPII+
chips (Figure 3). We also observed a weak interaction between
MPyV particles and GCPII— chips. This likely reflects off-target
binding between VPI protein and neutravidin, as we observed
the same interaction with streptavidin (data not shown). The
very low dissociation rate (k) of the NPs from GCPI
indicates an extremely strong interaction between GCPII and
the inhibitor attached to the NPs. We surmise that this strength
is mediated by cooperative formation of multiple bonds
between ligand and layer (i.e., avidity).

Next, we investigated the ability of NPs to inhibit the
processing of substrate by GCPII (Table 2). Using an HPLC
inhibition assay, which monitors the cleavage of the
pteroyldiglutamate substrate to folate and glutamate, we
measured K; values for all NPs decorated with inhibitor as
well as for free inhibitors. The small molecule inhibitors
showed K in low nanomolar range (2—14 nM). Their
attachment to nanoparticles resulted in significant increase of
inhibition efficacy, reaching subnanomolar (copolymer NP) or
low picomolar (other NPs) K; values. This behavior is most
likely associated with high concentration of inhibitors at the NP
surface, as documented by multivalent enhancement factors’*
in range units to tens of thousands (Table 2).

In comparison with Iargcr_gnd more bulky targeting ligands
(for example cRGD peptide” and transferrin,”""® associating
with their receptors with nanomolar and low nanomolar K,
respectively), small molecule GCPII inhibitors can be installed
on nanoparticle surface conveniently at higher loadings which
can result in stronger avidity effects. Correspondingly, GCPII
inhibitors reach efficacy similar to small molecule folate.”™
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Table 2. Inhibition Constants for NPs and Starting Inhibitors (for Structures, see Figure 1) Measured from HPLC Inhibition
Assay, Expressed as K; and ICg, with Standard Deviations”

inhibitor type inhibitors/particle
ND-inh 4 250
pol-inh 1 6
Qfi-pol-inh 1 12
Qp-inh 5 180
MPyV-pol-inh 1 180
MPyV—inh 5 540
1
4
5

inhibition: K + 1 SD [pM]
Nanoparticles
370 + 067
323 £ 50
3.92 + 0.83
303 + 43
2.87 + (o0
0.60 + .11
Inhibitors
2140 + 250
14000 £ 1 700
11300 + 1200

MEF

3780
6.63
546
373
740

18 800

inhibition: ICy, + 1 SD [pM]

421+ 49
3660 + 290
44.6 + 6.6
3+ 20
319+ 435
6.82 + 12

29600 4 100
193 000 + 26 600
157 000 + 19700

“For NPs, the number of inhibitors per particle, inhibitor type, and multivalent enhancement factors (MEF)"” are shown. MEF = K{starting

inhibitor) /K (nanoparticle).

TBS
15+ 1
£ —
= 104 / — Qp (GEPIL
2 / — @p-inh (GCPIl-)
[=]
% 54 / — Qp (GCPIW)
b / — Qp-inh (GCPII+)
> J
Z 0 . .
T 2 4 6 8 10 12 14
= time (min)
-5d
TBS — MPYV (GCPIL)
30 )
1 — WmPyv-inh (GcPI)
20 — — MPyV (GCPI+)

—  MPyV-inh (GCPII+)
MPYV-PEG (GCPIl-)
MPYV-PEG (GCPIl+)

Relative response (nm)
3

TBS

50 ]
E 40 ’/’
@
@ 30 / — ND (GCPII-)
2 5 / — ND-inh (GCPII)
w
jd / — ND (GCPII+)
'g 10 / —— ND-inh (GCPII+)
E /
[]
4

o] T T T T = T T
J 2 4 6 8 10 12 14
-10 time (min)

251 TBS

201 S S
7

154 [ — Qfi-pol (GCPII)

— Qp-pol-inh (GCPII)
— Qap-pol (GCPII+)

Relative response (nm)
N
(=]
I

51 I\ — Qp-pol-inh (GCPII¥)
0 ——
2 4 8 8 10 12 14
-5 time (min)
TBS
301
£ —
o 207 ,/ — MPyV-pol (GCPII-)
j2)
5 / — MPyV-pol-inh (GCPII-)
ﬁ 107 / —  MPyV-pol (GCPII+)
S f —  MPyV-pol-inh (GCPII+)
2 J
® 0 T T T T T T T
e 2 4 B8 8 10 12 14
104 Time (min)
1.0q
— TBS
E 08 l
= DU S
@ "
@ 0.6 7 — pol@cPiy
8 gad // — pol-inh (GCPII)
o y — pol (GCPII+)
2 024 / — pol-inh (GCPII+)
©
B 00 e
= 2 4 6 &8 10 12 14
-0.2- time (min)

Figure 3. Interaction of NPs with GCPIL Testing of the binding capacity of all NPs to GCPI immobilized on the chip by SPR measurements.
GCPII was immobilized en SPR chips threugh a neutravidin—biotin interaction {GCPII+). As a negative control, we attached neutravidin alone
{GCPII-). NPs were injected at final 5 nM concentrations in TBS (association phase) for several minutes, and then TBS alone was injected

(dissociation phase).

Cellular Uptake of NPs. Once we had verified interaction
between GCPII and our modified NPs with inhibitor, we next
focused on monitoring the binding ability and cellular uptake of
NPs. We used the human glioblastoma cell line U-251 MG.
Depending on the presence of doxycydline in the media (Tet-
OffAdvanced System), these cells can overexpress GCPII on
their surfaces.”>”” This enabled us to conduct a comparative
study in a very consistent way using only one type of cells.
According to the level of GCPIT expression, we marked the

cells U-251" MG (with expression) or U-2517 MG (without
axpression). GCPII is constantly internalized, but the turnover
is greatly accelerated after binding of antibody”™™ or HPMA
copolymer with bound inhibitor.”* The mechanism of action of
polymer-induced internalization has not been studied thor-
oughly; however, it has been shown that antibody-induced
endocytosis is clathrin-dependent and mediated by an MXXXL
cytoplasmic tail motif.””
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We incubated all particles with cells, washed them with
buffer, and analyzed the cells using flow cytometry (Figure 4,

A 200+

ezza U-251*MG
= U-251" MG

-

[51]

=]
N
3

Median fluorescence intensity
-
o =]
A 4

vs)

2004
> ez U-251* MG
£ = U-251° MG
& 150
E
8
<
2 100
2
k]
2
s 504

0-b=— T T

* @‘&f

Figure 4. Flow cytometry study of NP association with U-251 MG
cells with (U-2517 MG) or without (U-251~ MG) GCPII expression.
The graphs show the interaction of NPs with (A) or without {B)
inhibitor. Data represent the median of fluorescence intensity (MFI),
normalized to autofluorescence of negative cells and adjusted to the
relative fluorescence of particles. The standard deviations were
calculated from triplicates. There were statistically significant differ-
ences between the variants containing inhibitor on U-251" MG cells
and all three negative controls (NP with inhibitor on U-251" MG cells
and NP without inhibitors on either U-2517 MG or U-251" MG).
Obtained p-values were at least p < 0.001, one-way ANOVA followed
by Tukey's post hoc test.

Figure $5). Because phosphate is 2 weak competitive inhibitor
of GCPIL*™*" we used phosphate-free buffers and media to
avoid potential detachment of particles from the cell surface.
Regardless of the size and loading of inhibitor, all particles with
inhibitor formed strong interactions with U-251" MG cells, and
relative fluorescence intensities were up to 160 times higher
than those observed for U-2517 MG cells (Figure 4A). With
the exception of MPyV-pol-inh, the nonspecific binding of
nanoparticles with inhibitor in the absence of GCPII was
negligible. This is consistent with the data obtained from
measurement of particles without inhibitor (Figure 4B).
Consistent with previously published results, NDs,” polymer,™'
and Qf particles'” without a targeting ligand (GCPI inhibitor)
did not interact with mammalian cells. In contrast, MPyV VLPs
had comparably strong interactions with both U-251" MG and
U-251" MG cells. We assumed that coating MPyV VLPs with
polymer in MPyV-pol and MPyV-pol-inh or PEG,; linker
(MPyV-PEG) would prevent the VP1-specific interaction with
cells. Surprisingly, medification with PEG,; suppressed the

VP1-specific binding of particles to both U-251" MG and U-
2517 MG cells to negligible levels, whereas MPyV-pol and
MPyV-pol-inh VLPs maintained their capacity to interact with
both cell variants. The higher load of PEG;; molecules
(approximately 1,000 molecules) than poly(HPMA) molecules
(approximately 30 molecules) per particle and better surface
coverage indicate that an optimal load of shielding polymer is
necessary to reduce the unwanted interactions of MPyV VLPs
with glioblastoma cells. This is especially pronounced in our
experimental system, because the U-251 MG cell line, as a
representative of brain tissue derived cultures known to
abundantly express complex gangliosides,™ contains high levels
of GDla and GTI1b gangliosides,” which are major MPyV
receptors.”"* Interestingly, our results showed that the PEG
linker itself or with the attached inhibitor molecule was capable
of completely reducing VP1-mediated binding to sialic acid or
selectively retargeting particles to GCPII, respectively.

We further analyzed the interaction of NPs with cells using
confocal microscopy. We clearly observed a high internalization
rate of NPs containing inhibitor in U-251" MG cells, and no
internalization in control experiments (Figure 5A, Figure S6).
MPyV VLPs were the only exception; binding of nontargeted
non-PEGylated NPs was observed, similar to the flow
cytometry results. We observed MPyV, MPyV-pol, and
MPyV-pol-inh particles in close association with the plasma
membrane (Figure 5B).

B CONCLUSIONS

In summary, we investigated the robustness of GCPII targeting
by a variety of NPs using one cell type model. The glioblastoma
cell line U-251 MG provided us the unique possibility to switch
on surface expression of GCPII using an external stimulus,
instead of using different cell lines (with and without GCPII
expression ). We therefore were able to compare the targeting in
a very consistent and straightforward way. Independent of the
NP structure, size, polydispersity, used conjugation chemistry,
and loading of targeting inhibitor molecules, we observed that
all targeted NPs bound GCPII installed on an SPR chip,
inhibited GCPII in solution, and interacted with GCPII on the
cell membrane. Inhibition of GCPII was highly -effective,
reaching low picomolar K; values for all particles except
polymer NPs, which had subnanomolar K. We observed an
increase in interaction efficacy of the original small molecule
inhibitors upon installation on NP surface for 1 to 4 orders of
magnitude. This effect is most likely caused by high local
concentration of inhibitors which can lead in strong multivalent
binding with the target surfaces. However, vast range of the
observed enhancement documents specific needs of each
nanosystem for recognition and binding.

In general, the specificity of target binding is limited not only
by the strength of interaction but also by any other side
interactions (either nonspecific or due to an unwanted side
specificity). In the case of MPyV VLPs, the interface of which
shows a broad tropism and can strongly interact with various
receptors, we clearly observed the importance of the surface
modification for targeting selectivity. A high load of short PEG
chains grafted to surface lysines provided sufficient protection
and enabled complete retargeting of MPyV VLPs to GCPII,
while a low density of poly(HPMA) did not sufficiently
mitigate the side binding. On the other hand, poly(HPMA)
grafted from NDs at high density led to excellent and highly
selective targeting,
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Figure 5. Confocal images of NP uptake by U-251 MG cells with (U-251* MG} or without (U-251 MG) GCPII expression incubated with NPs for
1 h. (A) Binding of ND NPs to U-251 MG cells. (B) Binding of MPyV NPs to U-251 MG cells. Confocal sections of representative cells with
corresponding signal in green {NPs conjugated with Alexa Fluor 488 or Atto 488) and blue (nuclei with Hoechst staining) channels are shown.

Merged images are compesed of both channels and bright field image.

Our results indicate that use of small molecule inhibitors with
low nanomolar range K; displayed in polyvalent arrangements
on NPs can be highly effective and selective for targeting to
cells overexpressing GCPIL The robustness of the approach is
limited mostly by the quality of the NP bionanointerface, which
can be improved by adding a suflicient density of hydrophilic
protective polymers. Based on the comprehensive data set we
obtained here and on previously reported work, we believe that

targeting of cancer cells overexpressing GCPII is a viable
approach transferable to a broad diversity of nanosystems.
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Synthesis of GCPII inhibitors

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. All final compounds were
purified using a preparative scale Jasco PU-986 HPLC (flow rate 10 ml/min), equipped with a YMC CI18
Prep Column, 5 um, 250 x 20 mm. Purity was tested on an analytical Jasco PU-1580 HPLC (flow rate 1
ml/min), invariable gradient 2-100% in 30 min unless otherwise stated, equipped with a Watrex CI8
Analytical Column, 5 um, 250 x 5 mm. Final compounds were of at least 99% purity. Structures were
confirmed by HRMS at LTQ Orbitrap XL (Thermo Fisher Scientific).

Compound 1 (1-amino-40-(4-bromobenzyl)-39,47-diox0-3,6,9,12,15,18,21,24,27.30,33,36-dodecaoxa-
40,46,48-triazahenpentacontane-45,49,5 1 -tricarboxylic acid TFA salt) was synthesized according to the
procedure described by Sacha et al,! but replacing Boc-NH-PEGs-COOH with Boc-NH-PEG ;-
COOH (PurePEG, LLC). The overall yield was 10%. HRMS (ESI-pos.) C4sHg5oBrN,O,, [M+H]" calc.
1087.4549; found 1087.4525.

Compound 2 was prepared as previously described.” Compounds 4 and 5 (GCPII inhibitors with alkyne or
azide) were synthesized as shown in Scheme S1.

158



cord

N{\/\Oh%ﬁ HJLH oH

c4R=M
0 5 R= TR

Scheme S1: Synthesis of 3, 4, and 5. a) Z-NH-PEG,,-COOH , TBTU, DIEA, DMF; b) H,, Pd(OH)-,
MeOH: ¢) 1) 4-pentynoic acid, TBTU, DIEA, DMF 2) TFA; d) azidobutyrate-NHS, DIEA, DMF 2) TFA.

Compound 3 (1-amino-39.47-diox0-3,6,9,12,15,18,21,24,27,30,33,36-dodeccaoxa-40.46,48-triazahen-
pentacontane-45,49,51-tricarboxylic acid tri-t-butvl ester). A 511 mg (0.68 mmol, 1.1 eq) portion of Z-
NH-PEG,.-COOH (IRIS Biotech) was dissolved in 1.5 mL DMF, and 297 mg TBTU (0.775 mmol, 1.25
¢q) and 150 ul DIEA (0.87 mmol, 1.4 cq) were added in one portion. The reaction mixture was left
stirring for 30 min, and 307 mg (0.62 mmol, 1.0 eq) 2 and 118 ul DIEA (0.68 mmol, 1.1 eq) dissolved in
1.5 ml DMEF, were added to the rcaction mixture in one portion. The rcaction was left overnight, and the
mixture was rotary evaporated to dryness. The crude product was dissolved in MeOH and a catalytic
amount of PA(OH), was added (roughly 15 mg). The reaction flask was purged with hydrogen, and the
deprotection was allowed to continue for 2 h with slightly elevated hydrogen pressure (1.05 Atm).
Reaction was monitored by analytical HPLC (gradient 30-80% ACN in 30 min, Z-protected compound t
= 19.5 min; deprotected product tg = 12.5 min). The product was used in the next step without further
purification.

Compound 4 (5,13,20-trioxo-16-0xa-4,6,12,19-tetraazatetracos-23-yne-1,3, 7-tricarboxylic acid). A 17 mg
(0.174 mmol, 1.2 eq) portion of 4-pentynoic acid was dissolved in 1 ml DMF along with 79 mg TBTU
(0.209 mmol, 1 .4 eq) and 90 pul DIEA (0.522 mmol, 3.6 eq). After 20 min, the mixture was added to 158
mg (0.145 mmol, 1.0 eq) of 3 dissolved in 1.5 ml DMF. The reaction was left overnight and the mixture
was rotary cvaporated to dryncss. Crudce product was purificd using preparative scale HPLC (gradicent 30-
80% ACN in 60 min, t; = 22,0 min) and the pure intermediate was rid of all solvents by dry freezing. The
final deprotection was performed by adding | ml TFA and the reaction mixture was alternatelv sonicated
and stirred for 15 min. TFA was removed by flow of nitrogen, and the product was purified using
preparative scale HPLC (gradient 15-30% ACN 1n 60 min, tz = 27.0 min) to obtain 23 mg of product
(isolated vield = 47%). Analytical HPLC (gradient 2-100% ACN in 30 min, t; = 16.1 min). HRMS (ESI-
neg.) CasHzNLO,, [M-2H]| cale. 498 25065; found 49825012,

Compound 5 (56-azido-5,13,53-trioxo-16,19,22,2528.31,34,37,40,43,46 49-dodecaoxa-4,6,12,52-
tetraazahcxapentacontanc-1,3,7-tricarboxylic acid). A 33 mg (0.053 mmol, 1 cq) portion of 3 was
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dissolved in 1 ml DMF, and 15 mg (0.064 mmol, 1.2 cq) of azidobutvratc-NHS (BroadPharm) along with
18 pl DIEA (0.106 mmol, 2.0 eq) were added. The reaction was left overnight, and the mixture was rotary
evaporated to dryness. To the crude protected product 1 ml TFA was added and the reaction mixture was
alternately sonicated and stirred for 15 min. TFA was removed by flow of nitrogen, and the product was
purified using preparative scale HPLC (gradient 15-50% ACN in 60 min, t; = 33.0 min) to obtain 24 mg
of purc product (isolatcd vicld = 44%). Analytical HPLC (gradicnt 2-100% ACN in 30 min, tg = 15.4
min). HRMS (ESI-neg.) C.3H7oN;05 [M-2H]* calc. 513.75917; found 513.75952.

Synthesis of HPMA polymers

Atto488-amine {Atto488) was obtained from ATTO-TEC GmbH. The azoinitiator 2,2'-azobis(4-methoxy-
2.4-dimethylvaleronitrile) (V-70) was obtained from Wako Pure Chemical Industries Ltd. Zerr-butanol,
dimethyl sulfoxide, and ethyl acetate were purchased from Sigma-Aldrich. All other chemicals and
solvents were of analytical grade.

Synthesis of monomer chain fransfer agent and copolymer precursor
N-(2-hydroxvpropvl)methacrvlamide (HPMA) was svnthesized by reaction of methacrylovl chloride with
I-aminopropan-2-ol in dichloromethane in the presence of sodium carbonate as previously described > 2-
methyl-N-(6-0x0-6-(2-thioxo-1,3-thiazolidin-3-yl)hexyDprop-2-enamide (Ma-Acap-TTY* and the chain
transfer agent 2-cyanopropan-2-yl ethyl carbonotrithioate were synthesized as previously described.”

The copolymer precursor poly({HPMA-co-Ma-Acap-TT) was prepared by reversible addition-
fragmentation chain transfer (RAFT) copolymerization.™” HPMA (0.5 g, 3.49 mmol) dissolved in 4.6 ml
teri-butanol was mixed with a solution of Ma-Acap-TT (350 mg, 1.16 mmol) dissolved in 606 ul
dimethyl sulfoxide. 2-Cyanopropan-2-yl cthyl carbonotrithioate (2.39mg, 1.16x10” mol) and 2,2'-
azobis(4-methoxy-2 4-dimethylvaleronitrile) (1.79 mg, 5.82x10° mol) were introduced into the
polymerization ampule. The mixture was bubbled with argon for 10 min and the ampule was scaled.
Copolymerization was carried out at 40 °C for 16 h. Polymer precursor was isolated by precipitation into
cthyl acetate, filtered off. washed with ethyl acetate and diethyl cther, and dried in a vacuum. The
terminating trithiocarbonatc group was removed as deseribed by Perrier.™ The copolymer precursor
polv(HPMA-co-Ma-Acap-TT) with molecular weight A, = 37,900 g/mol, M, = 39,600 g/mol, dispersity
£ = 1.04, and content of reactive TT groups of 19.4 mol% was obtaincd.

Determination of molecular weights and polymer composition

The weight-average molecular weights (M,,), number average molecular weights (M,). and dispersities
(P) of the polymer precursor and conjugates were determined using size exclusion chromatography. The
system was configured as previously deseribed.”” The GCPII inhibitor content was determined by
quantification of bromine content in polymers using inductively coupled plasma atomic emission
spectroscopy (ICP-OES) as previously deseribed.!

Svathesis of polymer conjugates

Generally, HPMA copolymer conjugates were prepared by reaction of the copolvmer precursor
poly(HPMA-co-Ma-Acap-TT) containing thiazolidine-2-thione reactive groups (TT) along the polymer
chain with a combination of fluorophorc (Atto488-aminc) and targcting ligand (GCPIT inhibitor)
according to a previously described procedure.'

Synthesis of fluorescent HPMA polvimer without GCPH inhibitor fpol, pol)
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Copolymer precursor poly(HPMA-co-Ma-Acap-TT) (65 mg; M, = 37,900 g/mol, M, =39,600 g/mol,
P =1.04; 194 mol% TT) and Atto488 (3.25 mg, 3.78x10°° mol) were dissolved in 0.5 ml dimethyl
sulfoxide. Then, DIEA (2.6 pl, 1.5x10° mol) was added. The reaction was carried out for 4 h at room
temperature. Then, 60 pl of reaction mixture was removed and 2 pl 1-aminopropan-2-ol (AP) was added
to remove residual TT reactive groups, providing pol. Copolymer with TT reactive groups [rest of
reaction mixture, poly(HPMA-co-Ma-Acap-ATTO488-co-Ma-Acap-TT)] and copolymer with AP-
removed TT groups [poly(HPMA-co-Ma-Acap-ATTO488-co-Ma-Acap-AP)] were isolated by
precipitation into ethyl acetate, filtered off, washed with diethyl ether, and dried in a vacuum. The
polymer conjugate was purified on a Sephadex LH-20 chromatography column in methanol. Methanol
was evaporated, and the conjugate was dissolved in water and purified on a PD-10 chromatography
column, then lyophilized. Yield of the aminoreactive HPMA copolymer was 50 mg (pol). Yield of the
quenched polymer was 5 mg (pol). The Atto488 content was 4.7 wt% and 17 mol% of TT. M,, and P
were determined as follows: M, = 42,100 g/mol, » =1.3.

Synthesis of fluorescent HPMA polymer with GCPII inhibitor (pol-inh, pol-inh)

Synthesis was very similar to that of polymers without GCPII inhibitor. In the first step, GCPII inhibitor
(compound 1, 9 mg, 8.27x10"° mol) was added to the mixture, and the amount of DIEA was increased
correspondingly (7.8 ul, 4.47x10”° mol). Yield of the aminoreactive copolymer with GCPII inhibitor was
45 mg (pol-inh). Yield of the polymer quenched with AP was 5 mg (pol-inh). The GCPII inhibitor
content was 14.1 wt%, Atto488 content was 4.7 wt% and 10 mol% of TT remained on the polymer. The
M, and P were determined as M,, = 47,600 g/mol, P = 1,3.

Characterization of prepared particles

Fluorescence spectra measurement

Fluorescence of particles (labeled by Atto488 or Alexa Fluor 488) was determined by measuring the
difference in fluorescence of 10 nM or 50 nM solutions of particles, analyzed using a TECAN infinite
plate reader (M 1000), with excitation at 500 nm and emission at 520 nm.

Electron microscopy

For morphology analysis, MPyV and Qp particles were visualized by negative staining. Samples (10 pL,
50 pg/mL) were adsorbed on carbon-coated formvar copper grids (Electron Microscopy Sciences). Grids
were washed twice in redistilled H,O and then contrasted on two drops of 2% solution of phosphotungstic
acid (pH 7.2). To prepare sample of NDs, carbon-coated copper grids were placed into a UV-ozonizing
chamber (UV/Ozone Pro Cleaner Plus, Bioforce Nanosciences) for 15 min. Then, a droplet of
poly(ethyleneimine) (2.5 kDa, 0.1 mg/ml) was placed on the grid. After 10 min incubation, it was
removed with a picce of tissue. Then, a droplet of aqueous solution of NDs (50 pg/ml) was placed on the
grid, and after 3 min incubation, the liquid was removed with a piece of tissue.

The grids were visualized with a JEOL JEM-1011 transmission electron microscope operated at 80 kV.

TEM image analysis

Analysis of particle size distributions was performed with ImageJ software.” Because the ND particles are
of irregular shape, we used equivalent circular diameter to express their size.® To facilitate comparison of
the data, we used the same approach for all NPs.

Equivalent circular diameter (d.;) of a particle is defined as the diameter of a circular particle with the
same area as the particle of interest (S), as described by the equation

doq = JA5/m (S1)
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The data were plotted as the volume-weighted histogram, in which the contribution of cach particle in the
distribution relates to the volume of that particle (equivalent to mass for samples of uniform density); the
relative contribution of a particle is proportional to the cube of its size. Particle volumes (PV) used for the
construction of volume-weighted histograms were calculated as if the particles were spheres of diameter
equal to the circular equivalent diameter as described by the equation
d. 13
PV = m (=) ($2)
The particle diameters and the respective standard deviations indicated in the manuscript were obtained
by fitting of the volume-weighted histograms with Gaussian function.

Stability test  dvnamic light scattering (DLS) measurement
DLS was rccorded with a Zctasizer Nano ZS system (Malvem Instruments) at different temperatures with
10-min equilibration. Sample concentrations were (.25 mg/ml.

SDS-PAGLE analysis

For electrophoretic analysis, 2 pg of particles was mixed with 2.5 pl of 100 mM dithiothreitol (DTT),
2.5 pl of 10 M urca, and 2 pl of sample buffer (50 mM Tris, pH 6.8, 25% 2-mcrcaptocthanol, 3% sodium
dodecy! sulfate, 0.005% bromophenol blue) in the total sample volume of 10 pl and incubated for 10 min
at 70 °C to disassemble the particles. All samples were scparated on SDS-PAGE in MOPS buffer
(NuPAGE Novex 4-12% Bis-Tris precast polvacrylamide gels, ThermoFisher Scientific). The running
time in SDS-PAGE was 50 min with constant voltage 200 V. The gel was scanned for Alexa Fluor 488
(excitation at 488 nm) fluorescence on a PharosFX Molecular Imager (Bio-Rad). Subsequently, proteins
were stained with colloidal Coomassie dye G-250 according to the manufacturer’s protocol (GelCode
Bluc Stain Recagent, ThermoFisher Scicntific). The Coomassic-staincd SDS-PAGE gel was scanncd on a
Molecular Imager GS 800 densitometer {Bio-Rad).

Preparation of cell lines with switchable GCPII expression

U251 MG cell lings with switchable GCPII expression were prepared analogously as described by
Tykvart ef al. for HEK cell lines." Briefly, U251 MG cells (supplied by ATCC as U373 MG cells) were
stably transfected with pTet-Off® Advanced vector (Clontech) using FuGENE® HD transfection reagent
(Roche). Geneticin sclection was applicd and monoclonal populations were proparced using cloning rings.
First, individual clones were tested for the ability to alter expression by addition of doxyeveline using
transicnt transfection with GFP. The clone with highcst expression difference in ON and OFF state (after
addition of doxycyeling) was selected for further cotransfection with pTRE-Tight-GCPII and pPUR
vector (Clonetech) using similar transfection conditions. Similarly, after puromycin selection and clone
preparation using cloning rings, the resulting U251 +/- MG clone with highest/lowest GCPII expression
was chosen.
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Figure S1. Characterization of all NPs by transmission electron microscopy.
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Figure S6. Confocal images of NP uptake by U-251 MG cells. Cells with (U-251" MG) or without (U-
251" MG) GCPIT expression were incubated with NPs for 1 h. Binding of (A) poly(HPMA)-coated QP
VLPs, (B) QB VLPs, (C) poly(HPMA )-coated MPyV VLPs, and (D) polymecr VLPs. Confocal scctions of
representative cells with corresponding signals in green (NPs conjugated with Alexa Fluor 488 or Atto
488) and bluc (nuclei stained with Hoechst) channels are shown. Merge is composed of both channels and
bright field image.
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Plasmonic Nanodiamonds: Targeted Core—Shell Type
Nanoparticles for Cancer Cell Thermoablation

lvan Rehor, Karin L. Lee, Kevin Chen, Miroslav Hajek, fan Havlik, Jana Lokajova,
Milan Masat, Jitka Slegerova, Sourabh Shukla, Hamed Heidari, Sara Bals,

Nicole F. Steinmetz,* and Petr Cigler*

Targeted biocompatible nanostructures with controlled plasmonic and mor-
phological parameters are promising materials for cancer treatment based on
selective thermal ablation of cells. Here, core—shell plasmonic nanodiamonds
consisting of a silica-encapsulated diamond nanocrystal coated in a gold shell
are designed and synthesized. The architecture of particles is analyzed and
confirmed in detail using electron tomography. The particles are biocompati-
bilized using a PEG polymer terminated with bicorthogonally reactive alkyne
groups. Azide-modified transferrin is attached to these particles, and their
high colloidal stability and successful targeting to cancer cells overexpressing
the transferrin receptor are demonstrated. The particles are nontoxic to the
cells and they are readily internalized upon binding to the transferrin receptor.
The high plasmonic cross section of the particles in the near-infrared region
is utilized to quantitatively ablate the cancer cells with a short, one-minute

de Broglie wavelength of the valence elec-
trons is of the same order of magnitude as
the size of the particle, and quantum size
effects may appear. The valence electrons
then start to oscillate at a collective oscilla-
tion frequency, giving rise to characteristic
plasmon resonance bands.** Because of
these properties, PNs gained interest in the
fields of biotechnology and biomedicine.
Through nanostructure design, their plas-
monic absorption wavelength can be finely
tuned to fall in the nearinfrared tissue
imaging window (650-900 nm) where light
can penetrate up to a few centimeters into
the tissue. The huge abscrption and scat-
tering of PNs enables their use as a con-

460  wileyonlinelibrary.com

irradiation by a pulse 750-nm laser.

1. Introduction

Plasmonic nanostructures (PNs) of various shapes and compo-
sition('?l have garnered scientific interest in recent years due
to their unique optical properties, which allow their use for
construction of therapeutic and theranostic nanoparticles, bio-
probes, and sensors.I*! For a nanosized noble metal particle, the

trast agent for optical imaging of tissues, e.

g., in optical coherence tomography*® or

photoacoustic”l imaging. Furthermore, the

absorbed light is transformed into heat,
allowing for use of PNs in cancer therapy.® % The heat may be
used for thermal ablation of tumors or to control the release of
therapeutics, which are usually but not exclusively'!l attached
to the PN surface '”l Merging diagnostic imaging ability with
a therapeutic function in one so-called “theranostic” agent is
indeed promising, as evidenced by numerous recent publica-
tions addressing the topic./*"]
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Here, we describe preparation of a plasmonic gold nanoshell
(GNS) around silica-encapsulated diamond nanocrystals. Nano-
diamonds (NDs) are highly biocompatible materials with appli-
cations in nanomedicinel"”! and bioimaging.'*'" Previous
studies on gold plasmonic structures connected with diamonds
were performed primarily on macroscopic substrates.?'-2’]
They have focused mainly on the photophysics of fluorescent
nitrogen-vacancy centers embedded in a diamond crystal lat-
tice. Creation of a well-defined plasmonic system on a single
diamond nanoparticle in solution is limited by the colloidal
instability of NDs in aqueous buffers.* To date, only direct
covalent attachment of gold nanoparticles to NDs has been
achieved,*”** and materials with unordered structural mor-
phology*®* have been prepared.

We took advantage of our recently published methodology
for silica coating of NDs,?! which enables the creation of a
well-defined plasmonic material based on a ND dielectric core
coated with a GNS. We chose the core-shell design because it
provides an extremely high plasmonic absorption cross section,
as well as the possibility to tune the position of the absorption
maximum within the near-infrared region, where light is mini-
mally absorbed and scattered by the tissue. As a first step to
demonstrate the utility of this newly constructed biomaterial in
nancmedical applications, we show that it can be stabilized and
rendered biocompatible by addition of PEG-containing ligands
bearing bicorthogonally reactive alkyne groups, followed by
decoration with synthetically modified transferrin (Tf). We use
these particles to target cancer cells, which overexpress the Tf
receptor, and thermally ablate them by irradiation with a near-
infrared pulse laser.

2. Results and Discussion

2.1. Preparation and Characterization of Particles

Creation of GNSs with a diamond core was achieved via mul-
tistep encapsulation, as depicted in Figure 1A. Commercially
available ND particles (Figure 1B) are of irregular shape (cir-
cularity ~0.67) with sharp edges and often appear elongated in
one dimension (needle-like). Their size distribution is broad,
ranging from several nm to more than 50 nm in diameter.
Therefore, before the GNS is generated on the ND surface,
the particle shape needs to be normalized to spherical, and the
size distribution should be narrowed. We achieved this through
encapsulation of NDs in a silica shell, approximately 20 nm
thick, using a method we described earlier.*"l The formation of
the desired architecture was confirmed at each step by trans-
mission electron microscopy (TEM), as shown in Figure 1B-E.
After coating with silica (Figure 1C), the particles became more
spherical (circularity ~0.87), and their diameter increased to
66 £ 10 nm. These pseudospherical silica-coated NDs (ND@
Sil) are suitable for encapsulation with a GNS, according to a
procedure introduced by Halas and collaborators.>% First,
small gold nanoparticles (2-3 nm in diameter) were electro-
statically anchored onto the silica particle surface (Figure 1D}).
These assemblies were exposed to a reductive environment
containing gold(IIl) ions, which served as nucleation centers
for GNS growth (Figure 1E}. The growth of shells ended after
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Figure 1. (A} Schematic representation of the preparation of GNSs with
a diamond care. First, a silica shell is created on diamend particles, fol-
lowed by formation of a GNS upon reduction of [AuCly]” promoted by
adsorbed gold nanoparticle seeds. The GNS is modified with a lipoic acid-
PEG conjugate, which is terminated with an alkyne. Using click chemistry,
Alexa Fluor 647 dye and azide-modified transferrin (the targeting pro-
tein) are attached in consecutive steps. (B—D) TEM micropheotographs of
(B) diamond particles, (C) silica-coated diamond particles (ND@Sil),
(D) silica-coated diamond particles with gold seeds, and (E} GNSs a with
diamond core (ND@Au). The magnification is the same for all micropho-
tographs, and the scale bar corresponds to 100 nm.

several tens of seconds, yielding a deep blue solution con-
taining GNS-coated NDs (ND@Au).

To investigate the structure and thickness of these GNSs in
detail, we analyzed individual ND@ Au particles using HAADF-
STEM electron tomography. This technique yields images
in which the intensity approximately scales with the square
of the atomic number of the elements present in the region
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Figure 2. (A-C) 2D HAADF-STEM projections of a ND-silica particle
coated with a GNS (ND@Au) obtained at different tilt angles. The dia-
mond core and silica coating are not visible due to the limited dynamic
range of the image detector. (D} A 3D representation of the reconstructed
nanoshell. (E} A slice through the 3D reconstruction of the GNS demon-
strating the homogeneity of shell thickness. (F) A histogram indicating
the measured thicknesses of the shell based on electron tomography
reconstruction. The average shell thickness was 12.6 £ 0.3 nm. (G)
Absorption spectrum of ND@Au in water at 15 pg/mlL concentration
{which corresponds to a ND concentration of 0.5 pg/mL).

of interest. Due to the limited dynamic range of the HAADF
detector, maintaining similar intensities for Au and silica in
the projection images is not feasible because of the large dif
ferences in atomic number. We therefore focused on 3-dimen-
sional reconstruction of GNSs. In Figurc 2 A-C, 2-dimensional
projections of a GNS imaged at different angles are presented.
The 3-dimensional reconstruction resulting from the elec-
tron tomography experiment is presented in Figure 2D and E.
The shell thickness is mostly homogenous. We evaluated the
average shell thickness as 12.6 £ 0.3 nm, and the total internal
surface of the GNS was 32 600 nm’. The intermittent pres-
ence of small holes is likely caused by incomplete filling of the
spaces between individual seeds with gold.

The formation of the GNS is reflected in absorption spectra
by a characteristic broad plasmonic band with an absorp-
tion maximum at 675 nm (Figure 2G). The position of the
maximum corresponds to values published for silica particles
coated with GNSs of similar sizes and thicknesses.[*¥
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2.2. Introduction of Protective and Bioorthogonally Reactive
PEG Coating

The application of GNS-based materials in living systems
requires their protection against ionic-strength-induced aggre-
gation/precipitation in buffers and biclogical liquids, as well as
against opsonization, Poly(ethylene oxide) (PEG) is an effective
polymeric bio-nanointerface, shielding particles against these
factors, rendering them “stealth” to the immune system, and
prolonging their circulation in the body.*! In addition to these
attributes, PEG can serve as heterobifunctional linker to con-
nect nanoparticles with attached moieties. For functionaliza-
tion of ND@Au, we utilized mid-size PEG (5 kDa) terminated
with lipoic acid at one end and an aliphatic alkyne at the other
(Figure 3A). Lipoic acid serves as an instant anchoring group,
possessing stronger and more stable interaction with gold than
terminal aplihatic thiols 1*% Of the available bioconjugation tech-
niques, we chose Cu(l)-catalyzed Huisgen alkyne-azide cycload-
dition {click reaction) because of its high orthogonality with
other reactive groups in biomolecules and excellent conjugation
yields in aqueous solution even at very dilute concentrations ]

To analyze the effect of PEG protection on the colloidal sta-
bility of particles, we performed comparative stability tests of
PEG-modified GNSs (ND@Au-PEG) and unmodified ND@
Au. We exposed the particles to different aquecus solutions
with high ionic strength and monitored the hydrodynamic radii
over time by dynamic light scattering. While PEG-protected
ND@Au-PEG exhibited unlimited colloidal stability in PBS,
physiological solution (0.15 v NaCl) and cell growth media
(RPMI media + serum) (Figure 3B), naked ND@Au particles
immediately agglomerated and precipitated from the buffers
{Figure 3C), with the exception of cell growth media. The parti-
cles remained stable in media, most likely due to formation of a
protein corona by adsorption of proteins from serum.

2.3. Madification of Particles with Alexa Fluor 647
and Transferrin

For cancer cell targeting experiments, we selected human holo-
transferrin {Tf), a glycoprotein that is internalized into cells
via clathrin-mediated endocytosis upon binding to 'Tf recep-
tors (TfR). TfR are expressed in negligible numbers on non-
dividing cells, but are highly upregulated on rapidly dividing
cancer cells, reaching expression levels of up to 10° TR per
cell¥ This makes Tf a suitable targeting ligand to direct
nanomaterials, such as ND@Au, to cancer cells, This general
approach has been successfully demonstrated for various nano-
particles,*” such as virus-like particles,'” liposomes!' and
nanodiamonds.I'>] To ensure protein reactivity for the click
bioconjugation strategy, we introduced azide groups to the pro-
tein. As previously described,*! Tf offers a favorable pathway
for selective derivatization: a reactive aldehyde can be produced
by mild periodate cleavage of 1,2-dicls on sialic acid (N-acetyl
neuraminic acid) meieties present in the Tf glycosylation pat-
tern. We derivatized the obtained aldehydes with aminooxypro-
pylazide, a “clickable” heterobifunctional linker that forms a
physiologically stable aldoxime (for structures, see Figure 3A).
Compared to ligation via amino or thiol groups, this approach
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Figure 3. Structure of ND@ Au-PEG conjugate and its colloidal stability in aqueous sclutions
with high ionic strength. A} Compesition of the particle surface architecture after modifica-
tion and attachment of Tf. B) Hydrodynamic radii of ND@Au-PEG in various solutions after
1 h (hatched), 1 week (white) and 1 month (black), showing no aggregation. C) Photograph
of naked (ND@Au, left) and PEG-coated (ND@Au-PEG, right) particles dispersed in PBS
(20 min after mixing; 0.2 mg/mL concentration). The precipitating ND@Au particles are
already partially sedimented on the bottom of the vial, while the remaining large aggregates
unevenly scatter the laser beam. The ND@Au-PEG particles form a stable colloidal solution,

which evenly and strongly scatters the laser beam,

results in better control over protein attachment points, because
one Tf molecule containg only four sialic acids regidues at well-
defined and sterically accessible positions. "]

To obtain fluorescent particles, which enable quantification
of targeting by flow cytometry and analysis of the particles’ sub-
cellular localization by confocal microscopy, we first reacted the
alkyne-bearing ND@Au-PEG particles with Alexa Fluor 647-
azide, yielding fluorescent ND@Au-nT conjugate. Although
gold plasmonic systems can quench emission from fluores-
cent dyes,*! the dye in this case remained fluorescent and was
observable with both flow cytometry and confocal microscopy.
Linear PEG with a molecular weight of 5000 Da has a Flory

Adv. Healthcare Mater. 2015, 4, 460-468

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advhealthmat.de

dimension of =6.0 nm in solution;"® it is

therefore anticipated that the PEG spacer

HWD* placed between the plasmon surface and fluo-

' rophore will effectively shield the quenching

Ao Trazid effects. The number of Alexa Fluor 647 mol-
-azide

ecules per particle, however, was difficult to
estimate because of the strong interference
of particles’ plasmonic properties and the
extinction and emission fluorescence bands
of the dye. As a next step, we attached azide-
modified Tf to unreacted alkyne groups of
ND@Au-nT under similar conditions, pro-
viding ND@Au-Tf.

Cu(ly

2.4. Targeting of Cancer Cells

Target-specificity and cellular uptake of parti-
cles was evaluated in TfR-expressing SKBR3
cells (a human breast cancer cell line) using
flow cytometry (quantitative) and confocal
microscopy (qualitative). Flow cytometry
indicated that both types of particles, ND@
Au-nT and ND@Au-TT, bound to the cells,
with the Tftargeted preparation ND@Au-Tf
showing enhanced interactions. Our data
indicate that 26% of the cell population was
targeted by ND@Au-TI, while non-specific
uptake was attributed to 18% of the cells,
as indicated by ND@Au-nT-cell interactions
(p < 0.05, Figure 4). Cell targeting properties
wetre found to be reproducible in other cell
lines, such as Hela cells (not shown).

Competition binding assays using free
Tf ligand further confirmed the target-spec-
ificity of the ND@Au-Tf conjugate. Com-
petition with a molar excess of 5:1 or 20:1
TEND@Au-TT particles resulted in reduced
cell uptake, with levels comparable to those
observed for mnon-argeted ND@Au-nT.
This indicates that the ND@Au-T[ particles
indeed target the cells, and binding can be
attributed to specific interactions between
TfR and ND@Au-Tf (Supporting Informa-
tion Figure S2).

Next, we sought to investigate the cel-
lular fates of ND@Au-Tf and ND@ Au-nT,
specifically addressing whether the ND formulations would be
taken up into cells. Cell membranes and nuclei were stained,
and Z-stacked (0.3 micrometer/steps) confocal images were
recorded. Data indicate that after a 3-hour incubation period,
both ND@Au-Tf and ND@Au-nT formulations were bound to
cell membranes (data not shown). Interestingly, after a 16-hour
incubation period, ND@Au-Tf appeared intracellularly, whereas
ND@Au-nT particles co-registered with the cell membrane
(Figure 5, indicating that although both formulations are able
to bind to cellular membranes, only ND@Au-Tf are internal-
ized. Because our cell binding studies showed that ND@Au-Tf
particles specifically bind TfR, ND@Au-T[ internalization is
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3. Conclusion

In summary, we synthesized a novel plas-
monic nanomaterial consisting of a diamond
core coated with a silica layer and encapsu-
lated with a thin GNS. PEG chains were
attached to the surface of GNSs using lipoic
acid as an anchor. The other ends of the
PEG chains were further functionalized with
Alexa Fluor 647 and modified transferrin
via click chemistry, Transferrin-labeled ND-

\ [_=_I
0 T 0 T ™
-10* 0 10° 10° 10° N o
o 04

A647 Signal 1}

d §

Figure 4. SKBR3 cell interactions with particles determined by flow cytometry. Left histo-
gram: gray, cells only; dashed, ND@Au-Tf; solid, ND@Au-nT. Right graph: Statistical analysis
showing percent cellular uptake (positive cells shown on histogram by gate) for each sample.
Error bars indicate standard deviation. Experiments were conducted in triplicate, and 10 000
gated events were analyzed. Student's t-test indicates significant differences compatring tar-

geted ND@Au-TF and nen-targeted ND@Au-nT formulations (g < 0.05).

likely mediated by TfR endocytosis. Co-localization studies were
carried out, further indicating that non-targeted ND@ Au-nT
are coldocalized with the cell membrane with Mander's coeffi-
clent M2 = 0.99. In stark contrast, only a fraction of the targeted
ND@Au-Tf formulation remained bound to the cell membrane
(M2 = 0.21), while the remainder translocated inside the cell.
Our flow cytometry and confocal imaging results ate in agree-
ment, and the data support ND@Au-Tf targeting of TIR on
cancer cells, leading to receptor-mediated internalization.

2.5. Toxicity Study

The toxicity of the ND@Au-TI particles themselves was inves-
tigated in SKBR3 cells, using an XTT cell proliferation assay.
After 3- or 24-hour incubation with ND@Au-Tf particles, we
did not observe significant differences in cell viability compared
to non-treated cells, indicating that ND @Au-TT particles are not
cytotoxic {(Supporting Information Figure S3).

2.6. Laser Ablation

The ability of GNSs to kill cancer cells upon red laser irra-
diation was demonstrated in vitro. Hela cells were incubated
with Nd@Au-TT, and after successive washing, irradiated with
a Ti:Sapphire pulse laser. After a one-minute irradiation, cells
were incubated for 24 hours, and their viability was estimated
using luciferase assay (Figure 6). Exposing Hela cells to ND@
Au-Tf did not affect their viability, supporting the non-toxcity
of these particles. Laser irradiation of cells also had no influ-
ence on their viability. Only cells exposed to both nanoparticles
and laser were affected and—after only one minute of irradia-
tion—completely killed, The laser power we used (37 W/cm?)
was of the same order of magnitude as values described in the
literature for in vitro experiments [*1947]

© 2014 WILEY-VCH Verlag CmbH & Co. KGaA, Weinheim

A based GNSs (ND@Au-Tf) target transferrin

& receptors, which are overexpressed on many
& cancer cell types. We found that ND@Au-TF
bind and are internalized into human SKBR3
breast cancer cells and Hela cervical cancer
cells. Cell viability assays were also con-
ducted using XTT assay; toxic effects were
not obsetved after 3- or 24-hour incubaticn
periods. We also demonstrated the ability of
the prepared GNSs to kill cancer cells upen
red laser irradiation in vitro. HeLa cells were
completely killed after a one-minute irra-
diation with a pulse 750-nm pulse laser (37 W/cm?), while no
harm was caused to cells by irradiation itself or by the presence
of GNSs without irradiation.

This work lays the foundation for the multi-step synthetic
route leading to ND core plasmonic nanoparticles and is the
first stepping stone toward translational research. Future work
will focus on targeted therapeutic studies of plasmonic NDs in
vivo. Specifically, studies will set out to gain an understanding
on the therapeutic efficacy in the context of biodistribution and
overall biocompatibility of the materials. At the same time,
studies will assess the photophysical interactions of the fluores-
cent nitrogen-vacancy (NV) centers in NDs with the gold plas-
monic shell.

It is well recognized that cancer nanotechnclogy holds great
promise in modern medicine, and several nanoparticles have
advanced into clinical application "*>% \While the development
pipeline with new nanomaterial-based technologies is moving
rapidly, the fundamenal understanding of the nanomaterial's
in vivo fate; ie., the biodistribution, clearance or persistence,
pharmacokinetics and pharmacodynamics, is often lacking.
However, detailed understanding of the biological behaviour,
the interplay of tissue-targeting and immune surveillance in
the context of imaging sensitivity and therapeutic efficacy, is
imperative for rapid clinical viability and success of plasmonic
nanostructures Y The combined knowledge of the biological
properties and diagnostic/therapeutic potential will help iden-
tify a suitable nitch application harnessing the unique proper-
ties of the proposed material.

4. Experimental Section

Chemicals and Sclvents: The NHS ester of lipoic acid was prepared
according to a previously published procedure.F2 H;N-PEG (5000} -alkyne
was purchased from Iris Biotech. Alexa Fluor 647-azide was purchased
from Invitrogen. Tetrakis{hydroxymethyl) phosphonium chloride (THPC)

Adv. Healthcare Mater. 2015, 4, 460—468
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ND@Au-Tf ND@Au-nT

Figure 5. SKBR3 cell interactions with particles observed by confocal
microscopy. The particles were incubated with SKBR3 cells for 16 h,
fixed, stained, and imaged. ND@Au-Tf (A+C) and ND@Au-nT (B+D) are
pseudo-colored in green (imaged based on the Alexa Fluor 647 label),
nuclei are shown in blue (stained with DAPI), and cell membranes are
shown in red (stained with WGA-A555); the scale bar is 30 pm. C+D
shows 3D reconstruction of single cells: the top panel shows all channels,
the middle panel depicts co-localization of the particles and WGA signals
(M = Mander's coefficient of co-localization determined using Image]
software), and the bottom panel shows ND signals.

and tetraethyl orthosilicate (TEOS) were purchased from Sigma-Aldrich.
HAuCl, was purchased from Alfa Aesar.

UV-Vis Spectroscopy: The spectra were recarded with a Specord
210 (Analytik Jena) spectrometer in the 400-1000 nm range at room
temperature with an optical path of 1 em
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Figure 6. Laser ablation of Hela cells incubated with ND@Au-Tf nano-
particles. Cell viability was estimated by luciferase assay with 24 h delay
after 1 min irradiation with 37 Wjcm? intensity. The viability of cells
treated with ND@Au-Tf and laser was =0.15%.

Dynamic Light Scattering: For stability studies in buffers, DLS was
recorded with a Zetasizer Nano 7S system (Malvern Instruments) at
25 “C. The particle concentration was 0.3 mg/mL (10 pg ND/mL).

Electron Microscopy: Bright field TEM experiments were performed
with a JEOL JEM-T1011 electron microscope operated at 60 kV and
equipped with a Veleta side-mounted camera. Carbon coated grids
(Pyser} were used in all cases. Nanodiamond samples were prepared
according to a previously published procedure.P¥l Other samples were
prepared as follows: a 3 pL droplet of particle dispersion (0.2 mg/mL)
was placed on the grid and gently removed with a piece of tissue after
1 min incubation. Tilt series of 2-dimensional projection images for
electron tomography were acquired using a FEI Tecnai G? transmission
electron microscope operated at 200 kV in scanning transmission
electron microscopy (STEM) mode. To prepare the samples, a drop of
diluted colloidal solution was placed on a catbon-coated copper grid
and left to dry. The high angle annular dark field (HAADF-STEM) image
series was acquired using a single tilt tomography holder (Fischione
2020) over the angular range (—64°+76%) with step increments of
2°. The alignment and 3D reconstruction were carried out with FEI
Inspect3D software. Quantification of the 3D data was performed using
MATLAB codes.

Synthesis of LA-PEG-alkyne: Synthesis was performed according to
published procedures,F®> with some modifications, Briefly, H,N-
PEG (5000)-alkyne (50 mg, 10 pmol} was dissolved in DCM (1 mL) and
mixed with LA-NHS (50 mg, 165 pmol). The reaction mixture was stirred
overnight, then washed 3 times with 10 mL hot water. The combined
aqueous fractions were purified using a Millipore Ultracel 3K separation
tube (washed 3 times with 20 mL water). TLC: MeOH:triethylamine
100:5 (Re= 0.5), visualized with Co(NCS), and KMnOy {no reacticn with
ninhydrin). HyN-PEG{5000)-alkyne R¢ < 0.3, visualized with ninhydrin
and Co(NCS), {no reaction with KMnQ,). IH NMR (400 MHz, CDCly,
8: 1.6 (m, 2H), 1.7-1.9 (m, 3H, 2.0 (m, 1H), 2.1 (1, 1H, ] = 3.6 Hz),
2224 (m, 4H), 2.5 (t, 2H, | = 7.2 Hz), 2.6 (m, 3H), 3.2-3.3 (m, 2H),
3.5-3.9 (m, ~240H), 3.9 (t, TH, [ = 5.2).

4.1. Transferrin-Azide (Tf-Azide)

Preparation: (see Figure 3A) We used a procedure similar to that
previously described for preparation of transferrin-alkyne.* NalO,
solution was slowly added to a cooled solution of human holo-
transferrin (30 mg, 390 nmol; 2 mgfmL) in acetate buffer (0.1 m, pH
5.5) to a final NalO4 concentration of 1 mm. The mixture was incubated
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on ice in the dark for 30 min. The solution containing Tf-aldehyde was
concentrated six times in an ultrafiltration cell {from 70 mL to 5 mL).
HEPES buffer (0.1 m, pH 7.2) was used to refill the volume. Tf-aldehyde
was incubated with 3-aminooxypropyl-1-azide (16.2 mg, 140 pmol) in
HEPES buffer with dimethyl sulfoxide (DMSO, 20%, total volume of
17 mL) for 5 h at room temperature with gentle mixing. Removal of
excess 3-aminooxypropyl-1-azide was performed by ultrafiltration (70 mL
to 5 mL, repeated six times) in HEPES buffer (0.1 m, pH 8). The solution
was freeze-dried to obtain Tfazide.

Characterization: The presence of a reactive azide group in Thazide
was tested by reaction with fluorescein-alkyne. All solutions were
aqueous except the fluorescein-alkyne stock, which was prepared
in DMSO. The solutions were mixed to achieve the following final
concentrations: 002 muTf-azide, 0.075 mm fluorescein-alkyne,
0.17 mm CuSO45H,0, 0.33 mm tris(3-hydroxypropyltriazolylmethyl)
amine (THPTA), and 5 mm sodium ascorbate. The selutions of
CuSO,-5H,0 and THPTA were premixed (in a 1:2 molar ratio) before
adding to the reaction mixture. The reaction mixture was well-sealed
after adding sodium ascorbate, mixed, and reacted for 2 h with no
stirring. The reaction product (TRFl) was analyzed by SDS-PAGE (for
details, see ESI). All samples (Tf, Tf-azide, and TF-Fl) were of the same
molecular weight, and only TFFl can be seen under UV-lamp (Supporting
Information Figure S1).

4.2. Nanoshell Preparation

Silica Encapsulation: NDs were solubilized in a manner similar to that
described in commonly used procedures.'65%] Briefly, NDs were treated
with a mixture of HNO; and H;SO; (85 °C, 3 days), washed with 2 m
NaOH and 2 m HCl, washed five times with water, and freeze-dried. Prior
to use, the particles were dissolved in water (2 mg/mL) and sonicated
with a probe (Cele-Parmer, 750 W) for 30 min. The resulting transparent
colloid was filtered using a 0.2 ym PVDF microfilter to provide a
colloidal solution of ND particles. A modified versionP" of previously
described general procedureP was used to coat NDs with silica shells.
Polyvinylpyrrolidone (96 mg, 9.6 pmol) was dissolved in water (204 mL)
and sonicated for 10 min in an ultrasonic bath. ND colleid (6 mL,
2 mg/mL) was added, and the mixture was stirred for 24 h. The colloid
was then concentrated via centrifugation in two steps. In the first step
(40 000 rcf, 1 h), the volume was reduced te approximately 12 mL.
The second centrifugation step {30 000 rcf, 30 min) was perfermed in
microvials and reduced the solvent volume to approximately 0.4 mL.
Sedimented NDs were resuspended in ethanol (12 mL) in a round
bottom flask and senicated in an ultrasonic bath for 2-4 min. TEOS
(112 mg, 539 pmol) was added. After 2 min of vigorous stirring,
ammonia solution (25%, 500 pL) was added, and the reaction mixture
was stirred for 14 h, affording silica-coated particles ND@Sil. The
product was purified by centrifugation (14 000 rcf, 5 min) with ethanel
(12 mL, 4x) and MeCN (12 mL, 2x) and was dissolved in 6 mL MeCN.
ND@Sil particles were stored in the freezer (-18 °C) as a stable colloid
for several months without changes in particle characteristics (confirmed
with TEM and DLS) or reactivity

GNS Formation: GNSs were prepared according to modified published
procedures >4 First, seeding gold colloid was prepared. Water
(45 mL) was mixed with NaOH (5 mL, 0.1 m). Tetrakis(hydroxymethyl)
phosphonium chloride (THPC, 67.2 pmel in 1 mL water) was added.
After exactly 5 min, HAuCl, solution (2 mL of a 1% w/w solution in
water, 59 pmol) was added in one portion under vigorous stirring. The
mixture was stirred for 10 min, and the resulting gold colloid was aged
at 4 °C for 2 weeks without purification. ND@Sil particles (1 mL MeCN
dispersion, 2 mg ND content, 8 mg total ND@Sil weight) were mixed
with 2-week aged gold colloid (30 mL). The pH of the mixture was
adjusted to 3. The mixture was gently stirred for 20 min and then kept
at 4 °C for 16 h. ND@Sil particles coated with gold seeds were isolated
by centrifugation (2500 rcf, 1 h) and washed twice with water (30 mL,
isolated at 2500 rcf, 1 h). The volume of the dispersion was adjusted
te 5 mL K;CO; (200 mg, 1.44 mmol) was dissolved in 800 mL water,
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and HAuCl solution (12 mL of a 1% w/w solution in water, 3.5 pmol)
was added. The solution was stirred for 24 h in the dark. Then, the pH
of the solution was adjusted to 9.0. Gold-seeded ND@Sil dispersion
(1.25 mL; 0.5 mg ND content) was added to 200 mL solution. A stream
of CO was bubbled throeugh the solution fer 2 min under vigorous
stirring. The color changed from transparent to red, purple, and then
dark blue. Gold encapsulated ND@Sil (ND@Au) were separated by
centrifugation at 20 rcf overnight and concentrated to 2.5 mL. The total
mass of ND@Au particles obtained in one run was on average 15 mg,
i.e., 30-fold the mass of ND and 7.5-fold the mass of ND@Sil.

PEGylation of ND@Au: LA-PEG-alkyne (10.3 mg, 2 pmol) was added
to ND@Au dispersion (15 mg; corresponds to 0.5 mg ND) in 2.5 mL
water. The mixture was sonicated in an ultrasonic bath for 20 min,
then stirred overnight and sonicated for another 20 min. PEG-coated
ND@Au particles were separated by centrifugation (5%, 500 rcf, 20 min),
yielding ND@ Au-PEG.

Modification with transferrin and Alexa Fluor 647 A solution of
Cu-catalyst was prepared in a separate vial by mixing CuSQ45H,0
(20 pL of a 25 mm solution) and THPTA ligand (20 pL of a 50 mm
solution).The click reactions were performed similarly to those described
in the literatureP™ by mixing reactants in a 0.6 mL vial. ND@Au-PEG
solution (1.5 mg particles in 125 pL) was mixed with a DMSO solution of
Alexa Fluor 647-azide (1.7 pL of a 5.88 mm solution). Other components
were added in the following order and quantities: aminoguanidine
hydrochloride (12 pL of a 100 mm solution) and Cu-catalyst selution
(3.2 YL} (see above). Water was added to adjust the total reaction
volume to 200 pL. Sedium ascorbate (12 pL of a 100 mm solution) was
added. The vials were well-sealed and kept for 2 h without stirring or
shaking. Meodified naneparticles were isolated in near-quantitative yield
by centrifugation (500 rcf, 20 min) and washed with water (2x, 1 mL)
and PBS (1%, 1 mL) to yield gold-coated NDs tagged with Alexa Fluor
647 (ND@Au-nT). ND@Au-nT was further modified with Tf-azide in a
similar manner. Solid Tf-azide (0.2 mg) was added to nanoparticles, and
other compenents were added in the same quantities and order as in
the previous reaction step. After centrifugal separation, ND@Au-Tf was
obtained.

Stability Experiments: A colloidal aqueous solution of ND@Au-PEG
(1.5 mg/mL, 100 pL) was added to buffer (900 pL). The following buffers
were used: PBS (pH = 7.5), 0.15 m Nacl, 0.3 m NacCl, and cell growth
medium (RPMI-1640 + serum). The samples were stored at 25 °C, and
the aggregation state was examined with DLS 2 h, 1 day, and 1 month
after mixing. Ten minutes before each measurement, samples were
sonicated in a bath for 20 s.

4.3. Cell Studies

Flow Cytometry: SKBR3 cells were cultured in McCoy's 5A media
supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v)
penicillin-streptomycin, and 19 (v/v) L-glutamine at 37 °C and 5% CO,
(all reagents were obtained from Invitrogen). Cells (100 000 cells/500
pL mediajwell) were added to untreated 24-well plates and incubated
overnight. The following day, triplicates of i) culture medium alone
(negative control), ii) gold-coated NDs tagged with Alexa Fluor 647
(ND@Au-nT), and iii) gold-coated NDs tagged with Alexa Fluor 647
and transferrin (ND@Au-Tf) were added. Particle concentrations were
approximately 1 x 10'? particles/mL (1.2 mg particles per 1 mL, 300 pL
final volume; 3 x 10° particles/cell) in culture medium. Particles were
incubated with cells for 3 h. (Competition binding assays were also
carried out: ND@Au-Tf were incubated with free Tf added to the medium
in a molar excess of 5:1 or 20:1, see Supporting Information). Following
incubation, cells were washed three times with 0.09% (w/v) saline to
remove non-bound particles remaining in selution. Cells were removed
using 200 pL enzyme-free Hank's based cell dissociation buffer (Gibco),
added to untreated 96-well v-bottom plates, and centrifuged at 500 g for
4 min. The supernatant was removed. Cells were then washed in FACS
buffer (0.1 mL of 0.5 M EDTA, 0.5 mL FBS, and 1.25 mL of 1 m HEPES,
pH 7.0, in 50 mL Ca**- and Mg?*-free PBS). Washing was repeated twice.
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Cells were fixed in 2% (v/v) paraformaldehyde in FACS buffer at room
temperature for 10 min and washed twice. Samples were analyzed using
a BD LSR 1l flow cytometer, with a total of 10,000 gated events collected
per sample. Flowjo 10.0.00003 software was used for data analysis.

Confocal Microscopy: SKBR3 cells (25 000 cells/500 pL media/well)
were added to coverslips, which were placed in untreated 24-well plates
and incubated overnight. The following day, duplicates of i) no particles,
iiy ND@Au-nT, and iiij ND@Au-Tf were added at concentrations of
approximately 1 x 10'? particles/mL (1.2 mg particles per 1 mL, 300 pL
final volume, 1.2 x 107 particles/cell} and incubated with the cells for
16 h. Following incubation, cells were washed three times with 0.09%
(w/v) saline to remove excess particles. Samples were fixed in 5% (v/v)
paraformaldehyde and 0.3% (v/v) gluteraldehyde in Dulbecco's PBS
(Fisher) for 10 min at room temperature. Cells were blocked in 5%
(v/v) goat serum (Invitrogen) for 90 min at room temperature. Cell
membranes were stained using 1 pg/mL wheat germ agglutinin-A555
(Invitrogen) and 1% (v/v) geat serum in Dulbecco's PBS for 45 min
at room temperature. Cell nuclei were stained using 4'6'-diamidino-2-
phenylindele (DAPI) (MP Biomedicals) diluted 1:9,500 in Dulbecce's
PBS for 15 min at room temperature. In between each step, cells were
washed three times with Dulbecco's PBS. Slides were mounted using
Permount mounting media (Fisher). Confocal analysis was performed
using the Olympus FV1000 laser scanning confocal microscope and a
40x objective. Images were analyzed using Image) 1.43u software.

XTT Cell Proliferation Assay: SKBR3 cells (25,000 cells, 200 pL media
per well) were added to 96-well plates and incubated at 37 °C under 5%
CO, overnight. The following day, ND@Au-Tf particles were added at a
concentration of approximately 1 x 102 particles/mL (1.2 mg particles
per 1 mL, 75 pL final volume, 3 x 10° particles/cell); control cells with no
added particles were also set up. Following a 3 or 24 h incubation, wells
were washed three times with 0.09% (w/v) saline to remove unbound
NDs. Then, 200 pL fresh media was added, and cells were returned to
incubate for an additional 24 h. An XTT cell proliferation assay (ATCC)
was used to assess cellular viability; the protocol was performed
according to the manufacturer's instructions. A Tecan Infinite 200 plate
reader was used to measure the absorbance, and percent viability was
determined by normalizing to the cell-only control.

Laser Ablation Experiments: Human cervical adenocarcinoma (Hela)
cells (ATCC® CCL-2™) were cultured in RPMI 1640, Dutch modification
medium supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS), antibiotics (200 pg/mL streptomycin and 100 U/mL
penicillin G) and 2 mM glutamine (all purchased from Sigma-Aldrich)
at 37 °C in a humidified atmosphere containing 5% CO,. Cells were
subcultured as needed (2-3 times a week in a subcultivation ratio
of 1:5 to 1:8) and harvested from flasks using 0.25% (w/v) trypsin-
EDTA. Hela cells were seeded into a white wall clear bottom 384-well
plate in 30 pL at a density of 3000 cells/well. Then, cells were grown
for 48 h under standard conditions (37 °C and 5% CO;) before adding
ND@AU-TF nanoparticles at a final amount of approximately 2 x 10"
(240 pg of particles per 1 mL) in tetraplicates. After 24 h of treatment
with or without naneparticles, the medium was removed, and the cells
were thoroughly washed with fresh medium (three times). Then, the
medium in each well was replaced with PBS, and selected wells were
illuminated immediately (Ti:Sapphire laser — 75 MHz, 750 nm, pumped
at 532 nm by ND:YAG, laser power of 2.1 W, spot diameter of 2.7 mm,
irradiation time of 60 sec). After irradiation, PBS was replaced with a
fresh complete growth medium (30 pL), and the plate was incubated
for an additional 24 h before viability measurement. Cell viability was
determined using the CellTiter-Glo Luminescent Cell Viability Assay
(Promega, Madison, W1, USA), which is based on quantification
of the ATP present in cell lysates, according to the manufacturer's
protocol. Briefly, the 384-well plate and its contents were equilibrated
at room temperature for 30 min. CellTiter-Glo reagent was prepared
by reconstituting the lyophilized enzyme/substrate mixture with
CellTiter-Glo buffer equilibrated to room temperature. After an equal
volume of CellTiter-Glo reagent was added to the wells (30 pL}, the plate
was shaken for 2 min on an orbital shaker (500 RPM) to induce cell lysis.
Luminescence was recorded after an additional 10 min incubation in
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the dark using the multimode microplate reader Tecan Infinite M1000
{Tecan Austria GmbH, Grédig, Austria). Blank wells (containing medium
without cells) were measured for luminescence and deducted from the
values obtained from experimental wells (background luminescence).
The viability values of treated cells were expressed as percentages of
the values obtained for the corresponding control cells. Values (of
the luminescent signal) represent the mean + S.D. of four replicates
obtained from two independent experiments.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. SDS-PAGE of Tf-Fl1. (A) 14% SDS-PAGE gel stained with Coomassie Brilliant
Blue. From left to right, the lanes contain 4 pL each of Precision Plus Protein All blue
standards, Tf, Tf-azide (Tf-N3), and Tf-FI. (B) Photograph of the gel under UV lamp (before
staining). (C) Reaction scheme of Tf-azide with fluorescein-alkyne, yielding Tf-F1.

Details of SDS-PAGE analysis: Aliquots (25 pul) of twice-diluted samples (Tf, Tf-azide, and
Tf-Fl; 0.01 mM) were mixed with 5 uL sample buffer and boiled for 5 min. We loaded 4 pL
portions of the mixtures to the gel.

1

182



WILEY-VCH

Resolving gel (14%): 313 mM Tris-HCI, pH 8.8; 13.3% acrylamide; 0.37% N,N"-methylene-
bisacrylamide; 0.1% sodium dodecylsulfate (SDS); 0.001% tetramethylethylendiamine; 0.1%
ammonium persulfate

Stacking gel (6.6%): 250 mM Tris-HCIl, pH 6.8, 6.42% acrylamide, 0.18% N,N’-methylene-
bisacrylamide; 0.1% SDS; 0.005% tetramethylethylendiamine; 0.1% ammonium persulfate
Sample buffer: 50 mM Tris-HCI, pH 6.8; 30% glycerol; 10% SDS,; 6% 2-mercaptoethanol;
0.012% bromphenol blue

Running buffer: 125 mM Tris-HCI, 1.25M glycine, 0.5% SDS, pH 8.8

Coomassie staining: 0.5% Coomassie Brilliant Blue; 50% methanol; 10% acetic acid
Destaining solution: 10% acetic acid

The gel was stained for 10 min with Coomassie Brilliant Blue and destained overnight. SDS-
PAGE was run at 140 V. Figures were processed in Inkscape and the GNU Image
Manipulation Program.
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Figure S2. Nanodiamond-SKBR3 cell interactions determined by flow cytometry —
competition binding assay. Left: Histograms: gray, cells only; red, ND@Au-Tf, orange,
ND@Au-nT; blue, competition with 5-fold molar excess of free Tf, purple, competition with
20-fold molar excess of free Tf. Right: Statistical analysis showing percent cellular uptake
(positive cells shown on histogram by gate) for each sample. Error bars indicate mean +
standard deviation. Experiments were conducted in triplicate, and 10,000 gated events were
analyzed.
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Figure 83. Viability of SKBR3 cells after exposure to ND@Au-Tf. ND@Au-Tf (red) were
incubated with SKBR3 cells for 3 or 24 h. Cell viability (%) was evaluated using an XTT
assay and compared to a cell-only control {gray). Toxicity is not indicated. Although reduced
cell viability was indicated for cells exposed to ND@Au-Tf for a 3-h time frame, the toxic
effects were not statistically significant, nor were toxic effects observed at longer exposure
times (24 h).
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Optical imaging of localized chemical events using
programmable diamond quantum nanosensors

Torsten Rendler, Jitka Neburkova®3*, Ondrej Zemek?, Jan Kotek?, Andrea Zappe', Zhigin Chu', Petr Cigler?
& Jrg Wrachtrup'

Development of multifunctional nanoscale sensors working under physiological conditions
enables monitoring of intracellular processes that are important for various biological and
medical applications. By attaching paramagnetic gadolinium complexes to nanodiamonds
(NDs) with nitrogen-vacancy (NV) centres through surface engineering, we developed a
hybrid nanoscale sensor that can be adjusted to directly monitor physiological species
through a proposed sensing scheme based on NV spin relaxometry. We adopt a single-step
method to measure spin relaxation rates enabling time-dependent measurements on changes
in pH or redox potential at a submicrometre-length scale in a microfluidic channel
that mimics cellular environments. Qur experimental data are reproduced by numerical
simulations of the NV spin interaction with gadolinium complexes covering the NDs.
Considering the versatile engineering options provided by polymer chemistry, the underlying
mechanism can be expanded to detect a variety of physiologically relevant species and
variables.

'3 Physikalisches Institut, Universitat Stuttgart, Plz%enwaldring 57, 70569 Stuttgart, Germany. 2 [nstitute of Grganic Chemistry and Biochemistry of tae
CAS, Tlemingovo aam. 2,166 10 Prague 6, Czecn Republic. 2 Tirst Faculty of Medicine, Chz-les University, Katerinska 32, 121 08 Prague 2, Czech Republic.
4 Faculty of Science, Department of Inorganic Chemistry, Charles University, Hlavove 2030, 128 43, Prague 2, Czech Republic. * These authars contributed
equally to this work, Correspendence and requests for mzteriale should be addressed to Z.Q.C. (email: z.chu@ohysik.uni-stuttgart.de) or to P.C.

{email: cigler@uochzcascz).
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hysiological processes inside a living cell are accompanied
by transient changes in variables including concentrations
of ions], reactive oxygen spccicsz, enzymes”’, nucleic acids?,
pH® and redox potential®. Although a vast range of sensing
principles for these variables based on selective molecular and
nanoparticle probes have been developed’®, the field is still
limited by the chemical and oplical stabililies of probes, probe
Loxicily and perlurbation of the biological environment, and,
above all, probe sensilivily and spaliolemporal resolulion.
Therefore, reliable intracellular sensors designed for non-
invasive quantitative monitoring of physiologically relevant
species with near-atomic resolution are urgently needed to
clucidate critical underlying mechanisms in cell biology and
physiology, which in lurn may lead Lo new possibililies for
diagnoslics and therapeulics al the subcellular Tevel.
Nanodiamonds (NDs; nanometre-sized diamond particles)
with nitrogen-vacancy (NV) defect centres exhibit excellent
biocompatibility'-!2,  long-term  stability'*'* and unique
quantum sensing capability by optical means'®~!7. These NDs
hold great promise for a range of biomedical applications,
including serving as nanomedicine platforms for delivery of
drugs'®, genes and proteins'*2%, use as fluorescent/photoacoustic
imaging agents'®>*122 and applications in multifunctional
intracellular sensing®=2%. The fluorescence of these alomic-scale
NV cenlres in NDs depends on their electronic spin states, which
show a long coherence time even under ambient conditions,
enabling direct nanoscale sensing for magnetic/electric field' %29,
temperature®**”> and mechanical force/pressure®*, In fact,
the facile optical readout of NV centres in NDs facilitates
quantum  sensing in living cells®?!.  However, direct
measurement ol chemical reactions and processes Lhrough
quantum detection of NDs remains challenging, especially
under physiological conditions. The main challenges lie in
developing  selective detection principles enabling  direct
quantum sensing of chemical transformations via spin-
dependent fluorescence of NV centres, the related chemical
architectures on the ND surface that host the primary sensing
system and robust quantum-sensing schemes applied to NV
centres in NDs, especially when they are introduced o
complicaled environments such as the interior of living cells.
A critical step towards developing NDs with biomedical
applications is customizing the diamond surface chemistry for

L Local environmental * % >
change T W ey

Polymer with @ Gd complex
c{ controllable p
chemical switch /= NV centre

required functionalization, while maintaining excellent colloidal
stability under physiological conditions®!. NDs engineered with
our recently developed polymer-coating approach®>* exhibit
long-term colloidal stability, reduced nonspecific binding and the
capability for convenient chemical modification. In the current
study, we connected macrocyclic complexes of Gd** ions with a
biocompalible copolymer shell on NDs via seleclively cleavable
linkers. Tn Lhis sense, the allachment of Gd® T complexes Lo the
polymer is siriclly programmed, paving the way for Lheir
subsequent detachment in response to changes in a sole
parameter. By quantifying the change in NV spin relaxation
time due to the Gd* © complexes (spin noise), we show that this
platform can be chemically programmed to sense fundamental
physiological quanlities. We designed and demonstraled Llime
dependent pH and redox polential delection in a microfluidic
device with sub-micrometre spatial resolution and minute
temporal resolution. In particular, the excellent agreement
between our experimental data and theoretical modelling
suggests that this scheme can serve as a multifunctional
platform for sensing of various chemical and biochemical
transformations under physiological conditions with high
selectivity (enabled by available libraries of selective cleavage
reactions) and unprecedented sensitivity and resolution (yielded
by the quantum delection approach).

Results

Design of ND-polymer-Gd multifunctional nanosensors. To
enable direct selective quantum deleclion of chemical processes
by means of NV centres, we designed a general nanosensing
platform that combines NV centres in NDs and surface
polymer coating bearing spin labels. Specifically, complexes
of GA*T ions with electronic spin $—7/2 were chemically
attached via selectively cleavable linkers to poly[(2-hydro-
xypropyl)methacrylamide]-based (HPMA) co-polymer chains.
Coating of NDs with an HPMA co-polymer shell improves the
colloidal stability of the particles, reduces nonspecific interactions
with proteins under physiological conditions, maintains the
optical Emgerlias of NDs and enables further chemical mod-
ification??*, The vicinily of Gd* T complexes (spin labels) acting
as stochastically fluctuating magnetic fields can be sensed by NV

relaxometry>*~7, providing us a novel route to monitor local

Figure 1 | Basic principle of a ND-based multifunctional sensor. (a) Cartoon showing the sensing mechanism of a ND-polymer-Gd hybrid nanosensor in
response to a local environmental change. The Gd3+ complexes (spin labels attached to the pelymer shell on the ND surface) are released after activation
of a chemical switch due to a local change, which can be monitored by the change in T; relaxation time of NV centres. (b) Cartoon showing the

experimental setup: polydimethylsiloxane (PDMS) microfluidic channel (pink), pipe system enabling real-time measurement (blue), microwave antenna
(gold), optical excitation for NV (green)} and fluorescence detection (red). (¢} Representative TEM image of a polymer-coated ND (ND-HPMAY; arrows

indicate the polymer shell. Scale bar, 20 nm.
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changes. As illustrated in Fig, la, the T; relaxation lime of NV
centres in NDs can be quantitatively modulated by the
surrounding Gd®*  complexes: the more Gd*T complexes
loading inside the surface polymer shell, the shorter the T,
relaxation time. Detachment of Gd* ™ complexes from the ND
particle strongly influences T; and can proceed only upon selective
cleavage of the linker connecling the complex with the polymer.
Imporlantly, we utilized complexes of Gd** ions with macrocyclic
ligands bearing one phosphonale/phosphinale and Lhree acelale
groups, which were originally designed as magnetic resonance
imaging (MRI) contrast agents®®, Thanks to their kinetic inertness
and thermodynamic stability, these complexes do not release toxic
Gd® ~ ions under physiological conditions and therefore exhibit
excellent  biocompalibility and negligible Loxicity’>*. We
developed a convenient synthelic pathway Lo their modificalion
with cleavable linkers terminated with azido group for attachment
to polymers via click chemistry (see Supplementary Methods). To
demonstrate the potential applications of the developed
nanosensor in cell biology and analytical chemistry, we
performed experiments in a home-built microfluidic device made
of polydimethylsiloxane (Fig. 1b). The NDs used are in average
~33nm in diameter with a fairly narrow size distribution®'
(Supplementary Fig. 1) and coated with a HPMA shell a few
nanometre thick, as indicated by transmission electron microscopy
(TEM) image (Fig. 1c). These NDs conlain few NV centres (<10
per particle on average, Supplementary Fig. 2).

Chemical engineering and characterization of the ND surface.
To test the utility of our ND-polymer-Gd hybrid nanosensors, we
developed two kinds of chemical linkers to sense pH and redox
potential, and corresponding nanosensors are denoted as ND@pIl

a B - b

and ND@redox particles, respectively (Fig. 2a). ND@pH particles
contain an aliphatic hydrazone linker, for which the rate of hydro-
lytic cleavage is greatly accelerated at lower plls in the physiologi-
cally relevant range*? (pH 4-8; Fig. 2b). ND@redox particles contain
a disulfide linker that can be cleaved into two thiol fragments in
reducing environments (in this case, by the presence of glutathione,
GSH) (Fig. 2¢). As a conlrol, we also synthesized a system with non-
cleavable bonds (denoled ND-HPMA-Gd; Fig. 2a). The HPMA
polymer is electroneutral but the macrecyclic Gd*~ complexes are
negatively charged, introducing an overall negative charge to the
polymer shell. The electrostatic repulsion between complexes
facilitates the departure of the cleaved complexes from the shell.
Based on the NV relaxometry-sensing scheme, the T,
relaxalion lime of an NV cenlre is determined by the number
of spins within the elfeclive NV-sensing radius®’. Therefore, the
critical parameter is the actual concentration of Gd* T in the ND
nanoenvironment as the relaxation time scales with the Gd*+
concentration in the shell (see Supplementary Equations (2, 7,
12)). Either swelling or collapse of the polymer shell would affect
this quantity and therefore influence the measured T; relaxation
time, even if the Gd®> T complexes are not released. As polymers
can reversibly respond to pH and ionic strength by changes in
their hydrodynamic diameters and also by nonspecific adsorption
of ions resulling in changes in zela polential, we studied the
influence of these parameters on the behaviour of our
nanosensors. First, we measured the size distribution of ND-
HPMA-Gd particles (with non-cleavable bonds) in various pH
buffers by dynamic light scattering. As shown in Fig. 2d, the
hydrodynamic radii of ND-HPMA-Gd in the whole range of
buffers were fairly uniform, indicating that the shell thickness of
our nanosensor does nol change in response lo various bulfer
condilions. In lwo selecled buflers (pH 2.0 and 7.4), we measured
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Figure 2 | Design and characterization of ND-polymer-Gd hybrid nanoscale sensors. (a) Chemical structure of the polymer interface with Gd*

complexes attached via a non-cleavable and two types of cleavable linkers. The specific release mechanisms for (b) pH-dependent hydrolytically cleavable
and {c) reductively cleavable linkers are shown in detail. (d} Hydrodynamic diameters of poly(HPMA)-coated NDs (ND-HPMA, black) and poly(HPMA}-
coated NDs modified with non-cleavable Gd3+ complexes (ND-HPMA-Gd, grey) determined by dynamic light scattering in different buffers used for Gd-
release measurements. (e) Release kinetics of Gd3+ complexes in ND@pH particles in pH 2.0, 4.5 and 7.4 buffers analysed by ICP MS. The red line is the
corresponding mono-exponential fitting. () Release kinetics of Gd3+ complexes in ND@redox particles in the presence of 1, 5 and 10 mM GSH in pH 85
buffer analysed by ICP MS. The red line is the corresponding mono-exponential fitting. The error bars in d=f represent s.d. from at least three independent

measurements.
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Figure 3 | Robust relaxation measurement with linear chirp pulse. (a) Schematic cartoon showing the used optical and microwave pulse sequence for 7,
relaxation measurement. (b) Comparison of experimentally extracted contrast of 7, relaxation measurement with chirp pulse and square pulse for control
sample ND-HPMA. The contrast is defined as the normalized initial difference between the sensing sequence with and without the inversion pulse.

{c) Dependence of extracted T; contrast on the extracted minimum adiabaticity factor @, where Q is defined as the effective driving amplitude over its
angular velocity in the rotating frame. The vertical error bars in b,c represent the s.d. from 20 independent measurements with © < T, whereas the
horizontal error bars represent the s.e. (95% confidence intervals) from Lorentzian fits (for Fourier transformed Rabi oscillation).

hydrodynamic radii, zeta potentials and T, for ND-ITPMA-Gd at
increasing ionic strengths (up to ~0.25M, achieved by addition
of NaCl and precisely quantified according to the conductivity of
the solution). We observed that both pH and ionic strength exert
only a marginal influence on hydrodynamic radii (Supplementary
Fig. 3a). Although the zeta potentials increased with increasing
ionic strength, most likely because of preferential adsorption of
sodium ions (Supplementary Fig, 3b), (his effect had no influence
on T; (Supplementary Fig. 3c). This observation confirms the
insensitivity of the polymer surface architecture to various
environments, which is essential for the construction of stable
and robust nanosensors for bio-applications.

To verify whether our nanosensors could release Gd*t
complexes on demand, we incubated them in dilferent environ-
ments, removed lhem from solution by centrifugation and
analysed the amount of Gd**+ complexes in the supernatant
with inductively coupled plasma mass spectrometry (ICP MS) as
a function of incubation time. This method allowed us to study
the temporal evolution of Gd*T complexes release from our
nanosensors. As shown in Fig. 2e, the ND@pH particles showed
pH-dependent release, whereas the ND-HPMA-Gd (with non-
cleavable bonds) particles (Supplementary Fig. 4) were slable
under all conditions examined within the current chosen
measurement time window (~ 1h). Furthermore, the slope of
the release profile measured at pIT 2.0 was two orders of
magnitude higher than that for pH 7.4, indicating a much faster
cleaving rate of Gd**+ complexes from the polymer at low pII
values. The very slow change (as shown in insert of Fig. 2e) at pII
7.4 indicates that the sensor can continuously operate for several
hours before measurements at lower pH values.

Similarly, the ND@redox particles showed an obvious GSH
concentration-dependent release: Lhe higher the applied concen-
tration of GSII, the steeper the release slope (Fig. 2f), whereas the
ND-TIPMA-Gd control sample (with non-cleavable bonds) were
stable in the presence of GSII (Supplementary Fig. 5). All the
measured release kinetics for ND@pH and ND@redox particles
fit well with standard first-order reaction kinetics

C=Coe™ ™ (1)

where C, is the inilial concentration of the reaclant and k is the
first order rate constant, indicating that the release rate is solely
dependent on one specific reactant in solution.

Robust NV spin relaxometry utilizing a linear chirp pulse. Our
experiments are based on probing the spin relaxation time T of
the NV centre. Ty is measured by first initializing the NV spin

4

into s, =0 by an optical pulse. After a wailing time <, the spin
state is readout by an optical excitation pulse generating fluor-
escence, which is proportional to the population probability of
#1,= 0. Measuring this fluorescence as a function of the waiting
time 7 thus determines T;. However, special care needs to be taken
when performing relaxometric measurements on NV centres, as,
for example, charge-state {luctuations can mask the T, decay in
this approach®’. To derive pristine Ty curves, one needs (o apply
an additional microwave pulse in resonance with for example the
mg =0 to mg= +1 spin transition in a second measurement to
invert the population of spin state sublevels and subtract the result
of both (see Supplementary Discussion). As the spin state has to
be manipulated, knowledge about the spin resonance frequency is
required. In addition, the excilation power and pulse duration of
the used microwave pulse has Lo be sel correclly for a precise slate
adjustmenl. Later paramelers [or their part differ when the
orientation of the NV axis to the local microwave field is changed.
Therefore, it is highly desirable to use pulse schemas that
intrinsically compensate for such variations. In the current
study, we optimized the T; readout by intreducing an adiabatic
passage (see Supplementary Discussion) in form of a linear chirp
pulse (Fig. 3a), which is robust against detuning and microwave
driving power™. To compare the performance of different
schemes used in T; measurement, we exiracted the spin contrast
from experimental measurement as a function of driving strength
(estimated by Rabi oscillations driven on the optically detected
magnetic resonance (ODMR) transitions, see Supplementary
Fig. 10a) for the control sample ND-TIPMA (without Gd*T
complexes) (Fig. 3b). The obtained spin contrast decreased as the
driving strength reduced for both measurement schemes, but the
chirp pulse always resulted in a higher contrast than that obtained
with square pulse. We also plotled Lhe exlracled spin conlrast as a
function of expectable minimal adiabaticity factor @ (a measure of
the adiabaticity of the used pulse scheme'®) when using linear
chirp pulse at different chirp rate (Fig. 3c). For the data shown in
this work using linear chirp pulse, we experimentally obtained a
contrast ranging from 4 to 10%, corresponding to a factor Q in the
range of around 1.5 up to 10. Indeed, in terms of sensitivity, the
chirp pulse resulted in a twofold sensitivity enhancement with
different chirp rate when the microwave power is large enough
(Supplementary Fig. 6).

Microfluidic measurement of nanosensors. Because of the
excellent colloidal stability of our nanosensor under physiological
conditions, we performed our T; measurements on diffusing NDs
(Fig. 4a). We first investigated two kinds of control sample,
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Figure 4 | In situ ts in a microfluidic ch l. {a) Schematic cartoon showing the ensemble measurements on the averaged T, of ND

particles diffusing through the confocal volume. (b} Typical T; ensemble measurement of ND-HPMA and ND-HPMA-Gd (with non-cleavable bond)
particles in pH 7.4 buffer, (¢) Time-dependent ensemble measurement for 7, of the ND@pH particles when incubated with pH 2.0, 4.5, 6.0 and 7.4 buffers.
{d) Time-dependent ensemble measurement for T, of the NDi@redox particles in buffer solution before and after addition of TmM (blue} and 10 mM
{black) GSH. (e) Time-dependent fixed-t measurement for chosen ND@pH particles when incubated at pH 7.4 followed by a change to pH 2.0 buffer
(details are given in Methods). (f) Confocal image for the chosen view of ND@pH particles on cover glass in pH 2.0 buffer; the bar indicates the measured
fluorescence intensity. (g) Reconstructed Ty contrast image of the same view as in f after rinsing with pH 7.4 buffer and adding again freshly prepared
ND@pH particles (loaded with Gd* * complexes) in pH 7.4 buffer. White triangles point to old ND@pH particles (Gd*~ complexes released), while white
arrows point to those newly emerging ones {loaded with Gd®+ complexes), the colour bar indicates the extracted T, value ranging from short {blue) to
long (red). The error bars in € and d represent the s.e. (95% confidence intervals) from mono exponential decay fits.
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complexes is fixed. The inset shows the concentration of Gd3 complexes versus the layer thickness of the shell (here, d =33 nm and

the number of Gd3 1 complexes was fixed at ~8,000). (¢) The influence of varying concentrations of Gd3 complexes on calculated T- value when the
thickness of the polymer layer is fixed (d =33 nm and L =10nm). The purple dashed line (ND-HPMA-Gd) and blue dashed line (ND-HPMA) denote
the lower and upper limit for the measured T, value in current study, respectively.

namely ND-HPMA (without Gd** complexes) and ND-HPMA-
Gd (non-cleavable). As shown in Fig. 4b, the ND-HPMA
particles had an average measured T, value of 67.7+4.0ps,
whereas the ND-HPMA-Gd particle showed a significantly
lower value of 10.0£0.6us in pH 7.4 buffer. In fact, we also
checked the stability of these control samples in all the buffer
conditions used in current study (see Supplementary Figs 4
and 5).

We then used the ND@pH particles (pH cleavable) to perform
time-dependent T; measurement in various conditions including
pH 2.0, 45, 60 and 74 (Fig 4c). AL physiological pH
environment (pH 7.4), we observed only a slight change for the
measured T, over a period of 1h, whereas the T,
changed dramatically at acidic condition. The measured T, curve
as a function of the incubation period showed the following
behaviour (Fig. 4c): the lower the pH value the steeper the
changes in T;, being consistent with our previous ICP MS
measuremenls (Fig. 2e). Taking a moderate pH (pH 4.5) as an
example, the release kinetics of Gd> T complexes (after convert-
ing Ty oa Gd’ * concentrations using Supplementary Equalions,
also see Fig, 5) from ND@pII particles (7. = 315.7 £ 42.85) agree
excellently with ICP MS measurements (7.4 =306.4+9.95s)
(Supplementary Fig. 7). Using set of Britton-Robinson buffers
(with equal composition and ionic strength), we also investigated
the sensitivity of our sensor in the physiologically relevant pII
range (3.7-6.9) for a short measurement time frame (12 min). We
estimated the Ty change rate for each measured pH and found a
monotonous dependence on pI (Supplementary Fig. 8) allowing
for accuracy of a pH difference al least ~0.7.

Furthermore, we also investigaled the change in T, of
ND@redox nanosensor (cleavable at reduction conditions) in
the presence of GSII, an important antioxidant found in most of
the animal cells*®. As shown in Fig. 4d, we observed a mild
increase in the T change rate after adding 1 mM GSH and a
significant change for 10 mM GSH, while the measured T, value
was conslant before GSH addition.

We can reduce the used measurement schema into fast fixed-t
measurement by directly counting the ratio (monitoring function f)
of fluorescence signal at two fixed time points®”. A large
monitoring function f value indicates a longer relaxation time. As
shown in Fig. 4¢, the monitoring function fkept almost the same in
pH 7.4 buffer, but starts to increase once the pH 2.0 buffer is
introduced, indicating the increase of T, time due to Gd*T
complexes release (being consistent with data in Figs 2e and 4c).
With the fast measurement scheme, we can perform T,
conlrast imaging on several different NDs in a confocal scanning

6

approach. To demonstrate this, we first incubated ND@pH
particles in pH 20 buffer as shown in Fig. 4f, followed by
rinsing with pH 7.4 buffer and adding again freshly prepared
ND@pII particles in pIl 7.4 buflfer. Next, we performed fixed-t
measurement for each pixel within the chosen field of view and
reconstructed a T; contrast image shown in Fig. 4g. ND@pH
particles that were not subject to low pII (white arrows in Fig, 4g)
showed short T, times, whereas particles that were subject to pIl
20 (white tria.nggcs in Fig. 4g) showed long T; times, as most of
their loaded Gd”~ complexes had been released during pH 2.0
lrealmenl. This is consistenl wilth the slalislical view of T,
observations for Lhe sample ND@pH, indicaling significant
different T, in two different pH buffers (pH 2.0 and pH 7.4;
Supplementary Fig. 9).

Modelling the NV relaxometry modulated by Gd® ™ complexes.
To fully understand the observed effects, we started with the
model description?” and revised it to describe the function of our
nanosensors (see Supplementary Methods). As shown in Fig. 5a,
we modelled a single ND particle as a sphere and considered the
introduced Gd** complexes as randomly fluctuating spin bath
inside the polymer shell at the beginning. As the actual position of
our NV centre in the crystal is not known, we considered various
positions of the NV centre between the centre and the edge of the
sphere. By this we derive an average value of the simulated T;.
From measurements using ICP atomic emission spectroscopy
(AES), we oblained the average content of Gd3+ complexes in
ND particles ~3.2%. Therefore, we can eslimale the approximale
number of Gd** complexes is around 8,000 per particle il we
assume an average diameter of NDs as 33 nm, equivalent to the
average value obtained from our TEM measurements
(Supplementary Fig. 1). To estimate the shell thickness of the
HPMA for the given sample in the used buffer solutions, we fixed
the number of Gd** complexes inside the polymer shell and
varied ils thickness Lo investigate the corresponding T; change. In
this way, we derive the T, value as a function of shell thickness as
shown in Fig. 5b. The measured T, of ND-IIPMA-Gd is ~10us
(Fig. 4b) pointing to ~02M Gd*T concentration in our
simulation (Fig. 5b) with a ~10nm shell (insert in Fig. 5b).
This shell thickness is similar with our TEM observation in
Fig. 1c and Supplementary Fig. 1, and we used it in all further
analysis steps. One could also account for paramagnetic centres
lying on the surface of NDs', but as we know the relaxation rate
for the situation when the Gd* ¥ is absent, we can use the already
gained T, time from the control sample ND-HPMA as a basis
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offset. The measured T; value was 67.7 s (Fig. 4b) for the control
sample ND-HPMA in buffer solutions. We interpreted this as the
intrinsic relaxation rate

3isl l
R™ = Tt

@)

where Ti™ = 67.7us of the nanosensors in solution and calculated
the expected relaxation T, time (Fig. 5¢) using

T;:alcula(ed — (Rim + RGd)_l (3)
where RI" is the intrinsic relaxation rate and R4 is the simulated
relaxation rate induced by Gd** complexes. From this, we can
deduct that we are able to detect Gd*™ complexes with
concentration ranging from 0.2M (~8000 Gd** complexes
per particle) down to 0.001M (~40 Gd** complexes per
particle), corresponding to the measured highest (purple dashed
line in Fig. 5¢) and lowest (blue dashed line in Fig. 5¢) Gd
content, respectively.

Discussion

Our hybrid nanosensor achieves signal transduction, recording
and amplification simultaneously. Subtle changes in physiological
systems (weak signals) can be recorded by counting the variance
of G&*F complexes (strong interaction with NV centres) inside
the polymer shell due to a programmed chemical reaction. The
well-fitted first-order reaction equation for measured release
kinetics (Fig. 2e,f and Supplementary Fig. 7) indicates that our
nanosensor responds to changes in a single, pre-defined chemical
parameter. Tmportantly, the thickness of the polymer shell was
insensitive to pH and ionic strength (Fig. 2d and Supplementary
Fig. 3a). We observed neither swelling nor collapse of the polymer
shell in any of the conditions used. Consistently, we observed no
influence of these factors on T, (Supplementary Fig. 3c), which is
critical for reliable and robust function of the nanosensors in
biological environments.

The excellent agreement between the experimental results
(Fig. 4b) and theoretical modelling (Fig. 5¢) indicates the
underlying mechanism: the change in T relaxation time is
caused by release of Gd*>* complexes from the polymer shell.
Precise agreement of ICP MS with T; kinetic measurements
(Supplementary Fig. 7) suggests the high accuracy and sensitivity
of the current detection method. In principle, we can monitor
gradual release down to several tens of molecules of Gd*t
complexes (Fig. 5¢) at a single-particle level (Fig. 4e-g), which
allows us to monitor a localized chemical process occurring on an
extremely small scale ( ~ 10722-1072% mol). Although the achieved
accuracy (~0.7 pI unit) is lower compared with the current,
most sensitive measurement techniques®® (~0.1 pH unit for
intracellular measurement), our system operates in quite a broad
pH range. In contrast, for some optical pH sensors, which exhibit
a sigmoidal response towards changes in pH, their narrow
dynamic range represent often a limitation?. Considering
practical measurements in cells, the accuracy of our sensor is
sufficient, as pH differences between extracellular space, cytosol
and some organelles are much higher than 0.7. For example, the
cytosol pH is ~7.4, whereas endo/lysosomal compartments show
pH ~4.5 (ref. 50). Similarly, the intracellular GSH concentrations
usually range from 0.5 to 10 mM, whereas extracellular values are
almost three orders of magnitude lower®!. These differences are
in a range well measurable by our nanosensor.

Many of the currently used nanosensors are based on
mechanisms, which are either irreversible (based on formation
or cleavage of covalent bonds) or practically irreversible, because
the formed non-covalent sensing assembly is extremely stable (for
instance, nucleic acid hybridization, antibody and aptamer

affinity probes, fluorescence resonance energy transfer sensors
utilizing cleavage reactions®?). Trreversibility is typical also for
current approaches to detect GSH™5%, The chemical nature of
our sensing mechanism also renders our scheme irreversible,
which limits the possible durations of measurements, especially
for higher cleavage rates. To enlarge the measurement window to
basically unlimited time, we are currently developing a reversibly
responding polymer coating on NDs, which operates without a
need of irreversible cleavage events.

For a typical T; measurement with an additional control
sequence using a square pulse, one needs to find the resonance
frequency and the length of used pulse to effectively invert the
spin population. This is especially important for NDs, because
their NV centres are typically arbitrary oriented and with a strain-
induced variation in resonance frequencyﬁ. In comparison, the
used linear chirp pulse scheme simplifies T; measurements into a
single step: direct T; measurement by applying chirp pulse acting
as ‘inversion pulse’ without any preliminary measurements for
identifying the resonance frequency and pulse length. In addition,
the chirp pulse scheme results in enhanced sensitivity compared
to that with a square pulse (Fig. 3 and Supplementary Fig. 6). This
is also consistent with our simulation of NV spin state evolution
excited by different pulse scheme: the square pulse is sensitive to
the changes in microwave excitation while the linear chirp pulse
is much more robust, especially in the presence of
inhomogeneous ODMR line broadening (see Supplementary
discussion and Supplementary Fig. 10). Thus, the chirp pulse
scheme enables robust T, measurement on different NDs
simultaneously (ensemble measurement).

In conclusion, our hybrid nanosensor, owing to its versatility,
can serve as a general platform with potential applications
ranging from catalytic chemistry to cell biology and physiology,
especially for label-free three-dimensional imaging of
physiological variables by optical means. Development of
molecular-sized NDs with NV centres®>® can further increase
the sensitivity of the current method due to improved spin
sensitivity of NV centres.

Methods

Experimental setup. In the current study, we adapted a confocal microscopy
apparatus. The laser (CNI, CW DPSS Laser 532nm) was directed through
acouste-optic modulator (AOM) and focused onto the focal plane of a x 60 water-
immersion objective (Olympus) for the ensemble measurements and a x 60 oil
objective (Olympus) when measuring individual NDs. The fluorescence of NV
centre was filtered (long pass, cutoff at 647 nm) and collected by two avalanche
photo diode (Perkin-Elmer) in Hanbury-Brown and Twist configuration. Resonant
microwave manipulation of the NV centre was achieved using a spanned copper
wire inside a home-built microfluidic channel made of transparent poly-
dimethylsiloxane (Sylgard 184 silicone elastomer kit, Dow Corning) in the vicinity
of the optical focus. Two small plastic tubes are used to exchange the solution in
the microfluidic channel.

Preparation of ND-polymer-Gd nanosensors. Detailed descriptions for pre-
paration of fluorescent NDs with NV centres®”, their coating with HPMA polymer
and synthesis of Gd** complexes can be found in the Supplementary Information.
Briefly, alkyne-modified HPMA-coated NDs were decorated with azide-modified
Gd*F complexes using Cu(l)-catalysed azide-alkyne cycloaddition (CuACC).
HPMA-coated NDs (10 mg in a final reaction volume of 12.8 ml of 50 mM HEPES
buffer, pH 7.4) were mixed with either non-cleavable Gd** complexes or Gd®*
complexes with hydrazone or disulfide linker (in final concentrations of 0.96, 1.92
and 2.4 mM, respectively), pre-mixed 0.32mM CuSO, and 0.64 mM tris(3-
hydroxypropyltriazolylmethyl)amine ligand, and a freshly prepared solution of
sodium ascorbate (5 mM). The reaction mixture was well sealed, left for 1 h with no
stirring and washed by centrifugation with water (Gd* " conjugates with non-
cleavable linker, ND-HPMA-Gd and disulfide linker, ND@redox) or methanol
(Gd* conjugate with hydrazone linker, ND@pH). The resulting nanosensors
were stored in water (ND-HPMA-Gd and ND@redox) or in dry methanol
(ND@pH) at 4°C.

Characterization of ND-polymer-Gd nanosensors. The mu;xho]ogy and size of
the particles were characterized with TEM (JEOL JEM-1011)"". The stability and

|8:14701| DOI: 10.1038/ncamms14701 | www.nature.com/naturecommunications 7

192



ARTICLE

NATURE COMMUNICA

surface charge of HPMA-coated NDs with Gd** complexes were tested by
dispersing them in buffer solutions (50 mM citric acid buffer pH 2.0, 50 mM acetate
buffer pH 4.5, 50 mM HEPES buffer pH 7.4, 50 mM TRIS buffer pH 8.5 and 1.5 M
PBS buffer pH 7.4) for further experiments. Dynamic light scattering and zeta
potential were recorded with a Zetasizer Nano Z§ system (Malvern Instruments) at
37°C at a concentration of 0.1 mgml ~ L.

To quantitatively measure the amount of Gd* * complexes released from the
nanosensors, the particles were mixed with buffer and incubated for a certain
time. Then, cleavage conditions were stopped, the particles were centrifuged
and the released Gd** complexes in supernatant were measured with an ICP
MS 7700 (Agilent Technologies) instrument in duplicates. The non-cleavable
ND-HPMA-Gd** conjugate was used as a control and processed under the
same conditions. The relative release at a given time was calculated as a ratio
of the amount released to the maximum release amount. A detailed description
of these release experiments can be found in the Supplementary Information.
The total amount of Gd**+ conjugated to HPMA-coated NDs was
measured as ~3.2% (weight percentage to NDs) using ICP AES (Spectro
Arcos SOP).

Relaxation measurement with linear chirp pulse. For full T, relaxometry
measurement, laser light modulation was achieved by passing continuous wave
laser through an acousto-optical moedulator for polarization and readout of NV
centres. We first applied a laser pulse for polarizing NV centres into m, =0
(initialization) and then wait for the time 1, followed by another laser pulse to
detect NV fluorescence revealing the spin state (readout). Afterwards, we applied a
similar sequence that differs from the first one, by adding a microwave pulse before
the readout. The microwave pulse (linear chirp) is generated by mixing the output
of one microwave source (SMIQ 03B, Rhode & Schwarz) with an arbitrary
waveform generator (AWG2041, Tectronixs) and amplified by a microwave
amplifier (ZHL-16W-43 +, mini circuits). The linear chirp microwave pulse starts
from 2.845 GHz and is swept over 100 MHz (covering most of the detuning range
in NDs) at certain speed. The chirp speed was kept as 10-100 kHz ns ~ 1. The
obtained difference in fluorescence AF(t) is proportional to the residual spin
polarization after time 7 of only those NV centres excited by microwave pulse. We
thus further normalized the obtained AF(t) (named Ty contrast)®, fitted it with a
single exponential function:

AF(1) = Ae /T (4)

to get an average decay constant Ty value. For comparison of a chirp pulse with a
square pulse for effective spin state inversion during T; measurement, 10 ul
poly(HPMA)-coated NDs (4 mgml ~ Lin water) were dropped in the vicinity of the
copper wire on top of cover glass and air dried. The analysed detection volume
contains more than several hundreds of NV centres, estimated on the detected
photon flux in this experiment in comparison with that detected from a single NV
centre measured with the same setup. The focal point of the laser was tuned to any
position of the dense packed NDs nearby the copper wire for ensemble
measurements (all the NDs inside the focus volume). At different microwave
power, we performed T; measurement through both square pulse and chirp pulse
with different sweeping speed. The adiabaticity factor Q is defined as the effective
Larmor precession around the effective magnetic field in the rotating frame over
the angular change of the field*®. The driving strength is defined as the effective
Rabi frequency of an ensemble of NV centres driven by an external microwave. To
quantify the performance of individual scheme in an experiment, the sensitivity
enhancement factor is calculated as ratio of power noise equivalents 67, of the
different pulse scheme:

o ST g e ©

where ¢ is the contrast and ¢ is the cycle time of the measurement.

NV rel y in a micr For all time-depen-
dent T, measurements (Fig. 4 and Supplementary Fig. 9), the freshly prepared
nanosensor particles were dispersed in the respective buffer at a concentration of
approximately 100 pgml ! and were injected into a microfluidic channel through
the conjugated tube. In case of the ensemble measurement we used a PDMS
chamber that can be opened and covered from top. The focal point of the laser was
placed to any position inside the channel for ensemble measurements (all the free
diffusing particles). For fixed ¢ measurement, we only collected the fluorescence
signal (F) at two fixed time points (7, = 0.001 ps and 7, =20 ps) on the obtained
full Ty curve of chosen ND spot and compare the change of T; by menitoring
function:

S = Flw)/F(u) (6)

Data availability. Data supporting the findings of this study are available within
the article and its Supplementary Information files and from the corresponding
authors upon reasonable request.
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Supplementary Figure 1. Typical TEM image of various ND particles. (a) non-coated oxidized

NDs. (b) Polymer coated ND-HPMA. (¢) NDiredox. The scale bar represents 50 nm.
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Supplementary Figure 2. Number of NV centers per particle. The number was calculated through
analysis of 40 randomly chosen ND particles. (a) Typical confocal image of ND-HPMA particles
dispersed on top of coverglass. The scale bar represents 10 um. (b) The distribution of the number of
NV centers in selected (marked with black circle) spots in (a); the number of NV centers in an

individual particle was determined from the autocorrelation function g@(t),

197



3]

150

o

&

Particle size (nm)
8

Bl

Zeta Potential (mV)

. pH7.4
* pH20

o

Supplementary Figure 3. The influence of ionic strength on the behavior of ND-HPMA-Gd.
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pH 7.4 and pH 2.0 buffers. The ionic strength is expressed as conductivity.
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Supplementary Figure 4. Behavior of the control sample in different pH buffers. Release kinetics
of Gd**-complex from ND-HPMA-Gd (non-cleavable) checked by ICP MS (upper panel) in different
buffers (pH 2.0, 4.5, 6.0, and 7.4). Time-dependent ensemble measurement for T, (lower panel) of
ND-HPMA and ND-HPMA-Gd (non-clcavable) in different buffers (pH 2.0, 4.5, 6.0, and 7.4). The
slope of all linear fit is approaching zero, indicating negligible change of Gd** -complex within the

measurement time period.
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Supplementary Figure 5. The behavior of the control sample in buffers containing GSH. Release
kinetics of Gd* -complex from ND-HPMA-Gd (non-cleavable) checked by ICP MS (upper panel) in
different GSH buffers (1 mM, 5 mM and 10 mM GSH). Time-dependent ensemble measurement for
T; (lower panel) of ND-HPMA and ND-HPMA-Gd (non-cleavable) in different GSH buffers (1 mM,
5 mM and 10 mM). The slope of all linear fit is approaching zero, indicating negligible change of Gd**
complex within the measurement time period.
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Supplementary Figure 6. Relative enhancement for chirp pulse versus a square pulse. (a)
Comparison of experimentally obtained enhancement in sensitivity between T relaxation
measurement with linear chirp pulse over square pulse; the enhancement factor is calculated as the
ratio of sensitivity obtained with linear chirp pulse to that with square pulse. The vertical error bars
represent the standard deviations from 20 independent measurements with 7 « Ty, while the
horizontal error bars represent the standard errors (95% confidence intervals) from Lorentzian fits (for
Fouricr transformed Rabi oscillation). (b) Simulation of rclative cnhancement of the probability to
depopulate the NV m, = 0 sublevel after applying linear chirp pulse over square pulse with different
microwave driving strength.
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Supplementary Figure 8. Dependence of the fitted T; changing rate of ND@pH nanosensor on
pH. Six T, measurcment points (120 seconds per point) were lincarly fitted to extract the actual T,
change rate corresponding to a particular pH. Britton-Robinson buffcrs with same composition were
used. Their conductivity was normalized using KCI to ensure environment with equal ionic strength
for all measurcments.
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Supplementary Figure 9. Statistical view of ND@pH nanosensors in pH 7.4 and pH 2.0 buffers.
After injecting the sample into a microfluidic chamber, the individual relaxation times for different
adsorbed ND{wpH nanosensors had been measured at pH 7.4 (green) and after changing to pH 2.0

(red).
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Supplementary Figure 10. Simulated NV spin flip probability induced by different pulse scheme.
(a) A typical mecasured ODMR line for a randomly picked cluster of the ND-HPMA particles (black)
excited with 45uW laser and weak microwave. The ODMR spectrum had been fitted by two Voigt
profiles with a fixed Lorenzian linewidth of 1 MHz and a variable Gaussian linewidth (see below for
used parameters). Both transitions in the measured ODMR line are quite broad and separated by
around 16 MHz. (b) Simulated NV spin flip probability excited with a lincar chirp pulsc and squarc
pulse plotted as a function of microwave driving strengths. The probability was calculated for an
ensemble by averaging over all polar angle and assuming an inhomogeneous broadening of both ESR
transitions with a variable valuc (color coded from 0 MHz (red) to SMHz (bluc)). Both transitions of
ODMR line are sct to split in average ~16 MHz to mimic the experimental situation in (a). The
parameters of the chirp pulse had been set to typical values used under real experimental conditions
{50 MHz sweep bandwidth with a 20 kHz ns”’ sweep speed).
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Supplementary Methods
Chemical synthesis of Gd** complexes and diamond nanosensors
Chemicals and methods

3-Bromo-1-(trimethylsilyl)-1-propyne (1), 1Bu;DO3A HBr (4 HBr)?, 1,6-bis(azido)-3,4-dithiahexane
(6)°, 10-({hydroxy[4-aminobenzyl|phosphoryl ymethyl)-1,4,7,10-tetraazacyclododecane-1,4, 7-triacetic
acid (7)* and pent-4-ynchydrazide (8) (via methyl pent-4-ynoate®) were prepared according to
published procedures. 6-Azido-hexan-2-one (9) was prepared analogously as published for related
compounds®. Paraformaldehyde was filtered from aged aqueous formaldehyde solutions (Lachema)
and dried in a desiccator over concentrated H,SO,. Other chemicals from commercial sources were

used as received. Acetonitrile and dichloromethane were dried by distilling over P,O,.

NMR spectra were recorded on VNMRS300, Varian™ INOVA 400 or Bruker Avance 111 600
spectrometers. NMR chemical shifts are given in ppm, and coupling constants are reported in Hz. For
'H and °C NMR measurements in D0, /BuOH was used as internal standard (on =125, 6c=13029).
For measurements in CDCl;, TMS was used as internal standard (dg = 0.00, dc = 0.00). For >'P NMR
measurements, 85% aqueous H;PO, was used as external reference (dp = 0.00). The abbreviations s

(singlet), d (dublet), t (triplet), m (multiplet) and br (broad) are used to express signal multiplicities.

Mass spectra were measured on a Bruker Esquire 3000 mass spectrometer with electrospray ionization
with ion-trap detection in both positive and negative modes. Mass signals are provided with their
relative abundance to the strongest one. For Gd** complexes, only the one containing the most
abundant 1sotope is stated. HR MS spectra were recorded on an LTQ Velos Pro or Orbitrap ELITE

mass spectrometer by Thermo.

HPLC measurements were performed on a ReproSil Gold C8 5 um 150x4.6 mm column with a flow
rate of 1 ml-min~" using UV-absorption detection at 210 nm and 256 nm. The following methods with
linear v/v gradients of water/acetonitrile were used: method A: 5% ACN to 90% ACN with 10 ppm
v/v trifluoroacetic acid (TFA) in 5 min, then 90% ACN with 10 ppm v/v TFA for 5 min; method B:

0% ACN to 10% ACN with 5 ppm v/v TFA in 10 min, then 10% ACN to 25% ACN with 5 ppm v/v
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TFA in 10 min, then 25% ACN to 95% ACN with 5 ppm v/v TFA in 10 min, then 95% ACN to 99%
ACN with 1 ppm v/v TFA in 5 min; method C: 0% ACN to 10% in 10 min, then 10% ACN to 25%

ACN in 10 min, then 25% ACN to 95% in 10 min, then 95% ACN to 99% ACN in 5 min.

Thin-layer chromatography (TLC) was performed on TLC aluminium sheets silica gel 60 F254
(Merck). UV light or dipping in 2% KMnO4/10% Na,CO; or 5% aqueous CuSO, were used for

detection.

Elemental analyses were performed at the Institute of Macromolecular Chemistry (Academy of

Sciences of the Czech Republic, Prague).

Synthesis of redox sensitive complex [Gd(L')| —SS-N;

OR/—N" S
i OSiMe; | i i iv 0=</ N\ O #
NH H,PO, —= [H-R — H .\/ _— N _) 4
OSiMe, R AN (_n—RO
2R=H RO
i [, 3R=Me o v[, 5, R1= Me; R'= £Bu
H,L' R=R =H
vi‘
o
\_/\ /\“P \N\\ 0 on
[ Ay : v 2’/_\ ~ /\‘l‘i/\s/i
e A e
o/ \'N (.ed%")
ANBY/ s-8 L AN
o o )\/N\’\‘j
0  [Gd(L")]—SS-N; o o o [Gd(LY)

Reaction conditions and yields: i) Hexamethyldisilazane, under Ar, 105 °C, 12 h ii) 3-Bromo-1-(trimethylsilyl)-1-
propyne (1)/CH.Cl,, under Ar, -10 °C to rt, 24 h, 54 % iii) methyl chloroformate, pyridine/CH,Cl,, reflux, 15 min,
97 % iv) tBuzDO3A-HBr (4-HBr), (CH,0),/MeCN (dry), 65 °C, 3 days, ~90 % v) 1. 85% aq. HCOOH, 65 °C, 4 days,
2. 1,5% aq. HCI, rt, overnight, 78% vi) GdCl;-5H,0/aq. NH4OH, pH 4,8, rt, overnight, ~60 % vii) 1,6-bis(azido)-3,4-
dithiahexane (6), CuSO,, NaF, Sodium Ascorbate/ THF:/PrOH:H,0 (1:1:2), rt, 12 h, ~50%
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3-(Trimethylsilyl)prop-2-ynylphosphinic acid (2)

H OSiMe; 1 /7> 1]
\ - -~ H-F _ H-P X
N< | X/
NHHPO, + o o Moo osives o;\/Si\
2

NH,H:PO; (5.0 g; 60 mmol) was securated in a 50 ml three-neck flask equipped with an argon inlet, a
reflux condenser with vacuum trap and a septum. Hexamethyldisilazane (15 ml; 72 mmol) was added
and the reaction mixture was stirred at 105 °C for 12 h under gentle flow of argon. In the course of the
reaction, NH,H,PO, dissolved and ammonia evolved. The reaction mixture was then cooled to —10 °C
and diluted with anhydrous dichloromethane (30 ml). Under an argon atmosphere, alkylation agent 1
(3.1 g; 16.2 mmol) was slowly added via syringe and the mixture was left to warm to RT under
stirring. After 24 h, the reaction was terminated by addition of anhydrous EtOH (10 ml) and the
reaction mixture was evaporated to dryness. The reaction mixture was co-evaporated two times with
anhydrous EtOH (15 ml) and the remaining matter was dissolved in CHCl; (20 ml) and quickly
washed with 3% HCI (2x20 ml). The combined aqueous phases were extracted with CHCl; (20 ml).
The organic phases were combined, dried with Na,SO, and volatiles were removed with rotary

evaporator at 50 °C to yield (2) (1.54 g; 54 %) as a colorless oil.

The product contained ca 3% (by *'P NMR) of bis(3-(trimethylsilyl)prop-2-ynyl)phosphinic acid,
which does not react in the next step, and therefore, the crude 2 can be used without further
purification. For analytic purposes, the compound 2 was purified by flash column chromatography on

silica (EtOAc:MeOH = 5:4 v/v).

TLC: (EtOAc:MeOH = 5:4 v/v), Re=0.50, KMnO,; 'H NMR (299.94 MHz, CDCL): 8 0.17 (s, 9H,
CH;); 2.83 (dd, “Jigp = 20.1, g = 1.8, 2H, CH>); 7.11 (d, 'Jip = 584, 1H, P-H); 10.9 (bs, OH);
3C NMR (75.43 MHz, CDCL3): 80,1 (s, CHs); 24.6 (d, 'Jop = 84.5, CH,); 86.8 (d, *Jep = 7.5, C—C—

Si); 99.4 (d, 2Jep = 8.7, P-C—C); *'P NMR (121.42 MHz, CDCL,): 5 27.8 (dt, Jip = 584, “Jip = 20.0).
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Methyl 3-(trimethylsilyl)prop-2-ynylphosphinate (3)

Phosphinic acid 2 (1.64 g; 9.31 mmol) was dried in a 100 ml flask by triple co-evaporation with
anhydrous EtOH (5 ml). After evaporation, phosphinic acid was dissolved in anhydrous CH,Cl,

(19 ml), and methyl chloroformate (0.88 g; 9.31 mmol) was added. Anhydrous pyridine (0.74 g;

9.31 mmol) was added dropwise with stirring. After evolution of CO,, the flask was equipped with a
reflux condenser and the mixture was heated to reflux for 15 min. The reaction mixture was then
cooled to RT and washed with 3% aqueous HCI (3%20 ml) and brine (20 ml). Combined aqueous
phases were extracted with CH,Cl, (2x20 ml) and organic phases were dried with Na,SO,, and solvent
was removed with a rotary evaporator at 50 °C to yield methylester 3 (1.72 g; 97%) as a colorless

liquid.

"H NMR (299.94 MHz, CDCly): § 0.12 (s, 9H, SiCH); 2.81 (d, *Jip = 18.9, 2H, CH,); 3.81 (d, *Jipp =
12.0, 3H, OCH>); 7.16 (d, "Jup = 585, 1H, P-H); °C NMR (75.43 MHz, CDCl;): § 0.3 (s, SiCH3), 21.9
(d, Jep =913, CH,); 53.1 (d, Jep = 7.2, P-C-C); 89.9 (d, *Jop = 8.5, C-C-Si); 93.4 (d, *Jep = 10.9,

OCH;); *'P NMR (121.42 MHz, CDCl;): 3 31.5 (bd, i = 571.3).

Methyl ({4,7,10-tris[(tert-butyloxykarbonyl)methyl]-1,4,7,10-tetraazacyclododecane-1-
yl}methyl)-3-(trimethylsilyl)prop-2-ynylphosphinate (5)

o% 0%

B HaC=0

?/,,_\ /_\/\E\
Kol ™y 0 DR

)\/N N o N N
s - s
O o‘g H 2/\8/ O S
1
% o} >~ AN 7& o}
4 3 5
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Bu;DO3A-HBr (4-HBr, 1.000 g; 1.679 mmol) was placed into a 25 ml flask, and methyl ester 3 (336
mg; 1.763 mmol) and paraformaldehyde (53 mg; 1.763 mmol) were added under stirring. Anhydrous
acetonitrile (10 ml) was then added, the flask was tightly closed, and the mixture was heated in an oil
bath at 65 °C. The progress of the reaction was monitored with *'P NMR spectra in 12-h intervals. A
decrease in signal intensity of the starting compound 3 at 30 ppm (bd, Jip = 571 Hz) and increase in
the product 5 signal at 43 ppm (s) was observed. In addition, approximately 3% of acid 2 was
detected. Over time, the reaction mixture turned from a white suspension into pale brown clear
solution. After 3 days, more than 95% of ester 3 had reacted, and solvent was removed with a rotary
evaporator. The obtained oil was dissolved in minimal amount of hot MeOH, the solution was cooled,

and the product was precipitated by addition of diethylether. The product S was collected by filtration

(S3 frit), washed with dicthylether (5 ml) and air-dried, affording 1.095 g (~90%) of off-white powder.

Zi(/)o—Q}\g 1
%[ 8,
u(

TLC: (EtOAc:EtOH:25% aq. NH,OH = 60:33:7 v/v/v), Re= 0.70, KMnO,4; "H NMR (299.94 MHz,
CDCLy): §0.07 (s, 9H, H-17); 1.40 (bs, 27H, H-8, H-12); 2.62 (d, Jip = 18.3, 2H, H-13); 2.60-3.60
(m, 24H, H-1-5, H-9, H-14); 3.75 (d, *Je = 10.8, 3H, H-18); >C NMR (75.43 MHz, CDCl5): § 0.1 (s,
C-17);23.2(d, Jop = 84.8, C-14); 29.4 (s ,C-12); 30.6 (s, C-8); 51.2 (s, C-2); 51.8 (s, C-1,3); 52.2 (d,
Zep=97.8, C-13); 53.8 (s, C-4); 54.9 (s, C-9); 56.3 (s, C-5); 58.3 (d, *Jep = 7.2, C-18); 84.6 (s, C-7);
86.1 (s, C-11); 92.1 (d, *Jop = 8.9, C-16); 98.3 (d, “Jep = 12.1, C-15); 170.2 (s, C-6); 174.2 (s, C-10);

3P NMR (121.42 MHz, CD;0D): & 44.3 (bs): MS(+): 717.7 ((M+H]").
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10-({Hydroxy|[3-(trimethylsilyl)prop-2-ynyl]phosphoryl}methyl)-1,4,7,10-tetraazacyclododecane-

1,4,7-triacetic acid (H,L")

d o OH
/A /A
N ONCRIN NN
o [ oL FL —— 1o [ OH s
N )\/N
o s o s
0 Ho
% 0 0
5 H,L!

Compound 5 (1.000 g; 1.395 mmol) was dissolved in 85% formic acid (10 ml) in a 25-ml flask
equipped with a magnetic stirring bar. The flask was closed, and the reaction mixture was heated in an
oil bath at 65 °C for 4 days. Solvent was removed in vacuo, and the resulting oil was co-evaporated
with water (3x5 ml) to remove the remaining formic acid. The obtained pale brown oil was dissolved
in 1.5% aqueous HCI (10 ml) and stirred at RT overight. Solvent was removed with a rotary
evaporator. The resulting oil was dissolved in minimal amount of hot MeOH, the solution was cooled,
and the product was precipitated by addition of diethylether. The product was collected by filtration on
S3 frit, washed with dicthylether (5 ml), dried in a vacuum and left to equilibrate at ambient conditions
for three weeks. Product HyL' (0.694 g; 78%) was obtained as dihydrochloride sesquihydrate in form

of an off-white powder.

8
7 °H1/9\91o
(2 OB g2
3N Né%s{
HO (4 SN
SN 13
o\
HO

TLC: (EtOH:10% aq. AcOH = 8:2 v/v), Ry = 0.40; (EtOAc:EtOH:25% aq. NH,OH = 60:33:7 v/v), R =
0.10, CuSO, or KMnO,; "H NMR (299.94 MHz, D,0): & 0.07 (s, 9H, H-13), 2.64 (t, “Jex; = 18.6; 2H,
H-10) 2.75-3.95 (bm, 24H; H-1-5, H-7, H-9); *C NMR (75.43 MHz, D,0): & 1.5 (s, C-13); 26.5 (d,
Jep = 91.7; C-10): 50.5 (s, C-2); 51.6 (s, C-1,3); 51.8 (d, Jop = 98.3; C-9); 53.4 (s, C-4): 54.3 (s, C-7);

55.7 (s, C-5); 91.3 (d, *Jep = 7.2, C-12); 102.8 (d, *Jep = 10.5; C-11); 172.2 (s, C-6); 177.1 (s, C-8); *'P
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NMR (121.42 MHz, D,0): § 21.0-26.5 (br s); EA: calc. for HyL'-2HCI-1.5H,0, C,H,4C1:N,00 sPSi,
M=634.56: C 39.76; H 6.99; N 8.83; C1 11.18; found: C 40.03; H 7.02; N 8.64; Cl 11.23; MS(+):
535.1 (S1[M+H]"); 557.1 (100[M+Na]*): 573.1 (S0[M+K]); MS(-): 532.9 (100[M-H] ); 570.9

Q1[M+K-H]").

(NH)[Gd(L"Y)] complex

o) o)
OH fq-
/~\ 1 M\ A
6:\3'/ GdCl3.5H,0 (N\"ai \—Z‘/\S/
ol o LT Cadye S
N N N VN
o 7/ o] i/
HO o
o] o)
HyL! [edLY-

GdCl;-5H,0 (158 mg, 0.60 mmol) was added to a solution of H,L" (350 mg, 0.55 mmol) in water (10
ml) with stirring. The pH of the solution was adjusted to 4.8 with 5% aqueous NH; and the mixture
was left at RT overnight. Solvent was then evaporated in vacuo, and the product was purified by
reversed-phase chromatography (40 g YMC DispoPackAT 25-ODS cartridge) with a water—
acctonitrile gradient and 10 ppm trifluoroacetic acid modifier. Fractions containing the product were

collected and lyophilized to obtain (NH,)[Gd(L")] (253 mg, ~60% vield) as a white powder.

MS(+): 712.1 (66[[Gd(L")]+H+Na]"); 734.1 (100[[Gd(L")]+2Na]"); 750.0 (97[[Gd(L")]+Na+K]");
MS(-): 615.9 (15[[Gd(LY)]-TMS]"); 688.0 (100[Gd(L")]"); HPLC: Program A: Retention time = 5.97

min.
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Na[Gd(L")]-SS-N; complex

0, 0,
?“-?_ o N3 2‘9‘ o
/N /AN AN N
' P \ P .
[T N/ \\\s P w
OL---Gg®---1" O Si. + ~s — ol--Gd¥*- O N
e ‘N) / \\ )\jN" ' ‘N)
O = N o) p=— 8 N3
log 3 o - g
[¢] o}
[Gd(L")] 6 [GA(L")]—SS-N;

(NH,)[Gd(LY)] (250 mg, 0.36 mmol) was dissolved in a mixture of water (10 ml), iPrOH (5 ml) and
THF (5 ml) in a 50-ml flask. Then 1,6-bis(azido)-3,4-dithiahexane (456 mg, 2.23 mmol), 1 M aqueous
NaF (450 pl) and 1 M aqueous CuSO, (90 pl) were added, and the flask was sealed with a septum.
Using a needle, a gentle stream of argon was passed through the reaction mixture for 3 min with
sonication. Then, 1 M aqueous sodium ascorbate (225 pl) was added, and the reaction mixture was
stirred for 12 h at RT under an argon atmosphere. The solvent was removed with a rotary evaporator,
and the product was purified by reversed-phase chromatography (40 g YMC DispoPackAT 25-ODS
cartridge) with a water—acetonitrile gradient and 10 ppm trifluoroacetic acid modifier. Fractions
containing the product were collected and lyophilized to obtain Na[Gd(L')]-SS—-N; (153 mg, approx.

50% yield) as a yellowish sticky solid.

MS(+): 822.2 ([[GA(LY]-SS-N;+2H]'): MS(-): 819.1 ([[Gd(L")]-SS-N;] ); HRMS (ESI): caled. for:
C33H:;05N10GdPS, ([[GA(L')]-SS—Ns+2H]"): 822.12104; found: 822.12158; caled. for:
C33H3:0,0N,0GdNaPS, ([[Gd(L')]-SS—Ny+H+Na|): 844.10298: found: 844.10355; HPLC:

Program B: Retention time = 18.6 min.
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Synthesis of pH sensitive complex [Gd(L*)] =NHN=N;

In 7.R=NH,
H4L2, R=N; iv l
Y WS
_ R N=N
O O~ _ o N 0P NH
Tf N N
OO PPN
OLLNV\%10 N3
?——‘ [Gd(L?)]~NHNH-N,
o

Reaction conditions and yields: i) 1. NaNO,/aq. HCI 0 °C, 25 min; 2. NaNg/aq. HCI 0 °C, 25 min, 70 % ii)
GdCl3-5H,0/aq. NH4,OH, pH 9, rt, overnight, ~70 % iii) pent-4-ynehydrazide (8), CuSO,, Sodium Ascorbate/
THF:H,0 (1:1), rt, overnight, ~60 % iv) 6-azido-hexan-2-one (9), AcOH, MgSO,/MeOH (dry), reflux, 3 days, ~30 %

10-({Hydroxy[4-azidobenzyl]|phosphoryl}methyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic
acid (H,L?)

0, 0
OH OH o
S\ A N\ A
N N_F N N ',’/\©\
HO [ OH NH, — >~ HO [ j OH N3
N N )\/N N
o / o) s
roq ro
o] (o}
7 H,4L?

A solution of 10-({hydroxy|4-aminobenzyl|phosphoryl} methyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triacetic acid tetrahydrochloride (7-4HCI, 653 mg; 0.97 mmol) in a mixture of deionized water
(5 ml) and 6 M HCI (1 ml) in a 25-ml flask was cooled to 0 °C. Then, NaNO; (95 mg; 1.38 mmol) was
slowly added, and the reaction mixture was stirred at 0 °C for 25 min. NaN; (104 mg; 1.60 mmol) was

then slowly added, and the reaction mixture was stirred at 0 °C for another 25 min. The reaction
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mixture was placed in a rotary evaporator and twice co-evaporated with water (3 ml) to remove excess
HCI. The product was purified by reversed-phase chromatography (40 g YMC DispoPackAT 25-ODS
cartridge) with a water—acetonitrile gradient and 10 ppm trifluoroacetic acid modifier. Fractions

containing the product were collected, lyophilized and left for three weeks to equilibrate in ambient air

in the dark to obtain (H4L?) (495 mg; 70% yicld) as white powder, which turns brown when exposed

to light.
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TLC: (EtOH:25% aq. NH,OH = 8:2 v/v), R = 0.25, UV, KMnO, or CuSO,; '"H NMR (299.94 MHz,
DMSO-ds): & 2.97-3.60 (bm, 24H; H-1-4, H-9, H-10); 3.64 (bm, 2H, H-5); 4.08 (bm, 4H, H-7); 7.03
(d, *Jip = 7.9; 2H, H-13); 7.29 (d, J = 7.9 Hz, 2H, H-13); °C NMR (75.43 MHz, DMSO-dy): 3 36.5
(d, Jop = 85.6; C-10); 49.9 (s, C-2); 50.8 (s, C-4); 51.3 (s, C-1); 50.6 (d, *Jep = 105.1; C-9); 51.8 (s,
C-3); 54.1 (s, C-5); 54.8 (s, C-7); 119.8 (d, Uop = 1.6; C-13); 130.2 (d, YJep = 10.0; C-11); 132.5 (d,
Jop = 4.8; C-12); 138.3 (s, C-14); 170.1 (s, C-8); 172.6 (s, C-6); °'P NMR (121.42 MHz, DMSO-d;): &
38.1 (s); EA: calc. for HyL*3.4HCI-3H,0, C5,H.s.,Cl; ,N;0,, P, M =733.53: C 36.02; H5.96; N

13.37, C1 16.43; found: C 36.06; H 5.74; N 12.87, C1 16.49; MS(+): 555.9 (100[M+H]"); 577.9
(20[M+Na]"); 593.9 (16[M+K]"); MS(-): 553.7 ((M-H]"); HPLC: Program A: Retention time = 5.79

min.

(NH,)[Gd(L?)] complex
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GdCl35H,0 (126 mg, 0.49 mmol) was added to a solution of H,L* (300 mg, 0.41 mmol) in water

(6 ml) with stirring. The pH of the solution was adjusted to 9.0 with 3% aqueous NH,OH, and the
mixture was left at RT overnight. The solvent was removed with a rotary evaporator, and the resulting
solid was purified by flash chromatography (Buchi Sepacore® Silica 25 g cartridge) with an
EtOH:25% aqueous NH4OH (10:1 v/v) mobile phase. Fractions containing the product were collected
and dried on a rotary evaporator. The product (NH,)[Gd(L?)] (227 mg, ~70% yield) was obtained after

lyophilization from water (10 ml) as a pale powder that turns dark when exposed to light.

TLC: (EtOH:25% aq. NH,OH = 5:1 v/v), R; = 0.65, UV, KMnO,; MS(-):707.4 (Gd(L*)]"); HPLC:

Program A: Retention time = 5.69 min.

(NH,)[Gd(L*)]-NHNH, complex
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(NH)[GA(L?)] (203 mg; 0.28 mmol) and pent-4-ynehydrazide 8 (62 mg, 0.55 mmol) were dissolved
in a mixture of water (1.5 ml) and THF (1.5 ml) in a 4-ml vial equipped with a septum and magnetic
stirring bar. Then, 1 M aqueous CuSO, (32 pl) was added, and the mixture was bubbled under a brisk
stream of argon for 3 min. Subsequently 1 M aqueous sodium ascorbate (100 pl) was added, and the
solution was stirred at RT overnight in the dark. The solvent was removed with a rotary evaporator,
and the resulting solid was purified with reversed-phase chromatography (40 g YMC DispoPackAT
25-0DS cartridge) with a water—acetonitrile gradient and 10 ppm trifluoroacetic acid modifier.
Fractions containing the product were collected and lyophilized to obtain (NH4)[Gd(L*)|-NHNH,

(154 mg, ~60% yield).
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MS(#): 821.5 (33[[Gd(L?)]-NHNH,+2H]"); 844.6 (66[[Gd(L*)]-NHNH.+H+Na]"); 866.6
(100[[Gd(L*)]-NHNH,+H+K]"); MS(-): 820.5 ([[Gd(L?)]-NHNH,-H] ); HPLC: Program B:

Retention time = 10.5 min.
(NH,)[Gd(L*]-NHN=N; complex

o o]
?‘9_ ) 2 SR
SN A N NP
N Vos
I/N\ ‘\3;N\ . Na\/\/\“/ r _Gd3+._-\—-(|)—
oG-y o o 2N ) N

N NN 9 O N LN
AN ”Q B O
o o 0"

HN
o} NH o N O
HoN
[Gd(L2)]-NHNH, [Gd(L?)]-NHN-N; N
3

(NH4)[Gd(L2)]—NHNH2 (100 mg; 0.12 mmol) and 6-azido-hexan-2-one 9 (137 mg; 0.97 mmol) were
dissolved in anhydrous MeOH (8 ml) in a 25-ml flask equipped with a reflux condenser with a
chlorcalcium tube. Glacial acetic acid (22 mg; 0.37 mmol) and anhydrous MgSO, (1.00 g; 8.33 mmol)
were added, and the reaction mixture was heated to reflux under chlorcalcium tube for 3 days. The
solvent was removed with a rotary evaporator, and the resulting solid was purified with reversed-phase
chromatography (40 g YMC DispoPackAT 25-ODS cartridge) with a water—acetonitrile gradient.
Fractions containing the product were combined and lyophilized to obtain (NH,) [Gd(L?*)]-NHN-N;

(33 mg, ~30% yield).

MS(-): 944.3 ([M—H] ): HRMS (ESI): caled. for: CssH,;0oN1;GdP ([[Gd(L?)]-NHN-N;] ):

944.25731; found: 944.25711; HPLC: Program C: Retention time = 18.9 min.

Preparation of ND-HPMA-Gd conjugates

Nanodiamonds (NDs) (MSY 0-0.05, Microdiamant, Switzerland) were oxidized by air in a furnace at
510 °C for 4 h; treated with a mixture of HF and HNO; (2:1) at 160 °C for 2 days; and washed with
water, | M NaOH, 1 M HCl and water. Purified ND powder was irradiated in an external target holder

for 21 hours with a 16.6 MeV electron beam (1.25 x 10' particles cm™) from an MT-25 microtron.
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The irradiated material was annealed at 900 °C for 1 h and subsequently oxidized for 4 h at 510 °C.
The resulting powder was again treated with a mixture of acids and washed with NaOH, HCI and

water, providing a colloidal solution of ND-COOH.

Poly(vinylpyrrolidone) (MW = 10,000, 136 mg) was dissolved in water (120 ml) and sonicated for 10
min in an ultrasonic bath. ND-COOH colloid (24 ml, 2 mg ml", filtered using a 0.4 ym GMF filter)
was added, and the mixture was stirred for 24 h. The colloid was then concentrated by centrifugation.
NDs (in approximately 3 ml solvent) were resuspended in ethanol (48 ml). Tetracthyl orthosilicate
(360 pl) and 3-(trimethoxysilyl)propylmethacrylate (120 ul) were added, and the mixture was
sonicated for 20 s in an ultrasonic bath. Ammonia (25%, 2 ml) then was added. The reaction mixture
was stirred for 14 h. The product was purified by centrifugation, washed with methanol and
transferred to 0.3 ml of DMSO using a rotary evaporator. (2-Hydroxypropyl)methacrylamide (HPMA)
(735 mg), N-propargyl acrylamide (315 mg) and 2,2-azobis(2-methylpropionitrile) (AIBN, 300 mg)
were dissolved in DMSO (3 ml). The mixture was filtered using a 0.4 um glass microfiber microfilter.
Methacrylate-terminated NDs (48 mg) dispersed in 0.3 ml DMSO were added. The reaction proceeded
for 3 days under argon at 55 °C. The particles were purified by centrifugation with methanol. Alkyne-
modified HPMA-coated NDs were decorated with azide-modified Gd** complexes using Cu(I)-
catalyzed azide-alkyne cycloaddition (CuACC). HPMA-coated NDs (10 mg in a final reaction volume
of 128ml 50 mM HEPES buffer, pH 7.4) were mixed with non-cleavable Gd** complex
(NH4[Gd(L?))), cleavable Gd complex with hydrazone (NH4[Gd(L?*)]-NHN-N;) or a disulfide linker
(Na[Gd(L")]-SS-N3) in final concentrations of 0.96, 1.92 and 2.4 mM, respectively, pre-mixed
0.32mM CuSO; and 0.64 mM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) ligand and a
freshly prepared solution of sodium ascorbate (5 mM). The reaction mixture was well-sealed, left for 1
h with no stirring and washed by centrifugation with water (Gd*>* conjugates with non-cleavable, ND-
HPMA-Gd, and disulfide, ND@redox, linkers) or methanol (Gd* conjugates with hydrazone linker,
ND@pH). The resulting nanosensors were stored in water (ND-HPMA-Gd and ND@redox) or in dry

methanol (ND@pH) at 4 °C.
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Characterization of ND-polymer-Gd nanosensors

The stability and surface charge of HPMA-coated NDs with Gd** complexes were tested in solutions
later used for further experiments: 50 mM citric acid (pH 2.0), 50 mM acetate buffer (pH 4.5), 50 mM
HEPES buffer (pH 7.4), 50 mM TRIS buffer (pH 8.5) and 10x concentrated PBS. Dynamic light
scattering (DLS) and zeta potential were recorded with a Zetasizer Nano ZS system (Malvern

Instruments) at 37 °C. Sample concentrations were 0.1 mg ml™.

To prepare the samples for transmission electron microscopy (TEM), carbon-coated copper grids were
placed into a UV-ozonizing chamber (UV/Ozone Pro Cleaner Plus, Bioforce Nanosciences) for 15
min. Then, a droplet of jetPEI (Polyplus tranfection, cat no. 101-10) was placed on the grid. After 10
min incubation, it was removed with a piece of tissue. Then, a droplet of aqueous solution of NDs
(0.05 mg ml™") was placed on the grid, and after 3 min incubation, liquid was removed with a piece of

tissue. TEM pictures were captured using a JEOL JEM-1011 electron microscope operated at 80 kV.

Total amounts of Gd** complexes conjugated to HPMA -coated NDs were estimated using inductively
coupled plasma atomic emission spectroscopy (ICP AES). The analysis was performed using a

Spectro Arcos SOP ICP AES spectrometer, power 1450 W, sample flow 2 ml min™,

Kinetics of release of Gd** complex from the conjugate

ND@pH: A 5-pl aliquot of NDs colloid (20 mg ml™” in water) was diluted with 95 pl buffer (cither
50 mM citrate, pH 2.0; 50 mM acetate, pH 4.5 or 50 mM HEPES, pH 7.4). The mixture was incubated
for a certain time (30 s, 1, 2, 4 and 60 min for pH 2.0; 2.5, 5, 10, 20, 40 min and 8 h for pH 4.5; and 2,
6, 12 and 24 hours for pH 7.4) at 37 °C. The cleavage reaction was then stopped by addition of
HEPES buffer (300 mM, pH 8.0) to the mixture (100 ul for pH 2.0, 20 ul for pH 4.5). NDs were
centrifuged (10 min 55,000 rcf, 4 °C), and the supernatant was removed and diluted with 2% HNO;
for ICP MS measurements. A control representing time 0 s was set up with the opposite order of
mixing;: first, the NDs colloid was diluted in HEPES buffer, then cleavage buffer (acidic conditions)

was added. The non-cleavable ND-HPMA-Gd conjugate was used as a control at the 0, 15, 30, 45 and
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60 minutes and processed under the same conditions. All samples were prepared in duplicate.
Concentrations of Gd** complexes in solutions were analyzed in duplicate (performed with two
independent samples, where each was measured twice (4 results)) using an ICP MS 7700 (Agilent

Technologies) instrument.

ND@redox: A 5-pl aliquot of NDs colloid (20 mg ml™ in water) was diluted with 95 pl buffer (50
mM HEPES buffer, pH 7.4, or 50 mM TRIS, pH 8.5). A solution of glutathione (final concentrations
of 1, 5 and 10 mM) was added. The mixture was incubated for a certain time (2, 5, 10, 30 and 60 min)
at 37 °C under inert conditions. The cleavage reaction was then stopped by addition of 6-
maleimidohexanoic acid (diluted in 10% DMSO in 0.5 M phosphate buffer, pH 7.0, final
concentration 100 mM). NDs were centrifuged (10 min 55,000 rcf, 4 °C), and the supernatant was
removed and diluted with 2% HNO; for ICP MS measurements. A control representing time 0 s was
set up with the opposite order of mixing: 6-maleimidohexanoic acid was first added to NDs colloid
diluted in buffer and then glutathione was added. The non-cleavable ND-HPMA-Gd conjugate was
used as a control at the 0, 15, 30, 45 and 60 minutes and processed under the same conditions. All
samples were prepared in duplicate. Concentrations of Gd** complexes in solutions were analyzed in
duplicate (performed with two independent samples, where each was measured twice (4 results)) using

an ICP MS 7700 (Agilent Technologies) instrument.
Preparation of Britton-Robinson buffers (measurements in Supplementary Figure 8)

Britton-Robinson buffers (with equal composition and ionic strength) were prepared according to the
established procedure: 0.5 M Britton-Robinson buffer at pH 3.29 was prepared (by mixing 0.0667 g of
NaOH, 0.0664 ml CH;COOH, 0.114 ml H;PO,, 0.103 g H;BO; and 1.729 g KCl). For T,
measurements, stock buffer was diluted to 50 mM concentration and pH was adjusted to required pH
(3.8,4.5,5.5, 6.2 and 6.9) by NaOH. The conductivity of all solutions was adjusted to the same value

(6.40 mS) by addition of KCI.
Theoretical model of NV relaxometry influenced by the release of Gd** complex

The total NV relaxation rate is:
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Ttotar = Tint + Texternat 0))

The intrinsic decay rate I}, is attributed to spin noise (impurities) in the diamond lattice like Orbach
or Raman proccss? The external part Teyternq 1S attributed to the randomly distributed Gd* complex

locating in the polymer shell surrounding ND, and can be written as®:

_ gili 2
Lextrernal = 3gnvHp Xi # <Bi >

I
1+w3Te2

@

Where g; is the g-factor, y; the magneton and 7., is the typical correlation time of the spin species

with index i.

As in equation (1) the decay rates just sum up, we can also combine several decay channels that are
kept constant over time. We therefore consider the sample ND-HPMA (without Gd*>" complex) has an
intrinsic relaxation time, and add another decay channel induced by Gd** for other samples (with Gd**

complex).

Starting with a spin S; placed at the distance 7; to the NV to derive an expression for < B? >,

the spin creates a time fluctuating magnetic field B; at the position of the NV:

o ) 1 3(5..1-.).1-.
B) = (il T?(Si B ) 3)

Weak magnetic field components along the NV quantization axis (z) only lead to a detuning off the
NV resonance, but don’t introduce a change in the spin level populations, as the x and y components

will do. Therefore we can neglect the z-component of the B field:

> +< B2 > )

2 2
B.? =<BY;

We assume the spin to be in a purely mixed state. Its density matrix p can be written as:

1
P = Ezs41 (5)

Than B J_,}Z. can be expressed as:
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2 243sin?(a;)
BL = Tr(pBE)) + Tr(pB}) = ({2gens) - G =2 (62)
with:
_ 1 S 2 _ S(S+1)
Cs = 25+1Z =-sM” ==+ (6b)

In the following we consider spins randomly distributed in a layer with thickness 8d and the
volume density of o; on the surface of a spherical diamond with diameter d,,. The total magnetic field

experienced by the NV center for all spin species can then be summarized in spherical coordinates:

<7 5= 382, = () G ar 7 ap [ apsing 2200 (7)
With:

sinfa =sin?9 (7b)
And

r =12 —6r2sin? 6 + 6rcos b (7¢)

When moving 67 from the center of a spherical shaped nanodiamond along the NV spin

quantization axis (parallel to the NV axis).

If the NV is moved on a path perpendicular to its quantization axis, then sin? @ and r have the

following expression®:

sin? @ = cos?6 + sin? fsin? ¢ (7d)
And
r=+r'2 —§r2sin?0 + ércos b (7¢)

The total fluctuation rate of the Gd*>* complex is R = 1/, = Raip + Rypwhere Ry is due to the

inter bath dipolar coupling while Ry is caused by intrinsic vibrational spin relaxation of the Gd**
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complex in solution. In current study, we adapted the typical value of Ry = 50 GHz for Gd**

complex’.
In the following, we calculate the R,
The spin-spin interaction of two spins k and [ can be describe by the following Hamiltonian:

— 3(Sk'l‘k1)'(51"k1)) ®)

2
Tt

1
Hy = Z—:[gkllk i (Sksl

And is connected to the interaction rate Ry, = 1 /r? P with:

hRgip = 'Ek#:l < Hpy > )

By using (8) one finds®:

2 1
< Hfy >= (f_igkllk : gllll) "6CF = (10)

Tkt
Spins in a thick layer:

For a layer with height of §d consisting of spins with the density 0 we use the following

approximation:

1 2m Sd—dmin co r _ Sd—dmin o T
Zk¢l 5 =0 fo d¢ fdmin dz mein dr (r2+z2)3 2no fdmin dz frmin dr (r2+z2)3
(11a)

Where dynin,  and 1y,,;, accounts for the minimal distance between neighbor spins since the spins later

can’t be infinitesimally dense packed. Now assuming homogencous distributed spins each caged in a

sphere with radius of 7, we make the following approach for a thick layer: dp,in = Tpin = \/—15 - 15 and

od > 5.

Spins in the center of the layer will have more neighbors to interact then spins directly at the

surface. As an approximation we modify Equation (11a) by average over all possible positions:
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Tirtre = saszamm Jo dh [, dz [y de [, dr (11b)
1 T g

Zk¢la22ﬂﬂ'ﬁﬁ7'é (llc)

And the average spin-spin interaction rate of a spin bath in a thick layer can be approximated by:

layer _ . _QZ'MZ . .
Ry ~ 0.5157 « py - =5 €

(12)
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Supplementary Discussion
NV spin population readout in NDs

The charge state of the NV centers can be influenced by various quantities, such as the local

environments, surface treatment of the diamond, excitation wavelength of laser and etc.'*!™>". 1

n
particular, the charge state of NV centers in NDs is highly depending on the surface passivation due to
their high surface to volume ratio'®. In addition, their charge state can adjust over time without
illumination, and also differs under laser illumination. As a consequence, the NV centers can change
their charge state on the time scale of several ps to ms, depending on the used laser power and
wavelength®, which can be directly observed as an increase or decrease of the NV fluorescence after
turning on the laser'®. A typical single T, measurement containing no additional control sequence will
contain that information, diminishing the measured spin contrast significantly. If one now applics a
second measurement (control), i.e., by an additional microwave pulse (c.g., square or linear chirp
pulse) before read out, the NV sublevel population is inverted and the spin contrast can be calculated.

In other words, one can extract the pristine spin contrast by subtracting the normalized T,

measurement from the control'.
Simulation of NV spin sublevel flip induced by microwave excitation

We simulated the evolution of the spin-state using the NV spin Hamiltonian'>'® by applying a

linear polarized microwave excitation along the x-direction of the NV reference frame, while its z-
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direction is along the NV rotational symmetry axis. We introduced the desired broadening as a
Zeeman-like term, which would be introduced by a magnetic field aligned along the NV quantization
axis. Both transitions are split by the “Zeeman-like term” around 16 MHz (see Supplementary Fig.
10). In this scenario we only have to consider the angular dependence of the microwave excitation
field versus the NV quantitation axis. To simplify the simulated model, we also intentionally discard
the Zero field parameter E that is accounting for strain in the NDs crystal. After averaging over all
possible angular orientations of the microwave driving field, we extract the average probability to flip

NV sublevel.
Inhomogeneous ODMR linewidth broadening in NDs

From Hahn-echo measurements on a well dispersed NDs sample we estimated an average T,
time around ~1us (data not shown) for single to few NVs in an individual diamond nanocrystal. This
is a typical value for NDs'”'®" The corresponding natural line width of one ODMR line would be
around several hundreds of kHz, and therefore cannot be the origin of the observed line-broadening
(Supplementary Fig. 10a). Another possible broadening by laser excitation could be ruled out by
checking its laser power dependent behaviors (data not shown). Therefore, we attribute the observed
inhomogencous ODMR line broadening to the variations of strain among different diamond
nanocrystals®”'. In addition, a weak residual static magnetic field, e.g., the earth magnetic field, may

also partially account for such splitting and broadening.
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