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The systemic application of highly potent drugs such as cytostatics poses the risks of side effects, which
could be reduced by using a carrier system able to specifically deliver the encapsulated drug to the
target tissue. Essential components of a nanoparticle-based drug delivery system include the drug carrier
itself, a targeting moiety, and a surface coating that minimizes recognition by the immune system. The
present work reports on the preparation, in vitro characterization and in vivo testing of a new delivery
system consisting of fluorescent silica nanoparticles functionalised with a non-immunogenic stealth
polymer poly(N-(2-hydroxypropyl)methacrylamide) (pHPMA) and a monoclonal antibody IgG M75 that
specifically binds to Carbonic Anhydrase IX (CA IX). CA IX is a promising therapeutic target, as it is
a hallmark of several hypoxic tumours including colorectal carcinoma. Uniquely in this work, the
monoclonal antibody was covalently coupled to the surface of fluorescently labelled silica nanoparticles
via a multivalent amino-reactive co-polymer rather than a traditional bivalent linker. The pHPMA-M75
functionalised SiO, nanoparticles exhibited excellent colloidal stability in physiological media. Their in
vitro characterisation by flow cytometry proved a highly specific interaction with colorectal carcinoma
cells HT-29. In vivo study on athymic NU/NU nude mice revealed that the SiO,—pHPMA-M75

Received 23rd April 2018 nanoparticles are capable of circulating in the blood after intravenous administration and accumulate in

Accepted 4th June 2018
the tumour at tenfold higher concentration than nanoparticles without specific targeting, with
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minimize the protein adsorption if a prolonged nanoparticle
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Introduction

It is known that intravenously (i.v.) administered nanoparticles
without specific surface coating are quickly removed from the
bloodstream because they are recognized by the immune
system.'® Nanoparticle administration into the bloodstream is
usually followed by the adsorption of plasma proteins to the
nanoparticle surface (opsonization),"** which induces macro-
phage phagocytosis.*” The phagocytosed nanoparticles are then
decomposed or stored in the liver, spleen or other organs of the
Reticulo-Endothelial System (RES).? Therefore, it is necessary to
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circulation is required (e.g. vascular drug delivery, site-specific
targeting).® Several materials have been explored in order to
prevent protein adsorption and prepare so called “stealth
nanoparticles”.

Coating by hydrophilic polymers that act as a steric barrier
appears to be the most efficient approach (e.g. polyethylene
glycol, polyvinyl pyrrolidone, polyvinyl alcohol etc.).>**** The
most commonly used polymer from this group is polyethylene
glycol (PEG), which is considered as a “gold standard” for
stealth polymers. However, it offers not only advantages but also
certain risks (hypersensitivity reactions, anaphylaxis).*>*®
Therefore, alternatives to PEG have been intensively explored
recently. Co-polymers based on poly(N-(2-hydroxypropyl)meth-
acrylamide) (pHPMA) seem very promising in the field of drug-
polymer conjugate delivery and a few candidates have already
been tested in clinical trials.'*'” pHPMA sufficiently prolongs
the blood circulation of such conjugates and thus enables
passive tumour accumulation.*®*° Other studies confirmed that
PHPMA can create a stealth hydrophilic layer or even enhance
the blood circulation in the case of DNA complexes,* self-
assembled vesicles,” polymeric particles*® or viral vectors.>
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However, pHPMA has not been previously combined with silica
based drug carriers.

Apart from prolonging blood circulation, accumulation in
the tumour can be further enhanced by active targeting to
tumour-specific molecules. One such molecule is Carbonic
Anhydrase IX (CA IX), a transmembrane protein overexpressed
in several commonly occurring carcinomas.” Thanks to its low
expression in the normal tissue,*® it is a promising target for the
delivery of anticancer drugs.” CA IX can be targeted by various
moieties such as enzyme inhibitors,*” but in order to achieve
a truly specific binding, it has been shown that the monoclonal
antibody IgG M75 binds CA IX*® and specifically accumulates in
HT-29 human colorectal carcinoma xenografts in vivo (HT-29
cell line expressing CA IX).** In our previous work it was
confirmed that silica nanoparticles bearing IgG M75 antibody
can specifically adhere to CA IX antigen under in vitro condi-
tions.*® Therefore, the objective of the present was to prepare
silica nanoparticles suitable for in vivo experiments by the
covalent coupling of IgG M75 in combination with a stealth
polymer pHPMA to the nanoparticle surface, and to prove that
such nanoparticles are capable of specific accumulation in
tumours expressing CA IX.

Beyond the factors mentioned above, particle size is another
important parameter that significantly affects the biodistribution,
protein adsorption and pharmacokinetics of i.v. administered
nanoparticles. Even though smaller particles generally tend to
circulate longer,"” the design of multi-compartmental drug
delivery devices (e.g liposome aggregates®) brings certain

Table 1 Characteristics of silica nanoparticles in demineralized water
at different stages of the surface modification

Mean diameter Polydispersity ~ Zeta potential
Nanoparticle type  [nm] index (PDI) [-] [mV]
SiO,-NH, 168 + 18 0.011 +27 £ 4
SiO,-pHPMA 169 + 41 0.058 —20+£7
SiO,-pHPMA-M75 180 =+ 35 0.038 —15 £ 8
SiO,-pHPMA-ISO 165 £ 36 0.004 —13£7

Fig. 1
the nanoparticle surface.
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limitations into the applicable range of particle diameters, espe-
cially from below. Silica nanoparticles possess an advantage of
tunable size and porosity and thus are intensively studied as
carriers for drug delivery.*> Such nanoparticles can be functional-
ized with targeting moieties and transported to the area of
interest.*** When modified with an antibody fragment or a whole
antibody, silica nanoparticles can accumulate in the tumour
tissue, which can be used not only for treatment, but also for
diagnostic purposes.*** The transported drug or diagnostic probe
can be adsorbed to the particle surface or encapsulated in the
pores sealed by a gatekeeper system. Moreover, silica is classified
as “Generally Recognized as Safe” (GRAS) by the FDA and is used in
cosmetics and as a food-additive.>* At present, a phase 2 study is
conducted with targeted mesoporous silica nanoparticles for
image-guided operative sentinel lymph node mapping.*

Hence, the present work focuses on the preparation, in vitro
characterization, in vivo biodistribution and tumour targeting
of 170 nm fluorescent silica nanoparticles coated by pHPMA
with a covalently attached monoclonal antibody IgG M75 as
a new, actively targeted drug delivery system.

Results and discussion
Physico-chemical properties

Fluorescent silica nanoparticles with covalently bound pHPMA
(SiO,-pHPMA), pHPMA with antibody IgG M75 (SiO,-pHPMA-
M?75) or irrelevant isotypic antibody (SiO,~pHPMA-ISO) were
prepared and characterized. The nanoparticles exhibited mean
diameters ranging from 160 to 180 nm with a polydispersity
index under 0.1 (Table 1). The zeta potential of uncoated amino-
silica nanoparticles was positive (+27 mV) due to the presence of
amino-groups on the nanoparticle surface. Polymers based on
PHPMA are generally considered of having zeta potential values
close to zero. The covalent coupling of pHPMA chains to the
nanoparticle surface is done via the aminolysis of amino-
reactive thiazolidine-2-thione (TT) groups. These TT groups
might be also hydrolyzed, as a side reaction, with the resulting
carboxylic groups in the polymeric side-chain introducing
a negative charge to the nanoparticle surface (Table 1).
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(A) TEM micrograph of SiO,-pHPMA-M75 nanoparticles; (B) DLS measurements in PBS show colloidal stability when pHPMA is present on
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Fig. 2 Invitro characterisation of nanoparticle surface functionalisation. (A) ELISA-like test confirms the presence of the active antibody IgG M75

(SiO,—pHPMA-M75). Nanoparticles without the specific antibody (SiO,—pHPMA, SiO,—-pHPMA ISO) do not adhere to the antigen-modified
surface. (B) ELISA-like test. Filled columns — SiO,—pHPMA-M75 nanoparticles after the synthesis, stripped columns — the same batch of the

nanoparticles after their repeated wash with PBS (3x).

However, when the antibody is attached to the polymer-
modified nanoparticles via the TT-groups that were not
consumed by the reaction with the nanoparticle surface, the
measured zeta potential (Table 1) of the final antibody-
functionalised nanoparticles is less negative than in the
absence of the antibody (which is also slightly positively
charged).

The final amount of polymer and antibody was measured via
amino acid analysis and found to be 36.1 pg of pHPMA and
9.5 pg of antibody per 1 mg of nanoparticles (3.6 wt% and
1.0 wt%, respectively), which represents approximately 195
antibody molecules and 2460 pHPMA polymer chains per one
nanoparticle, on average. The details of the amino acid analysis
and the antibody and polymer quantification are available in
ESI 3.t
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Fig. 3

The results of the morphology and size distribution
measurement by Transmission Electron Microscopy (TEM) were
in accordance with the data obtained by Dynamic Light Scat-
tering (DLS). The TEM size measurement provided the average
nanoparticle diameter of 140 + 18 nm. Based on the TEM
analysis, it can be concluded that nanoparticles were spherical
and possessed a narrow size distribution (Fig. 1).

Nanoparticle colloidal stability in the presence of salts was
also of interest due to their intended physiological application
and was examined by particle size distribution measurements
employing DLS (Fig. 1). While uncoated amino-silica nano-
particles aggregated in phosphate buffer saline (PBS, 10 mM;
pH 7.4), all three types of pHPMA-modified nanoparticles
formed stable colloidal dispersions due to the steric stabiliza-
tion caused by the hydrophilic pHPMA polymer chains attached
to the nanoparticle surface. Even though these particles
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Count
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In vitro characterisation of nanoparticle interaction with cells. Flow cytometry experiment with (A) HT-29 cells expressing CA IX, and (B)

DLD-1 cells not expressing CA IX. Red — SiO,—pHPMA-M75 nanoparticles; green — SiO,—pHPMA-ISO nanoparticles; blue — SiO,—pHPMA

nanoparticles; orange — HT-29(A) or DLD-1(B).
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sediment after two weeks of storage at 4 °C due to their density,
they can be quantitatively re-suspended with no change in the
particle size distribution.

In vitro behaviour

The ELISA-like test was used to examine the specific interaction
of the antibody IgG M75 with the proteoglycan domain of CA IX
in fusion with the Maltose Binding Protein (PG-MBP). Fig. 2A
shows the data obtained from fluorescence intensity measure-
ment confirming the functionality of the antibody IgG M75 on
the SiO,-pHPMA-M75 nanoparticles. At the same time, nano-
particles without the specific antibody (SiO,~pHPMA and SiO,—
pHPMA-ISO) did not bind to the PG domain of CA IX. No non-
specific interactions of either particle type were observed.

Fig. 2B demonstrates the covalent attachment of the anti-
body to the nanoparticles examined by repeated washing with
a buffer (3 times in 1 mL of PBS). The active antibody is present
after the washing and therefore it might be concluded that the
antibody is covalently attached to the nanoparticle surface
rather than simply adsorbed. The fluorescence intensity
decrease at some dilutions might be due to the partial nano-
particle loss during the washing steps caused by the fact that
pHPMA coating increases the dispersion stability and thus
complicates the nanoparticle centrifugation.

Fig. 4
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The flow cytometry experiments (summarized in Fig. 3) were
carried out to prove that only the specific antibody-antigen
interactions are responsible for binding of the SiO,-pHPMA-
M75 nanoparticles to the target HT-29 cells. In the case of
fluorescent nanoparticles adhered to the cell surface, the
measured fluorescence signal of the cell is increased. Positive
control experiments (free IgG M75 and a secondary antibody
GAM-FITC) confirmed the presence of CA IX antigen on the HT-
29 cells. At the same time, there were no interactions between
the control antibodies and a DLD-1 cell line (which does not
express CA IX).

Fig. 3A shows the results of testing with the HT-29 cell line.
Since the SiO,-pHPMA-M75 nanoparticles specifically adhere to
the cell surface, an increase of fluorescence intensity was
detected. There was no signal shift observed in the case of either
SiO,-pHPMA or SiO,-pHPMA-ISO nanoparticles. In the case of
DLD-1 cells (Fig. 3B), which do not express CA IX, no significant
difference in the fluorescence intensity among the tested
nanoparticles was observed. The obtained data indicate that the
tested nanoparticles do not interact with the cells non-
specifically.

The fluorescence microscopy experiments (Fig. 4) showed
results consistent with the flow cytometry experiments. Nano-
particles bearing the specific antibody IgG M75 (SiO,~pHPMA-

Fluorescence microscopy experiments with SiO,—pHPMA-M75 nanoparticles show specific interaction with HT-29 cells and no inter-

action with DLD-1 cells (left — fluorescence mode; right — overlay of fluorescence and optical mode).
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Fig.5 Invivo study | (dose 75 mg kg™3). Primary vertical axis (columns) shows nanoparticle concentration in (A) blood, (B) tumour, (C) spleen and
(D) liver in time. Secondary vertical axis (lines) shows the percentage of the total administered dose. Red/dashed line — SiO,-pHPMA-M75; blue/

dotted line — SiO,—pHPMA.

M75) adhered only to the HT-29 cells and not to DLD-1 cells.
The uneven distribution of the nanoparticles on the cell surface
can be due to the variable level of CA IX expression on the
surface of the individual cells. Nanoparticles without the
specific antibody did not interact with the HT-29 cells as shown
in ESI 1.1

In vivo behaviour

The nanoparticle biodistribution and specific accumulation in
tumour tissue was investigated in athymic NU/NU nude mice
bearing HT-29 tumours in two separated in vivo studies. First (in
vivo study I), we focused on the circulation times and blood
clearance of the stealth SiO,-pHPMA nanoparticles and the
tumour targeting of the SiO,~-pHPMA-M75 nanoparticles using
an initial dose of 75 mg kg™ ', which was based on typical values
that can be tolerated by the animals.

This journal is © The Royal Society of Chemistry 2018

Both types of nanoparticles were detected in the blood of all
mice even after 1 hour from the nanoparticle administration
(Fig. 5A), which can be considered as significantly prolonged
circulation in comparison to other types of particles.>*® This
finding opens up new possibilities for the development of
silica-pHPMA drug-delivery particles.

Antibody-modified nanoparticles (SiO,-pHPMA-M75) were
removed slightly faster than nanoparticles without the antibody
(SiO,-pHPMA), which can be attributed to the fact that the
antibody may act in a similar way as opsonin, and enhance
macrophage phagocytosis®* (the random orientation of the
antibodies on the nanoparticle surface leads to the exposure of
the Fc fragments and their subsequent recognition by the
macrophage membrane receptors).

The most important finding concerns the efficiency of the
tumour targeting. Actively targeted SiO,-pHPMA-M75

RSC Adv., 2018, 8, 21679-21689 | 21683
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Fig.6 Invivo study Il (dose 20 mg kg™). Primary vertical axis (columns) shows nanoparticle concentration in (A) blood, (B) tumour, (C) spleen and
(D) liver in time. Secondary vertical axis (lines) shows the percentage of the total administered dose. Red/dashed line — SiO,—pHPMA-M75; green/

dotted line — SiO,—pHPMA-ISO.

nanoparticles accumulate in the tumour at tenfold higher
concentration than the non-targeted ones (Fig. 5B) and reach
the maximum measured concentration already within 10
minutes after the administration. Moreover, these nano-
particles are significantly retained in the tumour tissue even
after 24 hours, compared to nanoparticles without the antibody
(SiO,~pHPMA). In case of drug delivery application, this should
provide enough time for the drug release or even in situ drug
production, if the particles are loaded with the drug precursors.

High concentrations of nanoparticles were, as expected,
detected in the spleen (Fig. 5C) and liver (Fig. 5D), organs of the
Reticulo-Endothelial System (RES). The concentration in these
organs increases in time, where in the case of the spleen it can
be concluded that nanoparticles modified with the antibody are
retained more. The overall nanoparticle distribution together
with the fact that the maximum concentration in the tumour
was reached within 10 minutes after the administration,

21684 | RSC Adv., 2018, 8, 21679-21689

indicates that the administered nanoparticle dose was probably
too high and the binding sites in the tumour were saturated
while an excess of nanoparticles remained in circulation and
was available to the other organs. Hence, it was hypothesised
that by decreasing the dose, a more favourable tumour : RES
ratio should be obtained.

In order to confirm this hypothesis and to better understand
the dose effect on the nanoparticle accumulation, the in vivo
study II was carried out. Since the stealth effect of pHPMA
nanoparticle coating was already confirmed in in vivo study I,
nanoparticles with an irrelevant IgG 2b isotypic antibody (SiO,-
pHPMA-ISO) were chosen as a negative control, in order to
eliminate possible effects of the particle surface chemistry. The
administered nanoparticle dose in study II was 20 mg kg™,
which is approximately 4 times less than in study I but still
enables reliable fluorescence detection of the nanoparticles on
the background of autofluorescent tissues. The nanoparticle

This journal is © The Royal Society of Chemistry 2018
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concentration in the blood (Fig. 6A) decreased faster than in the
case of the higher nanoparticle dose. This can be attributed to
the macrophage phagocytic capacity and kinetics.

The maximum concentration of the specifically targeted
SiO,-pHPMA-M75 nanoparticles in the tumour was measured
at 1 hour from the administration of the lower dose (Fig. 6B).
This indicates a connection between the dose and the tumour
accumulation kinetics. The maximum concentration of nano-
particles in the tumour relative to the dose was approximately
3x higher in comparison with in vivo study I. An interesting and
a very positive result is that by reducing the dose, the
tumour : RES ratio (measured 1 hour after administration) was
improved from approx. 1 : 40 (in vivo study I) to 3 : 20 (in vivo
study II). Hence, exploiting differences in the tumour accumu-
lation and macrophage uptake kinetics offers possibilities for
further optimization of the nanoparticle targeting.

Nanoparticles without specific targeting (SiO,~pHPMA-ISO)
do not significantly accumulate in the tumour tissue, however
their concentration in the 10™ minute after the administration
was approximately 2x higher than in the case of SiO,-pHPMA
nanoparticles in the first in vivo study. This might be attributed
to the presence of protein molecules on the nanoparticle
surface, which increases their zeta potential and thus can lead
to enhanced nanoparticle extravasation or retention in the
tumour tissue in comparison to nanoparticles without the
antibody (SiO,~pHPMA).** SiO,-pHPMA-ISO nanoparticles were
not significantly retained and their concentration in the tumour
decreased proportionally with their concentration in the blood.

The nanoparticle accumulation in the spleen (Fig. 6C) shows
lower differences between the used nanoparticle types than in
the first study, which is due to the higher surface similarity
(both types bear antibody molecules on the surface). The total
nanoparticle concentration in the liver (Fig. 6D) after 24 hours
reaches approximately 60% of the administered dose, which is
the same as in the first study.

Conclusion

For the first time, fluorescent silica nanoparticles (170 nm)
coated by a covalently attached polymeric chain based on
amino-reactive =~ multivalent  poly(N-(2-hydroxypropyl)meth-
acrylamide) (pHPMA) and an antibody IgG M75 coupled via the
polymer were prepared and characterized in a series of physico-
chemical, in vitro and in vivo tests. The amount of the polymer
and the antibody, determined by amino acid analysis, was
established as 3.6 wt% and 1.0 wt%, respectively. Nanoparticle
stability in physiological media was established by DLS
measurements.

ELISA-like tests revealed specific interaction between nano-
particles bearing the IgG M?75 antibody and an antigen
comprising of the proteoglycan domain of Carbonic Anhydrase
IX (CA IX) in fusion with the Maltose Binding Protein (PG-MBP).
Further in vitro characterization employing flow cytometry
demonstrated that SiO,~-pHPMA-M75 nanoparticles were able
to bind selectively to the tumour cells HT-29, which express CA
IX.

This journal is © The Royal Society of Chemistry 2018
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In vivo study carried out on athymic NU/NU nude mice
bearing HT-29 tumours showed that nanoparticles coated with
poly(N-(2-hydroxypropyl)methacrylamide) could circulate in the
blood longer than 60 minutes, which indicates the stealth effect
of pHPMA and increases the possibility of reaching the target
tissue. Further, it was shown that actively targeted SiO,-
pPHPMA-M75 nanoparticles accumulated in the tumour at
tenfold higher concentration compared to SiO,—-pHPMA nano-
particles and were retained in the tumour tissue even 24 hours
after the administration of a 75 mg kg™" dose. The study of the
nanoparticles with irrelevant isotypic antibody (SiO,~pHPMA-
ISO) administered at 20 mg kg™ dose indicates that the pres-
ence of the protein molecule on the nanoparticle surface
enhanced nanoparticle extravasation in the fenestrated tumour
vasculature in comparison to SiO,-pHPMA nanoparticles, but
these nanoparticles were not retained in the tissue due to the
absence of a specific antibody.

It was shown that the lowering of the nanoparticle dose can
lead to a change in the tumour accumulation kinetics. While
the high dose caused a fast saturation of the tumour tissue
binding sites (the maximum concentration was measured in the
10" minute), the administration of the lower dose lead to the
maximum concentration at 1 hour after administration.
Consequently, the nanoparticle dose reduction resulted in a 6x
improvement of the tumour : RES ratio. In summary, silica
nanoparticles coated with pHPMA and IgG M75 were shown to
be a promising tumour targeting system with potential for
further functionality enhancement (e.g. drug delivery).

Methods

Chemicals

The following chemicals were used for the synthesis, modifi-
cation and characterization of the nanoparticles: (3-amino-
propyl)triethoxysilane (APTES), 3-sulfanylpropanoic acid, B-
alanine, albumin from bovine serum (BSA), ammonium
hydroxide (28-30%), fluorescein 5(6)-isothiocyanate (FITC),
methanol, o-phthalaldehyde, phosphate buffered saline (PBS)
tablets, sodium acetate, tetraethyl orthosilicate (TEOS) and
triethylamine from Sigma-Aldrich, 1-aminopropan-2-ol from
TCI Europe N.V., propidium iodide from Fluka and ethanol for
UV, sodium chloride and hydrochloric acid from Penta. The
isotypic IgG 2b antibody was purchased from Exbio Praha, a.s.
and goat anti mouse IgG-FITC (GAM-FITC) antibody was
purchased from Jackson Immunoresearch Laboratories. Water
was produced by a demineralized water generator Aqual 25.
Polymer p(HPMA-co-Ma-BAla-TT) (pHPMA) (M, = 44 000) with
amino-reactive thiazolidine-2-thione (TT) groups (6.8%) was
prepared by reversible addition-fragmentation chain transfer
(RAFT) polymerization as described earlier.*> The synthesis and
characterisation of pHPMA is described in ESI 2.1 The mono-
clonal antibody IgG M75 (M75)* and the proteoglycan (PG)
domain of Carbonic Anhydrase IX (CA IX) in fusion with the
Maltose Binding Protein (PG-MBP) were provided by the Labo-
ratory of Structural Biology, Institute of Molecular Genetics of
the Czech Academy of Sciences, Prague, Czech Republic.
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Cells and media

The cell line HT-29 (human epithelial; tissue: colon; disease:
colorectal adenocarcinoma; ATCC) and the cell line DLD-1
(human epithelial; tissue: colon; disease: Dukes' type C, colo-
rectal adenocarcinoma; ATCC) were grown in DMEM (D6429,
Sigma-Aldrich) and RPMI-1640 medium (R8758, Sigma-
Aldrich), respectively. Both media were supplemented with
10% heat inactivated FBS (10270-106, Invitrogen) and 1% mix of
antibiotics and antimycotics anti-anti (15240, Invitrogen). The
cells were cultured at 37 °C in a 5% CO, atmosphere until 70—
80% confluency.

Nanoparticle synthesis

Synthesis of fluorescently labeled amino-silica nanoparticles
was carried out according to the Stober method.** Briefly,
7.7 mL of ammonium hydroxide was mixed with 100 mL of
ethanol. The mixture was heated to 30 °C under continuous
stirring with a magnetic stirrer in a two-neck round flask
equipped with a reflux condenser. After reaching 30 °C, the
solution was equilibrated for 30 min and subsequently 3 mL of
TEOS was added under continuous stirring (500 rpm). Simul-
taneously, 3 mL of FITC solution (20 mg of FITC and 123 mg of
APTES in 10 g of ethanol, stirred for 48 h in a dark at room
temperature) was added to the mixture.*” The condensation
reaction was allowed to proceed for 22 h at a constant temper-
ature 30 °C. The colloidal dispersion was then cooled down to
room temperature and cleaned by repeated centrifugation
(10 min at 10 000g) and washing (3-times with ethanol) and re-
suspended in demineralized water. The prepared nanoparticles
were dialyzed against a sodium chloride solution (0.1 M in
water) for 2 days in dark to remove unbound FITC and
unreacted TEOS, and then against demineralized water for one
more day in dark to remove all salts and thus prevent nano-
particle aggregation. The dispersion was then centrifuged and
re-suspended in ethanol to a final concentration of 10 mg mL .
Further nanoparticle modification in order to introduce reactive
amino groups was done by a reaction of APTES solution (3 mL of
ethanol, 50 pL of demineralized water, 63 puL of APTES adjusted
to pH = 2 with HCl and stirred for 15 minutes) with previously
prepared nanoparticles in ratio 0.2 mL of APTES solution to
5 mL of nanoparticle suspension. The reaction was carried out
in a dark at room temperature for 24 hours. After the reaction,
triethylamine was added to the reaction container to obtain pH
8.0, then the nanoparticles were washed 3-times with ethanol
(centrifugation at 10 000g for 10 min) and re-suspended in
ethanol (20 mg mL ") for further use. The sample was stored in
the dark.

Nanoparticle surface modification

PHPMA modified nanoparticles. For the reaction, the
nanoparticles prepared as described above were used. 1 mL of
nanoparticle suspension (20 mg mL ') was mixed with 1 mL of
amino-reactive pHPMA-based copolymer solution (2 mg mL™*
in ethanol) and stirred at room temperature for 10 minutes.
Scheme 1 shows the principle of the reaction between amino-
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Scheme 1 |llustration of reaction between amino-group bearing
object and amino-reactive TT group of pHPMA. X = 93.2, Y = 6.8.

reactive thiazolidine-2-thione (TT) group in pHPMA and an
amino-group bearing object (e.g. SiO,-NH, nanoparticle or
amino-group of lysine present in the antibody structure). To
cleave all unreacted TT groups, 10 pL of 1-amino-2-propanol
was added and the suspension was stirred for 15 more
minutes. Then the sample was washed 3-times with PBS and
stored in 1% BSA/PBS in the fridge (4 °C).

Antibody and pHPMA modified nanoparticles. For this
reaction, the SiO,-NH, nanoparticles prepared according to the
procedure described above were used. 1 mL of nanoparticle
suspension (20 mg mL ') was mixed with 1 mL of amino-reactive
pHPMA-based copolymer solution (2 mg mL ™" in ethanol). The
reaction between amino-groups present on the particle surface
and pHPMA-based copolymer proceeded for 10 minutes at room
temperature under continuous stirring. Then the particles were
washed 2-times with PBS by repeated centrifugation (5 min,
10 000g) and re-suspended in 1 mL of PBS. In the next step,
0.67 mg of the antibody IgG M75 or the isotypic antibody IgG 2b
was added in a PBS solution. The amount of the antibody was
estimated based on previous experience with antibody coupling
to nanoparticles.* The coupling reaction of IgG M75 with avail-
able amino-reactive TT groups from pHPMA that were not
consumed by the polymer coupling to the silica nanoparticles
was carried out under continuous stirring at room temperature
for 20 minutes. Then, 1 puL of 1-amino-2-propanol was added and
the suspension was stirred for 10 more minutes to complete the
aminolysis of the residual amino-reactive TT groups. In the final
step the nanoparticles with covalently bound IgG M75 were
washed 3-times with PBS, re-suspended in 1 mL of 1% BSA/PBS
(final concentration 20 mg mL '), and stored in the fridge (4 °C).

This journal is © The Royal Society of Chemistry 2018
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pHPMA and antibody quantification. The amount of pHPMA
and antibody attached to the nanoparticles was quantified via
amino acid analysis. For the experiment, 4.5 mg of prepared
nanoparticles were freeze-dried and subsequently pHPMA and
antibody bound to their surface were hydrolyzed (500 pL of 6 M
HCI, 18 h, 115 °C in a sealed ampule). The amino acid analysis
of the hydrolyzed sample was performed on a HPLC system
(Shimadzu, Japan) equipped with a fluorescence detector (Shi-
madzu, Japan) and reversed-phase Chromolith Performance
RP-18e column, 100 x 4.6 mm (Merck, Germany), using pre-
column derivatization with o-phthalaldehyde (OPA) and 3-sul-
fanylpropanoic acid (excitation at 229 nm, emission at 450 nm)
and a gradient elution of 0-100% solvent B over 35 min at a flow
rate of 1.0 mL min~" (solvent A: 0.05 M sodium acetate buffer,
pH 6.5; solvent B: 300 mL of 0.17 M sodium acetate and 700 mL
of methanol). The amount of pHPMA was calculated according
to the calibration of B-alanine, which is present in the hydro-
lyzed polymer in a known quantity (0.451 mmol g~ polymer).
The amount of antibody was calculated according to the cali-
bration prepared from the free antibody solution
hydrolyzed and derivatized using the same protocol as
described above.

Physico-chemical characterisation of nanoparticles

The morphology of the prepared silica nanoparticles was
examined by Transmission Electron Microscopy (TEM; Jeol-
JEM-1010). The particle size distribution and the zeta poten-
tial were determined by Dynamic Light Scattering (DLS, Zeta-
sizer Nano-ZS). For the DLS measurement, the nanoparticles
were dispersed in demineralized water to a final concentration
of 0.5 mg mL™" and each measurement was carried out in
triplicate, at 25 °C and at a detector angle of 173°.

In vitro characterisation

ELISA-like test. ELISA-like experiment was performed to
prove the presence and functionality of the monoclonal anti-
body IgG M75 covalently bound to the nanoparticle surface
using fluorescent well-plate reader Tecan Infinite M200 with
Magellan software. The ELISA-like test is much easier and faster
than the usually employed sandwich ELISA. Because the
monoclonal antibody IgG M75 is covalently bound to the fluo-
rescent nanoparticles, there is no need to use the secondary
antibody, which significantly lowers the time demands (and by
reducing the number of experimental steps, also decreases the
possibility of errors occurring).

100 pL of the PG-domain fused with the Maltose Binding
Protein (PG-MBP) solution (2.5 pg mL ") was added to the desired
number of wells in a polystyrene 96-well plate. As a control, the
MBP solution of the same concentration and volume was used in
the same well-plate. The well-plate was stored in the fridge (4 °C)
overnight to achieve sufficient adhesion of the protein to the
surface of the well-plate. After a 5-times repeated wash with 200 pL
of PBS, a solution of 1% BSA in PBS was added (200 pL) to block the
free, unmodified surface of the wells (1 hour incubation, room
temperature). Each well was then washed 3-times with 200 uL of
PBS. In the next step, the nanoparticle suspensions (100 pL of
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SiO,-pHPMA, SiO,-pHPMA-M75 and SiO,-pHPMA-ISO; each in
a concentration series 1 mg mL™", 0.5 mg mL™", 0.25 mg mL ™",
0.125 mg mL ™" and 0.0625 mg mL ") were added and incubated
for one hour at room temperature. Then, all wells were washed 5-
times with 200 pL of PBS and the fluorescence was analyzed using
a fluorescent well-plate reader. The analysis was performed via
gain optimal mode (excitation 488 nm, emission 516 nm), which
assigns the maximum numerical value to the well with the highest
fluorescence intensity and then calculates the relative values of
fluorescence intensity for all other wells.

Flow cytometry. The experiment was carried out to confirm
the interaction between the specific antibody-modified nano-
particles (SiO,~-pHPMA-M75) and HT-29 cells (expressing CA IX)
and exclude the possibility of non-specific interactions (nano-
particles without the specific antibody: SiO,—~pHPMA and SiO,-
pHPMA-ISO). As a control, the DLD-1 cell line (not expressing
CA IX) was used.

The samples for flow cytometry were prepared in a 96-well
plate. 300 000 cells (HT-29 or DLD-1) were added to each well.
Then the antibody IgG M75 (15 uL, 14.4 ug mL~") was added to
the wells for the positive control (tests the CA IX presence) — one
well per each cell type. After 25 minutes of incubation on ice (to
prevent the internalization of the antibody) the cells were
washed twice with 200 pL of 1% BSA/PBS by repeated centrifu-
gation (5 min, 280g). Then the fluorescent secondary antibody
(goat anti mouse IgG antibody conjugated with FITC (GAM-
FITC); 15 uL, 20 ug mL ™) was added to the positive control
wells, where IgG M75 was used previously. The secondary
antibody was also added to one more well per each cell type as
a negative control. In the same step, nanoparticle dispersions
were added to the other wells (15 pL; 3.75 pg). After 20 minutes
of incubation on ice, the cells were washed twice with 200 pL of
1% BSA/PBS by repeated centrifugation (5 min, 280g). Then,
propidium iodide solution in 1% BSA/PBS (0.5 pg mL™ ') was
added (propidium iodide intercalates to the DNA of dead cells),
the samples were transferred to plastic test tubes and subse-
quently analyzed.

The evaluation of the experiment was performed using the
Becton Dickinson FACS Aria II flow cytometer. The fluorescence
of 10 000 events was measured, using the laser excitation
wavelength of 488 nm. Emission was read by a detector with
a set of two dichroic mirrors 530/30 Band Pass and 502 Long
Pass. The raw data were evaluated by software FlowJo 7.6.1 (Tree
Star, Inc.) and presented in the form of histograms. The y-axis
shows the number of the cells while the x-axis represents the
intensity of fluorescence emitted by the cell (FITC channel).

Fluorescence microscopy. For the purpose of fluorescence
microscopy, 20 pL of 400 000 cells (HT-29 or DLD-1) in ice-cold
1% BSA in PBS was added to the each well of a 96-well plate.
Then, 20 pL of nanoparticles (SiO,~-pHPMA-M75, SiO,-pHPMA-
ISO and SiO,~pHPMA, 1 mg mL™") in ice-cold 1% BSA in PBS
was added to the wells and incubated with the cells for 1 hour.
After the incubation, samples were centrifuged (250g, 3 min)
and re-suspended in 500 pL of ice-cold 1% BSA in PBS. The
samples were analyzed using Olympus Fluoview FV1000
confocal system (488 nm laser excitation wavelength).
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In vivo characterisation

Animal study. Athymic NU/NU nude mice were obtained
from Charles River. Mice were used at 9 to 15 weeks of age and
kept in the conventional animal facility of Institute of Micro-
biology of ASCR, v.v.i. Mice were regularly screened for MHV
and other pathogens according to FELASA. All experiments were
approved by the Animal Welfare Committee at the Institute of
Microbiology of ASCR, v.v.i. After one week of acclimatization,
mice weighting on average 25 g were subcutaneously injected
with 4 x 10°® HT-29 cells and the tumour growth lasted for 14
days. The in vivo testing was carried out in two independent
studies. The study I explored the stealth effect of pHPMA
particle coating (SiO,-pHPMA nanoparticles) on the blood
circulation time and the capability of antibody modified stealth
nanoparticles (SiO,-pHPMA-M75) to reach the tumour and
accumulate in the tumour tissue. In study I, three mice per each
time point were injected with 75 mg kg™ ' nanoparticle dose
(1.96 mg in 300 puL of 1% BSA/PBS) into the tail vein. As
a control, three mice were injected with 300 pL of 1% BSA/PBS.

The in vivo study I was performed after the successful study I
experiments and explored the effect of lower nanoparticle dose
on the tumour accumulation. For the experiments, the nano-
particles with the specific antibody (SiO,~-pHPMA-M75) and the
nanoparticles with the irrelevant isotypic antibody IgG 2b (SiO,-
pHPMA-ISO) were used. Three mice per each time point were
injected with 20 mg kg™ ! nanoparticle dose (0.65 mg in 300 uL
of 1% BSA/PBS) into the tail vein. As a control, three mice were
injected with 300 uL of 1% BSA/PBS. No clinical observations
were noted during both studies.

After the required time (10 min, 1 h, 5 h, 24 h) the animals
were euthanized and the tissues (liver, spleen, brain, and
tumour) were collected, weighted and homogenized in Lyzing
Matrix A 2 mL Tube (MP Biomedicals) using FastPrep 24
instrument (MP Biomedicals). The blood samples were
collected into the heparinized tubes. All tissue and blood
samples were stored on ice until the analysis.

Fluorescence measurement. Before the measurement, the
homogenized tissue samples were centrifuged (2 min, 2000g).
80 pL of the resulting supernatants (or blood) was pipetted into
the wells of a 96 well-plate (Nunclon black, Sigma-Aldrich),
already containing 100 pL of PBS in each well. For each type
of the tissue a separate well-plate containing nanoparticle
calibration was used (100 pL of nanoparticle dispersions in PBS
and 80 pL of the tissue homogenates from the control group
mice). Before the measurement, all well-plates were gently
mixed. The fluorescence intensity was measured using Tecan
Infinite 200 with i-Control software (excitation 488 nm, emis-
sion 516 nm). The final concentrations were calculated in
accordance to the weight of each organ. The nanoparticle
concentration in brain was measured as a control and was zero
in all cases.
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