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Monoclonal antibodies (mAb) demonstrate great potential as immunotherapy agents for the treatment of
diseases such as cancer as well as tagging for the targeted delivery of multicomponent therapeutic or
diagnostic systems. Nevertheless, the large physical size, poor stability of mAbs and abnormal allergic
reactions still remain the main issues affecting their generalised use. Single-domain antibodies (sdAb) are
seen as the next generation of antibody derived therapeutics and diagnostics. This work presents the opti-
mised production method for HER2-specific sdAb C7b, which led to an ~11-fold increase in protein yield.
In addition, the in vitro and in vivo efficiencies of the targeted delivery of a model nanoparticle cargo
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(50 nm silica particles doped with Mog phosphorescent clusters) conjugated to C7b against those conju-
gated to HER2-specific trastuzumab is benchmarked. Specifically, this paper demonstrates the signifi-
cantly higher rate of accumulation in and excretion from xenograft cancer tissue of nanoparticles with
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Introduction

Within the past several decades, the clinical utilisation of
monoclonal antibodies (mAbs) against cancer-related trans-
membrane receptors or their ligands has become more
common."” mAbs are already clinically used as therapeutic
agents for specific types of cancer; eg trastuzumab
(Herceptin®) is used to treat some types of breast cancer, oeso-
phageal cancer and stomach cancer and alemtuzumab
(Campath®) is used against chronic lymphocytic leukaemia.
mADbs are also used as a part of complex therapies; e.g. ibritu-
momab tiuxetan (Zevalin®) as an example of a radiolabelled
mAb. Finally, mAbs are also widely studied for their appli-
cation in targeted delivery of new therapeutic and diagnostics
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C7b, which is of particular importance for diagnostics, i.e. delivery of imaging agents.

agents, e.g. PET/SPECT or optical imaging agents,>" agents for
photothermal, photodynamic and chemotherapy,*®
However, there are concerns over the tumour penetration of
mAbs due to their significant size (~150 kDa), which may be
increased even further after conjugation with a nanoparticle-
based drug or imaging agent; secondly, over the long half-life
of several days, which is good from the therapeutic point of
view but a challenge from a diagnostics perspective, and,
thirdly, over the adverse immune responses of patients."?

Variable domains of heavy-chain antibodies from the
Camelidae family of animals and single-domain antibodies
(sdAb), aka nanobodies, were recently suggested as the next
generation of antibody derived immuno-oncology therapeutics
as they may provide an answer to several of the above
29711 Indeed, they retain their full antigen binding
potential, while they cause noticeably weaker immune
response due to their high similarity with human immuno-
globulin heavy chain (VH) sequences. In addition, due to
smaller size (~10-15 kDa), they have better penetration into
solid tumours (i.e. can improve drug delivery efficiency)"""
thus access the tumour cells. To add to their benefits, the
nanobodies have higher solubility and higher thermal and
chemical stability than full-size human/humanised mAbs and
the fact that they can be easily manufactured in large quan-
tities in microorganisms makes them really attractive for
numerous applications in fundamental research, diagnostics
and therapy."™"*
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sdAb C7b (C7b) [GenBank: AFN61318.1] is one of the rela-
tively recently isolated llama antibodies specific to human epi-
dermal growth factor receptor 2 (HER2 receptor),'> which is
overexpressed in approximately 15-30% of breast cancers and
10-30% of gastric/gastroesophageal cancers, as well as some
other cancers of the ovaries, endometrium, bladder, lung,
colon, and head and neck."® sdAb C7b can be thus considered
as an alternative to trastuzumab, which is a recombinant
humanised mAb specific to HER2; however, so far, in the lit-
erature, there are only a couple of studies.'*'*

In this work we, firstly, report on a significant improve-
ment of the conventional method for the production of sdAb
C7b by the optimisation of the codon composition of the C7b
nucleotide sequence and the addition of the expressivity tag
T7 to the N-terminus of the protein. This resulted in a ~11-
fold increase in the antibody yield compared to the originally
published method.'*'* Secondly, we benchmark the targeted
delivery of nanoparticles conjugated to C7b against those
conjugated to commercial trastuzumab both in vitro and
in vivo.

Silica nanoparticles doped by Mog clusters ({Mogls}@SiO,
NPs) were chosen as cargo since they have profound lumine-
scence properties in the red/near-infrared region and thus
the in vitro delivery can be easily monitored by conventional
optical methods without the need for extra labelling. We have
already showcased the utilisation of molybdenum cluster-
doped microparticles (500 nm) as a trackable agent for
protein transduction into Hep-2 cells (human epidermoid
larynx carcinoma),® while another group used similar nano-
particles (but doped with [{Moglg}(C,F5CO0)e]*”) to demon-
strate that their uptake by SKmel 28 cells (human melanoma)
could be enhanced, when they are conjugated to human
transferrin.'® Herein, we use luminescent Mo cluster-doped
silica nanoparticles, {Moglg}@SiO, NPs, which have a size of
50 nm as a labelling model. Namely, we report on the com-
parative study of the cellular toxicity and uptake rate of
{Mogls}@SiO, NPs conjugated with a nanobody C7b or with
trastuzumab on the cell lines SKBR3 (human breast cancer)
and Hep-2 cells, which have a high and low level of HER2
expression, respectively. We also tested the permeation of
both conjugates into the solid tumour SKBR3 cancer xeno-
graft and assessed the phototoxicity of the conjugate to the
cancerous tissue.

Experimental section
Chemicals

All reagents and solvents were purchased from Alfa Aesar,
Sigma Aldrich or Fluka and were used as received without
further purification. (BusN),[{MogIs}(NO3)s] was synthesised
according to the described procedures.'” {Mocls}@SiO, nano-
particles with an average size of 50 nm were prepared accord-
ing to the previously reported method.'"® Trastuzumab
(Herceptine®) was offered by the Lymphology Institute Clinic,
Novosibirsk, Russia.
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Cell lines

The human larynx carcinoma cell line (Hep-2) was purchased
from the State Research Center of Virology and Biotechnology
VECTOR. The human breast cancer cell line (SKBR3) was pro-
vided by the N.N. Blokhin National Medical Research Centre of
Oncology of the Health Ministry of Russia. The Hep-2 cells
were cultured in Eagle’s Minimum Essential Medium (MEM,
pH = 7.4, Sigma Aldrich, USA) and the SKBR3 cells in Roswell
Park Memorial Institute (RPMI, Sigma Aldrich, USA) 1640
Medium supplemented with a 10% fetal bovine serum (FBS,
Gibco, USA) under a humidified atmosphere (5% CO, and
95% air) at 37 °C.

Single-domain antibody C7b preparation

Obtaining recombinant plasmid pET21a-C7b. The synthesis
of a gene encoding a single-domain antibody (sdAb) C7b
[GenBank: AFN61318.1] was performed by “DNA Synthesis”,
Russia. In order to increase the synthesis efficiency, the codon
composition of the nucleotide sequence encoding sdAb C7b
was optimised using EFM Calculator and GeneOptimizer.'*>!
In addition, the expressivity tag T7 was added to the
N-terminal part of the C7b antibody. The synthesised sequence
encoding sdAb C7b and the pET21a expression vector were
then digested by restriction enzymes Ndel-Xhol (New England
Biolabs, UK). E. coli cells of Stbl3 strain (Thermo Fisher
Scientific, USA) were transformed by recombinant plasmid
pET21-C7b-CO through chemical transformation.> E. coli cells
were plated on a selective medium containing LB agar and
100 pg mL™" of ampicillin and used for plasmid producing.
The recombinant plasmid was verified by nucleotide
sequencing.

Production and purification of sdAb C7b. E. coli cells of the
strain BL21 (DE3) (Promega, USA) were used for the expression
of sdAb C7b. The transformation of competent cells with
plasmid pET21-C7b-CO was performed by chemical means.>?
Isopropyl-p-p-1-thiogalactopyranoside (IPTG, 1 mM) was used
as an inductor. The induction process was carried out as
follows: fresh LB medium was inoculated with a producer
strain containing the plasmid pET21-C7b-CO in the ratio of
1:100 and incubated in a thermostatic rotary type shaker at
180 rpm and +37 °C until ODg reached 0.6-0.8.
Subsequently, 1 mM IPTG was added to induce expression.
Incubation was carried out for 16 hours followed by the pre-
cipitation of the cells by centrifugation.

Protein synthesis was controlled by the Laemmli-SDS-PAGE
method.”® An aliquot of the culture medium for analysis was
collected before the addition of the inducer, as well as 1 hour,
2 hours and 4 hours after the addition of the inducer.

Purification of sdAb C7b was performed using metal-
chelate affinity chromatography on a Ni-IMAC Sepharose
sorbent (GE Healthcare, USA). The cells were harvested by cen-
trifugation at 4000 rpm for 10 min at 4 °C, followed by their
resuspension in lysis buffer (30 mM of NaH,PO,, 20 mM of
imidazole, 500 mM of NaCl, 0.1% Triton X100, pH 7.4) by
ultrasound for 10 cycles of 90 s with breaks of 3 minutes on
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ice. The cell lysate was purified from debris by centrifugation
at 15000g for 25 min at +4 °C. During the chromatography,
the binding of the C7b antibody to the sorbent occurred at a
flow rate of 1.5 mL min~". The column was then washed to
remove unbound proteins with five column volumes of wash
buffer (30 mM of NaH,PO,, 40 mM of imidazole, 500 mM of
NaCl, and pH 7.4) at a flow rate of 2 mL min~". C7b was eluted
with three column volumes of an elution buffer (30 mM of
NaH,PO,, 500 mM of imidazole, 500 of mM NacCl, and pH 7.4)
at a flow rate of 1 mL min~". Fractions of 5 mL were collected
and the concentration of C7b was determined using a
NanoPhotometer NP80 (Implen, Germany). The production
yield calculated per litre of culture medium was ~210-220 mg
L7". The final concentration of C7b was 3.4 mg mL™".

Preparation of {Moglg}@SiO, nanoparticles

Nanoparticles {Mogls}@SiO, with an average particle size of
50 nm were synthesised according to an earlier described
method.'® In general, (BuyN),[{Moglg}(NOs)s] (17 mg,
0.007 mmol) dissolved in ethanol (2.5 mL) was added to dis-
tilled water (2.5 mL). To prepare a microemulsion, both the
ethanol/water solution of (BuyN),[{Moglg}(NO3)s] (1.6 mL)
and 25% aqueous ammonia solution (1.3 mL) were added to
the mixture of n-heptane (47 mL) and Brij L4 surfactant
(15 mL). This mixture was stirred for 30 min to ensure the
homogeneity of the microemulsion. Finally, tetraethyl ortho-
silicate (2 mL) was added and the mixture was stirred for
72 h. Thereafter, the obtained yellowish colloidal solution
was centrifuged (7000 rpm for 10 min), washed successively
with ethanol, water and acetone and dried at 60 °C in air. The
50 nm size and spherical shape of the particles were con-
firmed using transmission electron microscopy (TEM) on a
Libra 120 (Zeiss) TEM (Fig. S17).

ICP analysis of {Moglg}@SiO,

Prior to their analysis, the samples of dried nanoparticles were
dissolved in a mixture of HNO; : HF = 1:1 at elevated tempera-
ture on a water bath. Molybdenum content in the samples was
determined using a high-resolution spectrometer iCAP-6500
(Thermo Scientific) with a cyclone-type spray chamber and
“SeaSpray” nebuliser. The spectra were obtained with axial
plasma viewing. The standard operating conditions of the
ICP-AES system were as follows: power — 1150 W, injector inner
diameter - 3 mm, carrier argon flow - 0.7 L min™", accessorial
argon flow - 0.5 L min™", cooling argon flow - 12 L min™",
number of the paralle]l measurements - 3 and integration time
- 5 s. Deionised water (R ~ 18 MQ) was used to prepare sample
solutions. All chemical reagents were of analytical grade. The
mass content (@) of {Moglg}-units was calculated from the w of
Mo using the formula:

6(UM0M{M0613}

W{Mosls} = Mo

where wyy, is the mass content of molybdenum in the sample,
Mimosrs) is the molar mass of {Moglg} unit (1590.88 mol g™"),
and M, is the molar mass of Mo (95.94 mol g™").

This journal is © The Royal Society of Chemistry 2020
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Preparation of glycidyl-modified {Mo¢lg}@SiO, nanoparticles
(glycidyl-{Mogls}@Si0,)

50 mg of powdered {Mogls}@SiO, NPs was dispersed in
2.5 mL of hexane by sonication for 30 min. 0.0075 mL of Et;N
and 0.05 mL of (3-glycidyloxypropyl)trimethoxysilane were
then added to the dispersion and the resultant mixture was
heated at 55 °C for 3.5 h under gentle stirring. The reaction
product, ie. glycidyl-{Mols}@SiO, nanoparticles, was then
separated by centrifugation at 7000 rpm for 10 min and
washed five times with hexane and one time with acetone by
sonication/centrifugation cycles and finally dried at ambient
conditions.

Conjugation of glycidyl-{Mo¢ls}@SiO, nanoparticles with sdAb
C7b ({Mo6ls}@8Si0,-C7b) or trastuzumab ({Moels}@SiO,-
trastuzumab)

10 mg of glycidyl-{Mogls}@SiO, was washed twice with 5 mL of
buffer solution (0.1 M NaCl) and re-suspended in 1 mL of the
coupling buffer (Na,CO; and NaHCO; in the concentrations
5.8 mg mL~" and 3.8 mg mL™", respectively, giving a final pH =
10). 1 or 2 mL of C7b (3.4 mg mL™") or trastuzumab (3.4 mg
mL™") was added to the dispersion of glycidyl-{Mo4ls}@SiO,
and gently stirred for 24 h. Thereafter, the resultant disper-
sions were washed with 5 mL of buffer solution, re-suspended
in 2 mL of the quenching solution (glycine : Triton X-100:d/d
water = 50 mg:0.014 mL:20 mL) and mixed gently for
30 min. Finally, the conjugates were washed again with
5 mL of the buffer solution and resuspended in 1 mL of
storage buffer (Triton X-100 : phosphate-buffered saline (PBS) =
0.023 mL:50 mL having final pH = 7.4). The final concen-
tration of the conjugates was 10 mg mL™".

Dot blot assay. The reactivity of sdAb C7b and conjugate
{Mogls}@Si0,-C7b was evaluated using a dot blot assay. The
recombinant human ErbB2/HER2 Fc Chimera Protein (50 ng)
(R&D Systems) was absorbed into the nitrocellulose mem-
brane (Hybond-C Extra). To eliminate nonspecific binding,
the membrane surface was treated with a 1% BSA solution in
PBS-0.1% Tween (PBS-T), followed by three washings with
PBS-T. The membrane surface was then treated with 1 or 2 pL
of C7b (3.4 pg and 6.7 pg) or 1 pL of the conjugates (C7b
weight in conjugates was equal to 3.4 pg and 6.7 pg) dis-
persed in the solution of 1% BSA in PBS-T followed by 10 min
incubation and three washings with PBS-T. To determine the
antigen—antibody and antigen—-conjugate complex, the mono-
clonal HHHHHH epitope tag (#1706520, Sigma-Aldrich, USA)
in a 1% solution of BSA in PBS was added and followed by
10 min incubation and three washings with PBS-T. To detect
antigen-antibody interaction, the membrane was treated with
goat anti-mouse antibodies labelled with alkaline phospha-
tase (BIORAD) in a dilution recommended by the manufac-
turer, followed by 10 min incubation and washing with
PBS-T. Aqueous solutions of 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) and nitro blue tetrazole (NBT) in a dilution rec-
ommended by the manufacturer were used as a substrate for
alkaline phosphatase. The enzymatic reaction was stopped by
washing with distilled water.
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Enzyme-linked immunosorbent assay (ELISA). Plate wells
were sensitised with purified sdAb C7b and its conjugate with
the initial concentration of 6.7 mgc,, mL™" in dilution from 1/
100 (67 pgcsp mL™Y) with a 2-fold step up to 1/204 800 dilution
(3.3 ngcsp, mL ') in Tris-buffered saline (TBS, 0.15 M of NaCl,
0.02 M of Tris-HCI, pH = 7.4) at +22 °C for 18 hours. After
washing with a mixture of TBS and Tween 20 (0.05%) (TBS-T)
three times, the plates were treated with 1% casein in TSB-T
and incubated for 1 h at +37 °C. The casein solution was then
removed and 50 pL of the recombinant human ErbB2/HER2 Fc
(5 ng per well) was added and the wells were incubated for 1 h
at +37 °C. After washing with TSB-T for three times, anti-
human IgG (whole molecule)-peroxidase antibodies produced
in goats (A8667, Sigma-Aldrich, USA) were added in the
dilution according to the manufacturer’s recommendation and
the wells were incubated for 1 h at +37 °C. After washing the
wells with TSB-T three times, the substrate solution containing
0.1 mg mL™" of TMB (3.3',5.5-tetramethylbenzidine, Sigma-
Aldrich, USA) and the buffer for the substrate oxidation con-
taining 0.02% H,0O, were added. The plates were incubated
under dark conditions for 15-20 minutes at room temperature.
The enzymatic reaction was stopped by the addition of 1 M
HCI and after 2-4 min, the optical density was measured using
a Uniscan spectrophotometer (Finland) at A = 450 nm.

Luminescence

The luminescence spectra were recorded for aqueous disper-
sions of all samples. The samples were excited by 355 nm laser
pulses (6 ns duration, LOTIS TII, LS-2137/3). The corrected
emission spectra were recorded using a red-light-sensitive
multichannel photodetector (Hamamatsu Photonics, PMA-12).
The luminescence lifetime and quantum yields were deter-
mined for powdered samples of original nanoparticles {Moglg}
@Si0, and modified glycidyl-{Mogls}@SiO, nanoparticles. All
samples were placed between two non-fluorescent glass plates.
The measurements were carried out at 298 K. For emission
decay measurements, the emission was analysed using a
streakscope system (Hamamatsu Photonics, C4334 and
C5094). The emission quantum yields were determined using
an absolute photoluminescence quantum yield measurement
system (Hamamatsu Photonics, C9920-03), which comprises a
xenon light excitation source (the excitation wavelength was
380 nm), an integrating sphere, and a red-sensitive multi-
channel photodetector (Hamamatsu Photonics, PMA-12).

Cytotoxicity

The effect of {Moglg}@Si0,-C7b and {Moglg}@SiO,-trastuzu-
mab on the Hep-2 and SKBR3 cell metabolic activity was deter-
mined using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT) colorimetric assay. The cell cultures
were seeded into 96-well plates at 7 x 10° cells per well in a
medium containing {Moglg}@Si0,-C7b or {Mogls}@SiO,-tras-
tuzumab with concentrations ranging from 10 to 500 pg mL ™"
and then incubated for 72 h under a 5% CO, atmosphere. 5 pL
of the MTT solution (5 mg mL ") was added to each well, and
the plates were incubated for a further 4 h. The formazan pro-
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duced was then dissolved in DMSO (100 pL). The optical
density of the solutions was measured using a Multiskan FC
plate reader (Thermo Fisher Scientific, USA) at a wavelength of
570 nm. The experiment was repeated on three separate days.

Cellular internalisation assay

For the confocal laser scanning microscopy, Hep-2 and SKBR3
cells were seeded on slides (1 x 10° cells per slide) and incu-
bated overnight. The medium was then replaced with a fresh
medium containing 0.1 mg mL™" of {Moylz}@Si0,-C7b and
{Moglg}@SiO,-trastuzumab and incubated for 24 h. Finally,
the cells were washed twice with PBS, fixed in 4% paraformal-
dehyde, and visualised using a Zeiss LSM 510 confocal micro-
scope (Carl Zeiss Inc., Jena, Germany) equipped with a laser
diode (405 nm) for fluorescence. The images were obtained
and analysed with the ZEN 2009 software.

Animals and housing conditions

The in vivo studies were approved by the Ethics Committee of
the RICEL-branch of ICG SB RAS (No. 140 dated 26.04.2018).
All animal procedures were carried out in accordance with the
protocols approved by the Bioethics Committee of the Siberian
Branch of the Russian Academy of Sciences, recommendations
for the proper use and care of laboratory animals (European
Communities Council Directive 86/609/CEE) and the principles
of the Declaration of Helsinki. The mice were housed in stain-
less plastic cages containing sterile sawdust as bedding in ven-
tilated animal rooms with free access to water and a commer-
cial laboratory complete food.

Tumour xenotransplantation in Nu/J mice

To establish a tumour xenograft model, 9 female Nu/J mice at
8 weeks were inoculated subcutaneously on their lateral thigh
with 3 x 10° SKBR3 cells per mice. Tumour-bearing mice were
randomly allocated into 3 groups and the treatments were
commenced when the average tumour size reached 1 x 0.5 x
0.5 cm.

Conjugate quantification in tumour xenografts

Prior to experiments with xenograft mice, the tolerance of sub-
cutaneous administration of nanoparticles was investigated on
model female Balb/C mice. 0.7 mL (C = 5 mg mL ") of suspen-
sion of {Moglg}@Si0,, {Mogls}@SiO,-trastuzumab or {Moglg}
@Si0,-C7b was injected subcutaneously in the medial thigh
area of 3 mice. After the injection, the animals did not demon-
strate any symptoms of intoxication and behaved normally.
Thereafter, 9 female mice of Nu/J line with xenograft were
injected with either neat {Moslg}@SiO, (negative control, C =
5 mg mL™') or with the conjugates {Mogls}@SiO,-C7b or
{Mogl@SiO,-trastuzumab (positive control, C = 5 mg mL ™)
subcutaneously around the tumour by 7 consecutive injections
with the dose of 0.1 mg each. The total volume injected was
0.7 mL and the total dose was 3.5 mg. The mice were sacrificed
after 1, 3 and 24 hours from sample administration, and the
quantity of the nanoparticles in tumour xenografts was deter-
mined using the ICP-AES technique by monitoring the content

This journal is © The Royal Society of Chemistry 2020
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of silicon atoms in the tissue. Concentrations obtained were
normalised to 1 g of the weight of the tissue sample.

Photodynamic activity assessment in vivo

A female mouse of Nu/J line with an SKBR3 tumour xenograft
(solid ellipsoidal shape and size 1.0 x 0.5 x 0.5 cm) was
injected with {Mogls}@Si0,-C7b dispersion (C = 5 mg mL™")
subcutaneously around the tumour by 7 consecutive injections
with the dose of 0.1 mg each. After 1 hour (ie. at the
maximum accumulation), the tumour was irradiated with a
halogen lamp (500 W, 1 = ~400-700 nm) at a distance of 50 cm
for 30 minutes. The procedure was repeated twice more at an
interval of 3 days.

Results and discussion
Optimisation of the method of sdAb C7b preparation

The practical application of any monoclonal antibody requires
its availability in sufficient quantities. In the original
method,"” the target C7b antibodies were obtained by immu-
nizing llamas with HER2-expressing ovarian cancer cell line
SKOv3, followed by the isolation of the target antibodies from
the resulting library. This method is, thus, time-consuming,
costly and not suitable for the production of antibodies on an
industrial scale. Therefore, we were keen to develop a more
conventional system for the production of sdAb C7b in higher
yields. Due to advantages such as the high rate of target
protein production and the well-established genetics,>* the
widely used E. coli bacteria system was chosen as an expression
system. C7b antibodies were obtained by affinity selection and
a phage-display library of Llama single domain antibodies
(Lama glama)."> The analysis of the original nucleotide
sequence that codes the C7b nanoantibody showed that it has
a codon adaptation index (CAI) of 0.74 for E. coli cells, as deter-
mined using the online server GenScript Rare Codon Analysis
Tool.>® Such a low CAI value indicates the probability of low
efficiency of the target protein synthesis, while the values in
the range of 0.8-1 indicate a high probability of protein
expression in sufficient quantities.”® In order to increase the
expression efficiency, the codon composition of the C7b
nucleotide sequence was optimised using online tools: EFM
Calculator and GeneOptimizer (see Fig. 1 for plasmid map,

(5838) Xhol

(5361) Ndel,

(o) -,\
\\0 12 q.emﬂna(or ;3

\ ‘,‘omnle, /" .
(\é \
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Fig. 1 Map of plasmid pET21a-C7b-CO used for sdAb C7b expression.
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Fig. S27 for codon composition before and after optimisation,
and Fig. S31 for maps of plasmids used in this study)."*>'
After optimisation, the CAI value increased significantly and
achieved a value of 0.93. To increase the efficiency of
expression even more, the expressivity tag T7 was included in
the construct. The T7 tag is a leader peptide (11 amino acids,
MASMTGGQQMG) of the genel0 of bacteriophage T7. The
presence of this peptide at the N- or C-terminus significantly
increases the yield of the target product.?” Utilisation of opti-
mised codon composition and the T7 tag for C7b expression
resulted in the production yield (calculated per litre of culture
medium) of 210-220 mg L™". According to the literature data,
the high yield of sdAbs is considered to be 10-30 mg L™" indi-
cating an ~ 11-fold increase in protein yield in our case. The
antibody activity was confirmed by dot blot analysis and
enzyme-linked immunosorbent assay (ELISA), as described
further.

Preparation and characterisation of silica nanoparticle
conjugates

Silica is a very common, transparent in the visible region, non-
toxic and versatile matrix used for the development of various
therapeutics and diagnostic nanoplatforms,”*° and therefore,
we chose this material as a model cargo. However, to simplify
the detection of the nanoparticles, we used the phosphores-
cent particles {Mogls}@SiO, reported in ref. 18 and 31 that can
be easily obtained simply by adding a source of Mo cluster (in
our case, (BuyN),[{MogIg}(NO3)s]) during the synthesis of silica
nanoparticles. These particles also have intact surfaces avail-
able for further surface functionalisation. In our earlier in vitro
studies on human epidermoid larynx carcinoma (Hep-2) cells,
we have already demonstrated that the cellular uptake/elimin-
ation profile, cellular localisation and dark toxicity (i.e. in the
absence of significant photoirradiation) of both {Moglg}@SiO,
nano- (50 nm) and micro- (500 nm) particles are the same as
that of neat silica nanoparticles of the same size.’" The 50 nm
particles (see ESI for TEM images, Fig. S1T) represent amor-
phous silica doped with {Moglg}*" in the content of 3.0 +
0.3 mg per 1 g of SiO, as determined by ICP-AES analysis."®
Despite low cluster complex content, the nanoparticles exhibit
noticeable cluster-centred red/NIR phosphorescence with a
quantum yield of about 12% under light irradiation up to
550 nm.'® To conjugate the nanoparticles with the targeting
antibodies C7b or trastuzumab, a two-step modification was
carried out (Scheme 1), similar to that previously reported for

TEOS

o

Cluster-doped Modified Conjugate
nanoparticles nanoparticles {Moglg}@5Si0,-
(Mahl,)@sm, glycidyl-{Mol,}@si0, C7b/trastuzumab

- Heptane ¢
4+ 4. Surfactant O

,,/

GTMS = I/ \/\/ oo K]

(BugN),[{Moglg}(NO;)] Ab = C7b or trastuzumab

Scheme 1 The synthetic procedure of {Moglg}@SiO,-C7b/trastuzumab.
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silica microparticles with green fluorescent protein (GFP)."” In
general, in the first stage, {Moglg}@SiO, NPs were reacted with
(3-glycidyloxypropyl)trimethoxysilane to functionalise the
surface of the particles by glycidyl-groups. The solutions of
C7b or trastuzumab were then included in the process route
by their reaction with an aqueous dispersion of glycidyl-
{Mo¢lg}@SiO, nanoparticles to give stable dispersions of the
conjugates: {Moglg}@Si0,-C7b or {Moglg}@SiO,-trastuzumab,
respectively.

The qualitative assessment of the activity of synthesised
C7b and its conjugate with silica NPs, {Mogls}@Si0,-C7b, was
performed by dot blot analysis (Fig. 2A). It can be seen from
Fig. 2A that the staining of nitrocellulose paper is observed for
all samples, which indicates that there is a selective interaction
with the target recombinant protein HER2/neu. Thus, two
main conclusions can be drawn: (i) the modified method for
C7b production indeed allows the active nanoantibodies to be
obtained and (ii) during the conjugation process, the anti-
bodies are indeed attached to the particle surface and they
retain a high specific activity. It should be noted that the con-
jugates obtained using a different ratio of antibody to nano-
particles (3.4 or 6.7 mg of C7b per 10 mg of {Molg}@SiO,)
demonstrated variations in the intensity of staining (Fig. 2A 2
and 7). Since the intensity shows the relative activity, the con-
jugate that demonstrated the most intensive staining (6.7 mg
of C7b per 10 mg of {Mogls}@Si0O,) was chosen for further
studies.

The quantitative activity was then assessed using ELISA,
which demonstrates the effectiveness of the interaction of the
antibodies with HER2/neu (Fig. 2B). The figure shows the
dependence of the interaction of C7b and {Moglg}@SiO,-C7b
vs. the quantity of C7b. The data obtained shows that sdAb
C7b interacts effectively with HER2/neu up to a concentration
of 65 ng mL~". At the same time, despite a 25% decrease in
the affinity for conjugate, overall, the activity persists up to
similar concentrations, which confirms the preservation of the
antibody structure after conjugation. This reduction in affinity

A 25 g
1 6
2
2 7
EI.S
s
3 810 11 s
os —— {Moglg}@Si0,-C7b
4 9 71 —8sa
o
5 10 67 335 1675 838 4.19 2.09 105 0.52 0.26 0.13 0.0650.033
C7b concentration, pg-mL?

Fig. 2 (A) Qualitative assessment of the activity of C7b and its conju-
gates with {Moglg}@SiO; in different ratios of antibody/nanoparticles by
dot-blot assay. 1, 6 — BSA (negative control); 2, 7 — {Moglg}@SiO,-C7b
(C7b concentration is 3.4 pug and 6.7 g, respectively) in a different ratio
of antibody : nanoparticles (3.4 mg or 6.7 mg of C7b/10 mg of SiO,,
respectively); 3, 8 — sdAb C7b (3.4 pg and 6.7 pg, respectively); 4, 9 —
Z500 protein, containing hexahistidine tag (secondary antibody control);
5, 10 — mouse antibody 29F2 (conjugate control). (B) Quantitative deter-
mination of the activity of C7b and {Moglg}@SiO,-C7b by ELISA.
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is probably due to the fact that the conjugation technique
described here leads to the irregular orientation of sdAb C7b
on the nanoparticle surface and therefore provokes antibodies
to be partly unfolded, leading to reductions in the efficiency of
the interactions of the active site with HER2/neu.*”

To examine the stability of the cargo, namely the stability of
the phosphorescent dopant, the luminescence spectra for
aqueous dispersions of initial nanoparticles {Mogls}@SiO,,
glycidyl-{Mogls}@SiO, and conjugates {Moglg}@SiO,-C7b and
{Moglg}@SiO,-trastuzumab were recorded (Fig. 3, Table 1).

According to the data obtained, the surface modification of
the nanoparticles did not significantly affect the shape of the
emission profile and emission maximum (4). Despite the
observable red phosphorescence of the aqueous dispersions, it
was, unfortunately, impossible to determine photophysical
characteristics such as luminescence quantum yield (@) and
values of lifetime (7). However, we were able to determine &
and 7 values for powdered glycidyl-{Moglg}@SiO, and to
compare those to initial {Moglg}@SiO, particles (Table 1).
Therefore, we can conclude, that surface modification leads to
only a slight decrease in the luminescence quantum yield with
no statistically significant difference in the values of lifetimes.
Considering that the clusters are distributed evenly throughout
the entire volume of silica particles,'® the difference in the
photophysical characteristics of the materials suggests that the
addition of the coatings and conjugates may affect the photo-
luminescence properties (e.g. lead to new paths of non-radia-
tive decay) of the clusters close to the surface of the particles.
This effect was not observed for similar but larger (500 nm)

—{Mo,l }@SiO,

— glycidyl-{Mo | }@SiO,
—— {Mo,l }@SiO,-C7b

— {Mo,| ;}@SiO,-trastuzumab

Luminescence intensity

T T T T T ]
600 650 700 750 800 850 900
Wavelength, nm

Fig. 3 Normalised emission spectra of initial and modified NPs.

Table 1 The spectroscopic and photophysical parameters of initial and
modified NPs

Compound A, nm 7 us @°
{Mogl}@Si0, NPs 701 132 0.12
glycidyl-{Moels}@Si0, 700 139 0.07
{Moglg}@8Si0,-C7b 699 — —
{Mogls}@Si0,-trastuzumab 698 — —

“Measurements were conducted for samples in the solid state.
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silica particles, which is likely due to the significantly lesser
surface to volume ratio. Indeed, the specific surface area of the
nanoparticles was determined to be five-fold of that for
microparticles.®

In vitro studies

The biological properties of the conjugates in vitro were
studied on two cell-lines: SKBR3, the human breast cancer cell
line that overexpresses HER2 receptor, and Hep-2, the human
larynx carcinoma cell line that has low HER2 expression. The
MTT assay demonstrated that both conjugates did not show
any significant dark cytotoxicity to either of the cell lines
within the whole range of the studied concentrations, i.e.
1-500 pg mL~" for 72 hours (Fig. 4).

This result agrees with the earlier data on the dark cyto-
toxicity of {Moglg}@SiO,*" and indicates no effect of anti-
bodies on the toxicity profile. Confocal images that were
obtained after incubation of both cell lines with the conjugates
for 15 min clearly demonstrated a bright red luminescence in
SKBR3 cells localised in the perinuclear region and no notice-
able luminescence in Hep-2 cells (Fig. 5 and S4f). Thus, the
in vitro studies confirmed the specific affinity of both conju-
gates to the HER2/neu receptor, overexpressed by the SKBR3

120 - M Hep-2 mSKBR3

100

cell viability, %
o [<2] ©
o o o

N
o

0.97 1.9 3.8 7.75 15.5 31 62.5 125 250 500
concentration, ug/ml

M Hep-2 m SKBR3
120 A

cell viability, %

0.97 1.9 3.8 7.75 15.5 31 62.5 125 250 500
concentration, ug/ml
Fig. 4 Cytotoxicity of {Moglg}@SiO,-C7b (up) and {Moglg}@SiO,-trastu-

zumab (down) evaluated for Hep-2 cells (HER2 low expressed cell line)
and SKBR3 cells (HER2-overexpressed cells).
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Fig. 5 Confocal microscopic images of Hep-2 and SKBR3 cells incu-
bated with {Moglg}@SiO,-C7b for 15 min.

cells. Moreover, our data demonstrated the internalisation of
the particles within the SKBR3 cells but not just targeted
accumulation on the cellular membrane, which is likely to be
driven by the nanoparticles themselves. Indeed, silica particles
could easily penetrate through the cell membrane indepen-
dently with or without biomolecules on the surface'>** and,
according to the literature, the penetration mechanism of the
silica nanoparticles is clathrin dependent/independent
endocytosis.**

In vivo studies

To compare the behaviour of the C7b conjugate with that of
the trastuzumab conjugate, we studied their accumulation rate
in the SKBR3 tumour grafted in mice. To confirm that the
administered dose (3.5 mg) of the silica nanoparticle disper-
sions do not have acute toxicity, 3 female mice of Balb/C line

{Mogls}@SiO,
W {Mogl;}@SiO,-trastuzumab
W {Mo;l;}@Si0,-C7b

1 3 24
Time after administration, h

Fig. 6 Silicon content in tumour xenografts determined by ICP-AES.
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Fig. 7 In vivo PDT effect (1 > 400 nm) of {Moglg}@SiO, on SKBR3 tumour xerograph. (A) Tumour before irradiation. (B) Tumour after first irradiation
session. The tumour area had local hyperaemia and oedema. The green arrow indicates a small patch of necrosis. (C) Tumour after third irradiation

session. The green arrow indicates increased tissue necrosis.

were injected with the tested materials subcutaneously in the
medial thigh area. The mice did not demonstrate any symp-
toms of intoxication and behaved normally. Thereafter, nine
female mice of Nu/J line with xenograft were injected with
either neat {Moglg}@SiO, (negative control) or with the conju-
gates {Moglg}@Si0,-C7b or {Mogls}@SiO,-trastuzumab (posi-
tive control) subcutaneously by 7 consecutive injections at a
dose of 0.5 mg each around the tumour. The mice were sacri-
ficed 1, 3 and 24 hours after sample administration and the
quantity of the nanoparticles in tumour xenografts was deter-
mined using the ICP-AES technique by monitoring the content
of silicon atoms in the tissue (Fig. 6).

According to the data obtained (Fig. 6), after 1 hour the con-
jugate {Moglg}@Si0,-C7b accumulates in the cancerous tissue
significantly better than neat {Moglg}@SiO, or {Moglg}@SiO,-
trastuzumab. The silicon amount quantified after 3 hours
from injection clearly demonstrated the start of excretion of
the conjugates from the tumour xenograft. After 24 h, the
amount of the conjugated materials reduce significantly in the
tumour; in particular, in the case of {Moglg}@SiO,-C7b, while
the amount of {Moglg}@SiO, remained nearly the same. These
results, thus, clearly confirm the selectivity of cluster-doped
silica conjugates with both antibodies. However, the higher
accumulation efficiency and higher excretion rate of {Moglg}
@Si0,-C7b due to the smaller size of the nanobody, compared
to the monoclonal antibody, demonstrate its greater potential
in the delivery of particular diagnostic (imaging) agents, in
which a high rate of accumulation and excretion are
required.’’

Due to the intrinsic ability of {Moglg}@SiO, to generate
singlet oxygen'®?" we also examined the photodynamic activity
of the conjugate with sdAb C7b in vivo. A NU/] mouse induced
with SKBR3 tumour xerograph having a solid ellipsoidal shape
and the size of 1.0 x 0.5 x 0.5 ¢cm was injected with nano-
particle dispersion in a similar fashion as described above.
After 1 hour (ie. at the maximum of accumulation), the
tumour was irradiated with a halogen lamp (500 W, 1 >
400 nm) at a distance of 50 cm for 30 minutes. The whole pro-
cedure was repeated twice more with an interval of 3 days.
Fig. 7 shows the images of the tumour before and after the
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PDT. Overall, during and after the PDT, the mouse behaved
normally and did not demonstrate any signs of intoxication.
After the first irradiation, the tumour area showed signs of
local hyperaemia, oedema and a small patch of necrosis at the
site that was exposed to light. After the third PDT procedure,
the signs of swelling and hyperaemia in tumour were signifi-
cantly reduced, while tissue necrosis increased. Unfortunately,
there was no reduction in the tumour size, although the
growth of the tumour was not observed either. Meanwhile, the
healthy tissue remained unchanged after the PDT, which
suggests the selectivity of particle accumulation within the
tumour. Overall, the in vivo experiments are generally in agree-
ment with the data obtained in vitro, i.e. {Moglg}@SiO, does
not have significant dark toxicity, while upon photoirradiation
it demonstrates a noticeable photodynamic effect, which
initially causes hyperaemia in tumorous tissues and further
transforming into necrosis.

Conclusions

In conclusion, the optimised method for the preparation of
HER2-specific single-domain antibody C7b resulted in an
eleven-fold increase in the antibody yield. Since nanoantibo-
dies have already demonstrated higher potential in anti-cancer
therapy and related areas than monoclonal antibodies, their
production is of great importance for creating a new type of
drug, and therefore, the described method is extremely inter-
esting for pharmaceutical companies, especially due to the
fact that it can be easily adopted for industrial-scale pro-
duction. Moreover, using cluster-doped silica nanoparticles
{Mogls}@Si0, as a model photoactive cargo, we have demon-
strated that sdAb C7b can be an effective replacement for con-
ventional mAb (i.e. trastuzumab) in applications related to the
delivery of drugs, imaging and theranostics agents. Namely,
in vitro confocal studies showed the significantly higher
uptake rate of the silica-based nanoparticles conjugated to
C7b or trastuzumab by HER2 overexpressing cell line SKBR3
over those with low expression of HER2—the Hep-2 cells.
Notably, our data also demonstrated that the conjugates do

This journal is © The Royal Society of Chemistry 2020
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not just accumulate on the cellular membrane after their inter-
action with a receptor but also penetrate the cell membrane
and localise in the perinuclear region of the cells, in a way that
is similar to the neat silica nanoparticles. This would be very
effective for the delivery of cytostatic/cytotoxic agents directly
into the nucleus using silica-based matrices (e.g. mesoporous
silica nanoparticles loaded with drugs), whereupon C7b facili-
tates targeted delivery, while the nanoparticles facilitate the
uptake and localisation with the cell. The prototype conjugate
created in this proof-of-concept study, {Moglg}@Si0,-C7b, con-
firms the effectiveness of sdAb C7b as an agent for targeted
delivery. Moreover, for the first time, this work demonstrated
visible light induced in vivo photodynamic treatment of cancer
on xenografted mice using cluster-containing materials. It
should be noted, that despite the modest effect of PDT, it
might be increased by using other irradiation types having
deeper than visible light tissue penetration, such as infrared
irradiation or X-ray.
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