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Abstract

A novel nanocomposite of gold nanoparticles (AuNPs) and thiophosphate derivative of metal-boron
cluster complex (metallacarborane), [8,8'-pu-O2P(O)SH-3,3'-Co(1,2-C2BsHi0)2]HDBU was developed.
The metallacarborane functionalized AuNPs were characterized by UV-vis, DLS, ELS, and ESI-MS
techniques. The mass-spectrometry studies unanimously confirmed metallacarborane attachment to
the surface of AuNPs. Fluorescent properties of the combined nanosystem based on the
metallacarborane functionalized AuNPs and bovine serum albumin (BSA) have shown more
effective protein binding to functionalized than non-functionalized AuNPs. Functionalizing of
AuNPs with compound 1 appears to improve the nanoparticles activity against HSV-1 in cells after
long-term infection for the higher virus concentration in post-treatment mode.

Keywords: boron; metallacarboranes; gold nanoparticles; self-assembly; nanocomposite; BSA
binding; antiviral activity

1. Introduction

Inorganic nanoparticles (NPs), including noble metal nanoparticles, have a variety of
applications in medicine, including imaging, drug delivery, cancer therapy [1,2], and inhibiting virus
proliferation [3,4]. They are also used as platforms promoting cellular delivery and uptake of boron-
rich compounds such as metallacarboranes for boron neutron capture therapy (BNCT) applications
[5]. The strategies for functionalizing the surface of metal nanoparticles with metallacarboranes [6]
and carboranes [7,8] through thiol bonding to gold (AuNPs) and silver nanoparticles were developed.
Herein, we propose another method for the attachment of metallacarborane to the AuNPs based on
the high affinity of sulfur for gold using a phosphorothioate group instead of the thiol function. This
approach was chosen by analogy to the commonly used method of attaching phosphorothioate DNA-
oligonucleotide to AuNPs [9-11]. As a model metallacarborane ligand a thiophosphate derivative of
bis(1,2-dicarbollido)-3-cobalt(1-)ate [8,8'-p-O2P(O)SH-3,3'-Co(1,2-C2BsHi0)2] HDBU (1) was used. This
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study aimed to increase the affinity of AuNPs to proteins, which may be important for therapeutic
applications of AuNPs [1,2]. Recently published observations of more effective binding of
metallacarborane-insulin conjugates to human serum albumin (HSA) further support the proposed
concept [12]. Additionally, an original observation of the high affinity of metallacarboranes to
proteins [13,14] rationalizes the use of metallacarboranes for this purpose.

2. Materials and Methods

2.1. Materials

3-Cobalt bis(1,2-dicarbollide) cesium salt was purchased from Katchem (Rez n/Prague, Czech
Republic), sulfuric acid 95-97% EMSURE was from Merck KGaA (Darmstadt, Germany), imidazole,
anhydrous triethylamine, tetrahydrofuran, and methanol were purchased from Sigma-Aldrich
(Steinheim, Germany), phosphorus trichloride was bought from Acros Organics (New Jersey, USA),
1,8-diazabicyklo(5.4.0)undek-7-en (DBU) was bought from Fluka Chemie AG (Buchs, Switzerland).
Gold(III) chloride trihydrate (HAuCls:3H20), sodium citrate tribasic dihydrate, NasCsHs0O7-2H20, and
albumin from bovine serum fraction V were from Sigma-Aldrich (St. Louis, MO, USA). Deionized
water of 18.2 MQ-cm from Milli-Q® Integral 5 Water Purification System, Millipore SAS (Molsheim,
France) was used for preparation of solutions and colloids.

Cells and viruses. Vero cells (ATCC CCL-81; American Type Culture Collection, Manassas, VA,
USA) derived from monkey kidney normal epithelial cells were grown in Eagle’s minimum essential
medium (EMEM; Sigma-Aldrich Co. Ltd., Ayrshire, UK) supplemented with 10% inactivated heat-
fetal calf serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin G, 100 pg/mL streptomycin, and
amphotericin 50 ug/mL (Sigma-Aldrich Co.). The cells were incubated in a growth medium at 37°C
in a humidified atmosphere containing 5% CO:. Human herpes simplex virus type 1 (HSV-1), strain
Maclntyre (ATCC VR-539), was used in reduction assays. The virus was propagated and titrated in
Vero cells in EMEM supplemented with 2% FBS, L-glutamine, and antibiotics.

Nanoparticles used in cytotoxicity and antiviral activity studies. Two types of colloidal gold
nanoparticles (AuNPs) in sodium citrate water solution were used: unfunctionalized, washed AuNPs
with a mean diameter of 12 nm and functionalized with compound 1, washed AuNPs+1 with a mean
diameter of 12 nm. Both AuNPs and AuNPs+1 were resuspended in EMEM and used at two
concentrations, 0.3 pg/mL and 5.9 ug/mL. A detailed description of the preparation of both types of
nanoparticles can be found in the Method section below.

2.2. Methods

Synthesis of O,0-[3-cobalt bis(1,2-dicarbollide) phosphorothioate  [8,8'-u-O:P(O)SH-3,3'-
[Co(1,2-C2BoH10)2]HDBU (1) was performed as described [15].

Preparation of AuNPs colloids. The AuNPs colloids were synthesized via chemical reduction of
Au(Ill) in tetrachlorauric acid (HAuCls) with trisodium citrate (NaCit, NasCsHsO7) in aqueous
solutions according to the Turkevich method [16,17]. A trifold molar excess of NaCit to HAuCls was
used for the preparation of AuNPs colloid with a gold concentration Cau=3.00 x 104 M. Stock
solution of 1.25 x 10" M HAuCls was prepared by dissolving 1 g (2.54 x 10-* mol) of HAuClsin 20.31
mL of deionized water and stock solution of 1.00 x 10> M NaCit was prepared by dissolving 0.147 g
(5.00 x 10* mol) of NaCit in 50 mL of deionized water. Then, 0.06 mL of 1.25 x 101 M HAuCls was
put into 25 mL of boiling solution of NaCitr pH 7.5, obtained by dilution of 2.25 mL of 1 x 102 M
NaCit stock solution with deionized water to 25 mL, yielding a final concentration of HAuCls
Craucis = 3.00 x 104 M and of NaCit 9.00 x 10+ M in the reaction mixture. Next, the whole was stirred
while boiling for 5 min, then allowed to cool at room temperature, yielding AuNPs colloid with
Cau=3.00 x 10+ M in 9.00 x 104 M NaCit.

Functionalization of AuNPs with 3-cobalt bis(1,2-dicarbollide) thiophosphate (1). AuNPs colloid was
functionalized with 3-cobalt bis(1,2-dicarbollide) thiophosphate (1) by addition of 0.10 mL aqueous
solution of 1 (0.25 mg/mL, 4.26 x 10+ M) to prepared as above 1.90 mL of AuNPs colloid (Cau=3.00 x
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10+ M, NaCit 9.00 x 10* M) at ambient temperature, so the concentration of both components in
studied samples were C1=2.13 x 105 M, Cau = 2.85 x 10 M and NaCit was 8.55 x 10 M, respectively.
The molecular mass of compound 1 (MW = 586) obtained according to the procedure described in
[15] was taken as the mass of its salt with 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU). AuNPs colloid
treated in this way with 1 was kept at ambient temperature for 1 h, then was used for

the UV-vis absorption spectroscopy measurements. The Dynamic Light Scattering (DLS) and
Electrophoretic Light Scattering (ELS) studies were performed 3 hours after the AuNPs+1 conjugate
preparation.

Preparation of samples for Electrospray lonization Mass Spectrometry (ESI-MS) measurements. The
colloid of AuNPs treated with 1 (AuNPs+1) for ESI-MS measurements was prepared as described
above, but on a larger scale of total volume 100 mL, obtaining AuNPs+1 colloid at Cau=2.85 x 10+ M
in 8.55 x 10+ M NaCit. The resultant AuNPs+1 colloid was centrifuged for 20 minutes at 12000 rpm
using a Sigma 3-18K centrifuge (Newtown, Wem, Shropshire, UK). Then, the supernatant was
removed from the pellet of AuNPs+1. The pellet was resuspended in 2.00 mL of 9.00 x 104 M NaCit
solution, then vortexed and centrifuged. The procedure of AuNPs+1 washing was repeated three
times. The sample of untreated AuNPs used as a control was prepared in the same way.

For the ESI-MS measurements, the metallacarborane thiophosphate 1 attached to the surface of
AuNPs was released into solution using sodium borohydride (NaBHs) as a reducer of gold surface
ions [18]. Briefly, a 0.20 mL of freshly prepared solution of NaBH4 in deionized water (2.00 mg/mL,
5.26 x 102 M) was added to the washed functionalized or untreated AuNPs preparations obtained
from 100 mL of the colloid as described above and resuspended in 0.20 mL of 3 x 10° M NaCit
solution resulting in final Cau = 0.15 M gold concentration and molar ratio Au: NaBH:=2.85: 1.
After 1 h at room temperature the whole was centrifuged for 20 minutes at 12000 rpm then the
supernatant filtered through PVDF 0.22 um filters and analyzed by mass spectrometry.

Preparation of samples for fluorescence studies. Samples of washed treated with 1 or untreated
AuNPs for the study of BSA binding were prepared as described above for the ESI-MS measurements
(up to the release step of 1 from the AuNPs surface). The optical density (OD) of resultant colloids of
washed and resuspended nanoparticles was adjusted to the initial value of ODaunes = 0.98 and
ODaunrs1 =1.05. The BSA solution was prepared freshly by dissolving the lyophilized powder of BSA
in deionized water to a concentration of 2.00 mg/mL. A series of experiments was carried out using
different ratios of BSA and AuNPs+1 conjugates. Typically, AuNPs interacted with BSA by addition
of 0.01-0.025 mL aqueous solution of BSA (2.00 mg/mL) to 2.00 mL of AuNPs or AuNPs-1 colloids
with Cau concentrations ranging from 3.00 x 10> M to 3.00 x 10+ M that corresponded to Caunps/aunrs-
1from 2.12 x 10°M to 2.12 x10° M (Figure 7). The molar concentration of nanoparticles was
calculated taking into account the average size of nanoparticles justified in section on the coverage of
the surface of AuNPs with 8,8'-O,0-[cobalt bis(1,2-dicarbollide)]Jphosphorothioate (1), taking the
rounded value of particles’ diameter 4 = 15 nm based on mean value of nanoparticle radius by number
in Tables 1-3 r = 7.3 nm, and resulting number of gold atoms equal to 141300 per one nanoparticle.
The AuNPs+1 dilutions were prepared by the addition of proper aliquots of AuNPs+1 stock colloid
of Cau= 3 x 10* M concentration in 9.00 x 10#*M sodium citrate solution at ambient temperature.
Control samples of individual solutions of BSA, AuNPs colloid, and AuNPs+1 were prepared in the
same way. The samples were prepared 24 h before the fluorescence measurements and stored at 4°C.
The binding constants, K» values, were calculated from a double logarithmic plot (Figure 7B) of the
Stern-Volmer equation.
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Table 1. Calculated number of 8,8"-O,0-[cobalt bis(1,2-dicarbollide)]phosphorothioate (1) molecules per one

nanoparticle, assuming full coverage of the NP surface by 1 (saturation state).

Number of molecules per nanoparticle
Surface (full coverage)
Definition of the NP | Radius
. area Circles Circles Ellipses Ellipses
size [nm]
[nm?] packing, | packing, | packing, | packing,
min max min max
Modal value of NP
6.8 143.1 127 136 153 166
radius by number
Modal value of NP
12.2 467.6 413 443 501 541
radius by intensity
Mean value of NP radius
7.3 168.0 149 159 180 194
by number
Mean value of NP radius
) _ 13.6 583.2 8303 8896 10058 10873
by intensity
Mean value of NP
NA 181.3 160 172 194 210
surface area by number
Mean value of NP
NA 675.3 39820 42664 48235 52145
surface area by intensity

NP = nanoparticle, NA = not applicable.

Table 2. Evaluation of number of molecules per nanoparticles based on experimental results for C1 = 2.13 x 10
M concentration of 8,8"-O,0-[cobalt bis(1,2-dicarbollide)]-phosphorothioate (1).

Radius Volu Experimental number of molecules per
Definition of the NP size me?
[nm] nanoparticle
[nm?]

Modal value of NP radius by 68 1288.3 369
number
Modal value of NP radius by 122 7606.2 2179
intensity
Mean value of NP radius by 73 1638.6 469
number
Mean value of NP radius by 13.6 684894 196227
intensity 5
Mean value of NP volume by NA 2095.8 600
number
Mean value of NP volume by NA 16300. 6980935
intensity 3

aAlgorithm of calculations for all the value types is shown in SI, Table 1 and Table 2. NP = nanoparticle, NA =

not applicable.
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Table 3. Ratio of experimental value of number of molecules attached to one nanoparticle to theoretical value of
number of molecules needed for the full coverage of one nanoparticle for different concentrations of 8,8’-O,0-
[cobalt bis(1,2-dicarbollide)]phosphorothioate (1).

Ratio of N1 experimental to N1 theoretical at
Radius different concentrations of compound 1
Definition of the NP size
[nml | 053x105 | 1.07x105 | 1.60x 105 |2.13 x 105
M M M M
Modal value of NP radius by
6.8 1.29 0.99 2.04 241
number
Modal value of NP radius by
. . 12.2 2.32 1.79 3.68 4.35
intensity
Mean value of NP radius by number 7.3 1.39 1.07 2.20 2.61
Mean value of NP radius by
_ _ 13.6 2.60 2.00 4.11 4.86
intensity
Modal value of NP radius by
7.8 1.50 1.15 2.37 2.80
volume
Mean value of NP radius by volume | 10.6 2.02 1.56 3.21 3.79

NP = nanoparticle, NA = not applicable; N1 = number of molecules 1 per one nanoparticle. C1=0.53 x 10°M =
0.0031 mg/mL (1); 1.07 x 10°M = 0.0063 mg/mL (2); 1.60 x 10°M (3) = 0.0094 mg/mL; 2.13 x 10> M = 0.0125 mg/mL
@)

BSA binding Fluorescence spectroscopy. The emission spectra of BSA in the presence of untreated
AuNPs colloids and treated with compound 1 were recorded using a Cary Eclipse fluorescence
spectrophotometer (Varian Cary Eclipse, Mulgrave, Australia) in the region of 295-490 nm and the
excitation wavelength Aex =270 nm in 1 cm quartz cells.

UV-vis spectroscopy. The UV-vis absorption spectra of untreated and treated with compound 1
AuNPs colloids, prepared 24 h before the measurements and stored at room temperature, were
recorded in the wavelength range 200 — 800 nm using a spectrophotometer Jasco V-750 (Jasco Int.,
Easton, MD, USA) in 1 cm quartz cells. Data were analyzed by Spectra Analysis module in the Jasco
Spectra Manager software.

Dynamic light scattering (DLS) and Electrophoretic light scattering (ELS) of AuNPs and AuNPs+1. The
AuNPs treated with 1 (Cau=2.85 x 10+ M, C1 =2.13 x 10° M) hydrodynamic size and zeta potential
distributions were studied by a laser correlation spectrometer Zetasizer Nano-ZS (Malvern
Panalytical Ltd., Malvern, UK) by dynamic light scattering (DLS) and electrophoretic light scattering
(ELS) methods, respectively. The registration and statistical processing of the scattered laser light
intensity measured at an angle of 173° from the colloids were performed three times during 180 s at
25°C in disposable folded capillary cells. The untreated AuNPs samples (Cau=2.85 x 104 M) used as
control were measured the same way.

Mass spectrometry. Electrospray ionization (ESI) mass spectra were recorded on Agilent 6546
LC/Q-TOF (Santa Clara, Kalifornia, United States). The ionization was achieved by ESI in positive ion
mode (ESI+) and negative ion mode (ESI-). The capillary voltage was set to 4 kV. The source
temperature was 300 °C, and the desolvation temperature was 350 °C. Nitrogen was used as a
desolvation gas (11 L/min, purity >99%) from a nitrogen generator PEAK Scientific (Inchinnan, Great
Britain).
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Calculation of the coating of the surface of AuNPs with 3-cobalt bis(1,2-dicarbollide) thiophosphate (1).
Mathematical (geometrical) modeling and statistical description methods were used to describe the
final spatial structure of the AuNPs+1 nanoparticles. A gold nanoparticle was considered as a flat
spherical object, whereas the spatial structure and sizes of 1 were adapted as previously described
[19]. The problem was considered as a packing problem, “Circles Packing” and “Ellipses Packing”
models were applied to choose the better fitting to the experimental data. Geometrical parameters of
the nanoparticles were defined using the descriptive statistical methods based on the DLS data.

Cytotoxicity assay. The cytotoxic activities of untreated AuNPs and AuNPs treated with
compound 1, AuNPs+1, were examined against the Vero cell line using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously [20]. Vero cells
monolayers were grown in 96-well microtiter plates (2 x 104 cells/well), and following 24 h incubation
at 37 °C and 5% CO: atmosphere, were treated with different concentrations of AuNPs or replaced
with fresh medium (untreated controls). The cells were maintained for 48 h at 37 °C in 5% CO2, and
the cell viability was then measured. The cytotoxic concentration (CCs0) was defined as the
concentration required to reduce the cell number by 50% compared to untreated controls. The cell
variability was evaluated as the mean value density resulting from five mock-treated cell controls.
The CCso was calculated by linear regression analysis of the dose-response curves obtained from the
data.

Virus titration. Plaque assay performed by the method of Reed—-Muench [21] represents the gold
standard in determining viral concentrations for infectious lytic virions. Vero cells grown in 24-well
plates were inoculated with HSV-1 as described previously [21]. After 48 h incubation, the cells were
fixed with methanol and stained with 0.05% methylene blue (Sigma-Aldrich). The HSV-1 plaques
were counted under a microscope. Antiviral activity was expressed as the compound concentration
required to reduce the number of viral plaques to 50% of the control (virus-infected but untreated).
For cytopathic effect (CPE), inhibitory assays were carried out in confluent Vero cell monolayers (2 x
10* cells/well) growing in 96-well plates. After 48 h of incubation, the number of viable cells was
determined by the MTT method. The Reed—Muench method was used to calculate the median tissue
culture infectious dose (TCIDso). Antiviral activity was expressed as ICso (50% inhibitory
concentration), the concentration required to reduce virus-induced cytopathicity by 50% compared
to the untreated control. Each sample was examined in triplicate.

Virus pre-treatment assay. AuNPs and AuNPs+1 were evaluated for their ability to inhibit the
replication of HSV-1. The virus was used at a multiplicity of infection (MOI) of 1 and 2 plaque-
forming units (PFU) per 1000 cells (MOI =0.001 and 0.002, respectively). To study the influence of the
gold nanoparticles treated and untreated with compound 1 on viral attachment to the host cells, the
virions were pre-treated with AuNPs or AuNPs+1 before infection of Vero cells as described
previously [20]. The HSV-1 suspension was treated at room temperature with AuNPs or AuNPs+1 at
concentrations of 0.295 ug/mL or 5.9 ug/mL for 0 h, 1 h, and 4 h, and then the mixture was added to
the cell monolayers at an MOI of 0.001 or 0.002. The TO time point (0 h) means that the virus-
nanoparticle mixture was added to the Vero cell monolayers immediately after mixing. After the
infection, the plates were placed at room temperature for 1 hour for the virus absorption. Then the
virus inoculum was removed from the cell monolayers, the cells were washed three times with PBS,
and replaced with medium containing tested nanoparticles at 0.295 ug/mL or 59 ug/mL
concentration. The cells were incubated for 48 h at 37 °C in 5% CQO», and then treated with MTT for
CPE estimation. Untreated virus controls, citrate controls, and uninfected untreated cell controls were
included in all assays. The supernatants after 48 h of incubation were collected, stored at —20 °C, and
titrated in Vero cells. The antiviral activities of AUNPs and AuiNPs+1 were determined as the 50%
inhibitory concentrations (ICso) calculated as the concentrations required to reduce virus-induced
cytopathicity by 50% compared to the untreated control. Tenfold dilutions of supernatants were
utilized to inoculate Vero cel monolayers in 96-well plates, and infected cells were maintained in
culture for 48 h at 37 °C in 5% CO: [20]. Each sample was examined in triplicate.
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Virus post-treatment assay. Vero cells were first infected with HSV-1 at a concentration of MOI =
0.001 or 0.002. After 1 h of adsorption at room temperature, the virus inoculum was removed, and
the cells were washed three times with PBS to remove the unattached virus [20]. Three different time
points were studied: 0 h, 2 h, and 24 h post-infection (p.i.). The TO time point means that AuNPs or
AuNPs+1 were added to Vero cell cultures immediately after adsorption. The supernatants were
harvested at 2 days p.i., when CPE was detected in the Vero cell cultures and titrated by plaque and
MTT assays in Vero cells. The plates were incubated for 48 h at 37°C in 5% CO2, and the absorption
of the samples with MTT was measured as described above.

Statistical analysis. The Wilcoxon signed-rank test was performed for comparisons of viral titers
between groups. The mean and standard deviation (SD) were analyzed with scripts in Python. The
data were obtained from three independent experiments. A p-value less than 0.05 was considered
statistically significant.

3. Results and Discussion

Synthesis of 8,8-O,0-[cobalt bis(1,2-dicarbollide)]phosphorothioate, [8,8-u-O:P(O)SH-3,3'-
[Co(1,2-C2BsH10)2]HDBU (1) was performed in three steps as previously described [15]. Briefly, first
the cesium salt of metallacarborane complex, 3-cobalt bis(1,2-dicarbollide) was treated with
concentrated sulfuric acid to form it's B(8,8’)-dihydroxy-derivative [22]. This was subsequently
treated with freshly prepared tri(lH-imidazol-1-yl)phosphine to form (1H-imidazol-
lyl)phosphoramidite of 8,8’-dihydroxy-3-cobalt bis(1,2-dicarbollide), which was hydrolyzed in situ
into the corresponding H-phosphonate [8,8'-p-O2P(O)H-3,3'-Co(1,2-C2BoH10)2]HNEts. The H-
phosphonate was transformed into thiophosphate using an elementary sulfur in the presence of a
strong organic base, DBU, providing thiophosphoric acid bridged between boron atoms at positions
8 and 8' of 3-cobalt bis(1,2-dicarbollide) [8,8'-p-O2P(O)SH-3,3'-[Co(1,2-C2BsHi0)2] HDBU (1). The pKa
value for the thiophosphate group of compound 1 was found to be 2.04 + 0.06. The measurements
were performed on the Pion SiriusT3 instrument (Pion Inc. Ltd., Forest Row, UK) using the
spectrometric technique (details not shown).

The preparation of AuNPs modified with 1 includes two main stages: 1) synthesis of AuNPs and
2) AuNPs functionalization with 1 (Figure 1). In the first stage, sodium citrate was chosen as a
reducing agent of Au(Ill) ions [16,17] for the preparation of gold nanoparticle colloid. According to
the literature data [17,23-25], the mechanism of particle formation in the sodium citrate/HAuCls
system occurs through several stages: a) formation of nanoclusters less than 5 nm, b) formation of the
network of nanoclusters forming gold nanowires, c) fragmentation of nanowires, and d) subsequent
formation of individual AuNPs. These processes largely depend on the number of citrate carboxylate
groups participating simultaneously in the reduction of metal ions, their binding to the surface of the
resulting AuNPs, and the formation of a charge on their surface that stabilizes the nanoparticles due
to electrostatic repulsion.
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Figure 1. Idealized image of a gold nanoparticle modified with 8,8-O,0O-[cobalt bis(1,2-
dicarbollide)]phosphorothioate (1).

In the second stage, the AuNPs colloid (Cau=3.00 x 10* M, Cnacir = 6.00 x 104 M or 9.00 x 10+ M)
was treated with modifying component 1. Based on the obtained experimental data, the water was
used as a solvent for preparation of 1 stock solution (0.25 mg/mL, 4.26 x10* M) to avoid the
aggregation of AuNPs, which occurred when organic solvents such as ethanol or DMSO were used
as solvents for preparation of solutions of compound 1.

Optical properties._The detailed analysis of UV-Vis spectra of AuNPs and their functionalized
conjugate AuNPs+1 allowed us to identify changes that are specific to the binding of the modifier 1
to the AuNPs. The main change concerns the characteristic of the localized surface plasmon
resonance (LSPR) band of gold nanoparticles as a result of the binding of functionalizing agent 1 to
AuNPs. Firstly, the position of the band maximum in spectra measured in citrate solution (Cnacitr =
9.00 x 10* M) is red-shifted from A max= 520 nm for untreated AuNPs to Amax = 524 nm for AuNPs+1.
Secondly, the intensity of the band maximum for AuNPs+1 increased by approximately 7% compared
to untreated AuNPs (Figure 2A).

0,000 0,005 0,010 0,015
C, [mg/mL]
501 Cc

Abs

48

46+

00 B e T -
300 400 500 600 700 800 000 0005 0010 0015
A, nm C, [mg/mL]

Figure 2. Optical properties of AuNPs treated with compound 1. A) UV-Vis absorption spectra of untreated
AuNPs colloid (dashed line) and AuNPs treated with 1 (solid lines) at the same molar concentration of gold (Cau
=2.85 x 10 M) and different concentrations of the functionalizing agent 1: C1 = 0.53 x 10°M, 0.0031 mg/mL (1);
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1.07 x 105M, 0.0063 mg/mL (2); 1.60 x 105 M (3), 0.0094 mg/mL; 2.13 x 10° M, 0.0125 mg/mL (4). The spectra of 1
at concentrations used are shown for comparison. B) The effect of concentration of 1 on the intensity of the LSPR
band maximum, and C) the halfwidth (HW) of the LSPR band.

The changes in the intensity of the LSPR band were non-additive compared to the sum of the
absorption of the control solution of 1 and the AuNPs colloid. Attached for comparison are the spectra
of 1 at the same concentrations as used in the AuNPs functionalization process, showing additivity
in the region of characteristic maximum for metallocarborane absorption at Amax=320 nm and
complete transparency of 1 in the broad region beyond 400 nm, including the region of LSPR band
maximum for gold. The adsorption process of 1 on the surface of AuNPs depends on the
concentration of 1, which is illustrated by the concentration dependence shown in Figure 2B.

As expected, the functionalization process, which involves the exchange of citrate molecules on
the surface of AuNPs due to the formation of a stronger Au-S bond between the thiophosphate
residue of 1 and the gold of the nanoparticle surface (Figure 1), may promote the aggregation of
AuNPs.

This process is illustrated by a broadening of the LSPR band upon increasing the concentration
of 1 in the AuNPs colloid (Figure 2C). A possible cause of this phenomenon is the known tendency
of metallacarboranes to self-assembly as a result of the formation of dihydrogen bonds between
metallacarborane molecules [26,27]. However, based on the data obtained from DLS and ELS
measurements shown below, it seems that despite this, the colloids of AuNPs-1 were more stable
compared to the untreated AuNPs.

The AuNPs and AuNPs-1 zeta potential distribution. The data on zeta potentials of untreated and
treated with 1 AuNPs colloids are shown in Figure 3. In general, the negative surface charge of
AuNPs treated with 1 was slightly increased compared to untreated AuNPs, with the average values
of -42 mV and -37 mV, respectively, which is consistent with the above-mentioned increased stability
of colloids of functionalized AuNPs+1 preparations. At the same time, the zeta potential distribution
of studied nanoparticles became less homogeneous upon centrifugation and subsequent
resuspension of the AuNPs+1 pellet.

-50 resuspended

-45

-40 -

w
(6}
1

Zeta potential [mV]

W
o
1

)
o

AuNPs AuNPs+1 AuNPs AuNPs+1

Figure 3. Averaged zeta potential values of untreated AuNPs (red), Cau=2.85 x 104 M, and treated AuNPs with
1 (blue), Cau=2.85x 10 M, C1=2.13 x 10~ M, for original colloids (light red and light blue bars) and centrifuged,
resuspendent systems (dark red and dark blue bars).

The AuNPs and AuNPs+1 size distribution. There are no obvious changes in the size of AuNPs
upon functionalisation with 1 according to DLS data (Figure 4). According to the distribution of
nanoparticles by size (percentage of particles by quantity), the average size of the nanoparticles
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ranges from 10 nm to 16 nm, with a predominant population at 12 nm. According to the intensity
basis, these values are 12-27 nm and 17 nm, respectively. Functionalized AuNPs were more stable
compared to untreated, as the average size of particles in centrifuged and then resuspended systems
remained generally unchanged (Figure 4C, dashed) compared to the increased size of untreated
AuNPs due to aggregation (Figure 4B, dashed).
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Figure 4. The distribution of nanoparticles by size according to DLS data in untreated AuNPs colloid at Cau =
2.85 x 10* M (red) and the same AuNPs colloid treated with 1 at C1=2.13 x 10> M (blue) represented by number
basis (percentage of particles by quantity) (A) and by intensity basis (percentage of particles by scattered light)
(B, C). Solid lines indicate the size distribution of nanoparticles in colloids in statu nascendi, before centrifugation,

and dashed lines indicate centrifuged and resuspended systems.

The coverage of the surface of AuNPs with 8,8"-O,0-[cobalt bis(1,2-dicarbollide)lphosphorothioate (1).
For the estimation of surface coverage of AuNPs with 1, the structure of cobalt bis(1,2-dicarbollide, a
metallacarborane core of 1, was adapted from [19] and is shown in Figure 5. It is supposed that the
2D projection is two crossed circles with a radius of 0.3 nm. For the theoretical calculations of
coverage, different models were applied. Packing of flat shapes on some flat or curved surface is a
mathematical and physical problem, which has been solved for various shapes and surfaces [28-30].
Two models were proposed here, as shown in Figure 5.

A, B Circles on the surface
of the sphere: packing
density
d=1.1nm =0.84+0.90
1.1 nm
Ellipses on the flat
2xa=1.1nm surface: packing
density =0.74 + 0.8
0:6 im 2xb=0.8nm

Figure 5. Two shape projections of compound 1 were adopted for the calculation of AuNPs surface coverage by
compound 1: A) circular projection and B) an elliptical projection.

In the framework of the "Circles packing” model, it is assumed that there is a circle, which is
inscribed around the 2D-projection of the molecule (excircle), and the surface of the sphere
(nanoparticle) is close-packed by these excircles. Clare and Kepert showed that the packing density
for the optimal packing of circles on the sphere ranges from 0.84 to nearly 0.90 [31]. The second model,
"Ellipses packing," described the 2D projection of the molecule as an ellipse. Consequently, we need
to find an ellipse inscribed around the 2D projection, and then pack these ellipses on the surface of
the nanoparticle. For dense ellipse packing, the packing density is in the range from 0.74 to 0.80 [32].
Hence, the number of molecules per one nanoparticle N, is evaluated as follows:
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NIZSNP'p’
S

where S, is the area of the surface of the nanoparticle; p is the packing density (we use both the

mol

lowest and the highest values of the range); and S,,, is the area of the shape escribed around the 2D
2
projection of the molecule, S,  =x- (5) for circles packing with diameter d =1.1nm , and

S, =7-a-b forellipse packing with @ =0.55nm and b=0.4 nm.

For the calculation of the radius of the nanoparticle, six approaches were used, which are shown
in Table 1. Both the modal and mean value of nanoparticle size were taken into consideration. The
modal value is the value that is most frequently observed in DLS measurements. This means that the
nanoparticles size is set to the one with the highest probability based on DLS signal intensity

distribution. In this case, the surface area is calculated as S,, =47 R.,,... - Mean value of the NP

radius is calculated as the sum of products of values of radius on their relative frequencies
Riproan = ZRi -n, , and the surface area thenS,, =4-7- R, . Mean value (averaged) of the NP

1

surface area is calculated similarly, but for square radii S,, =7 - ZRiZ -n, . Results of calculations are

presented in Table 1.

The experimental number of molecules 1 attached to one nanoparticle can be evaluated based
on the intensity of 1 band in the absorption spectra of the supernatant of treated AuNPs colloid
(Figure S1). Taking into account the concentration of 1, C1 = 2.13 x 10° M (the concentration of
saturation according to Figure 2B, C), and the quantity of adsorbed molecules, p, =0.065=6.5%,
the experimental number of molecules per nanoparticle is:

_ Ny Cooan Puas

exp N
NP

where N, is Avogadronumber, and N,, isthe concentration of nanoparticles (numbers per liter),

N,

which may be calculated as follows:
C,. M
NNP — —Au Au
PaVip
where Cau = 2.85 x 10+ M is molar concentration of gold, Mau = 197 x 10 kg/mol is molar mass of
gold, oau = 19.3 x 10 kg/m? is density of gold, V), is the volume of one nanoparticle. As the

difference in results using different approaches for calculating the surface area of a nanoparticle may
differ by 2 orders of magnitude, we also evaluated the experimental value of adsorbed molecules
using 6 approaches: for mode and mean values of radius, and for mean volume of a nanoparticle.
Results are presented in Table 2.

The surface roughness seems not to be high enough to influence the results [33]. To compare

theoretical and experimental results, it may be useful to calculate N1, /N1, instead. In this case,

theor
we calculate the ratio of the experimental value of the number of molecules attached to one
nanoparticle to the theoretical value of the number of molecules needed for the full coverage of one
nanoparticle. In this case, the ratio is proportional to the radius of the nanoparticle itself, and close to
DLS measurements by number, and seems to be a better option to use due to the greater convergence
of experimental estimates and theoretical values.

The results of these calculations are presented in Table 3. Since the values for the ellipse packing
fall within the middle range of values in Table 1, and the actual type of packing is unknown, we chose
to use a theoretical average value from the theory of ellipse packing p =0.74 for our estimations.

Comparing the experimental results and theoretical evaluations, the following conclusion can
be made. At low concentrations of compound 1 its molecules fully cover the surface of the
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nanoparticle in one layer. But for higher concentrations of modifier 1 the shell is formed in two layers
of molecules, which is possible due to the tendency of 1 itself for self-assembling [26,27].

The ESI-MS measurements. The mass spectrometry was used to test the binding of 3-cobalt bis(1,2-
dicarbollide) thiophosphate (1) to a gold surface and the subsequent functionalization of AuNPs. The
samples of AuNPs functionalized with 1 for mass spectrometry measurements were prepared by
carefully washing several times with deionized water. The detachment of 1 from the gold surface
of AuNPs was achieved via reducing the gold ions Au(+1) with sodium borohydride [18]. Untreated
AuNPs used as a control were processed the same way. For a detailed procedure, please see the
experimental.

As shown in Figure 6, the mass spectrum of the analyte obtained from functionalized AuNPs
recorded in negative mode unambiguously shows a diagnostic signal corresponding to a singly and
doubly ionized modifier molecule 1 at 434.2066 m/z and 216.5998 m/z. Isotopic distribution within
the molecular ion due to the natural abundance of 10B and 11B in natural elemental boron is
characteristic of boron clusters (Figure 6, inset). The presence of 216.5998 m/z ion is most probably an
unprotonated double-charged 3-cobalt bis(1,2-dicarbollide) thiophosphate anion.
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Figure 6. ESI-mass spectra of analite derived from functionalized AuNPs with 1 recorded in negative mode. The

inset shows the characteristic isotopic distribution within the molecular ion of 1.

Binding of gold nanoparticle modified with compound 1 to BSA. The binding of BSA to AuNPs treated
with 1 was estimated and compared to the BSA interaction with non-modified AuNPs. According to
the literature, binding constants (Kb) and the stoichiometric ratio (1) of the components are usually
estimated by analyzing the fluorescence emission of the protein in the 300-500 nm region.

Results obtained by other authors demonstrate that BSA exhibits strong and consistent binding
affinity to AuNPs under different particle sizes and pH conditions, and linear Stern-Volmer plots
suggest that dynamic quenching is the dominant mechanism. For example, the Ao and colleagues
[34] determined such parameters for the interaction of BSA with AuNPs (d =26 nm) as Kv=1.19 x1010
M+and n=1.46 at pH 7.4, respectively. As reported by Wangoo et al., the value of the binding
constant for the BSA/AuNPs system was Kv=3.16x10" M at pH 7.0 (d =40 nm) [35]. In both cases,
the Stern-Volmer plot was linear, which indicates a single type of quenching mechanism, most likely
dynamic quenching. According to the data shown by losin et al. for spherical AuNPs (d =18 nm)
obtained via the citrate method, the binding constant and stoichiometric ratio were Ko=2.34 x 10" M-
Tand n =1.37, respectively [36].

The order of magnitude of the binding constant for the interaction of BSA with
metallacarboranes alone is on the order of 105-106 M [13]. Therefore, in the studied systems, a
difference is expected between BSA attachment to the surface of untreated AuNPs and AuNPs coated
with compound 1 - specifically, additional protein binding is likely to occur in the case of AuNPs-1
due to inherent interaction with the metallacarborane.

Upon interaction with BSA, the position of the LSPR band maximum in the absorption spectra
of gold shifted from 520 to 522 nm for untreated AuNPs and from 524 to 526 nm for the 1-containing
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system, as shown for washed nanoparticles (Figure S3A). Also, such interaction is accompanied by a
slight but consistent increase in LSPR band intensity (Figure S3B).

The aqueous solution of BSA exhibits a fluorescent signal in the range of 300-500 nm with an
emission maximum at Aem = 347 nm. It is known that AuNPs act as efficient energy acceptors in the
process of fluorescence resonance energy transfer (FRET), and such a property was used for the
detection of various analytes, in particular thiol-containing biomolecules [37-39]. Our results
demonstrated that the BSA fluorescence is quenched upon the interaction with untreated AuNPs and
AuNPs treated with compound 1. The intensity of the emission band of BSA at its maximum was
decreased with increasing gold concentration (Figure 7A).
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Figure 7. Fluorescence properties of AuNPs/BSA systems: (A) A typical dependence of BSA fluorescence
intensity (F) on nanoparticles concentration (expressed as molar Au concentration, Cau), and (B) double-
logarithmic plots of BSA fluorescence spectra after the addition of untreated AuNPs (red) and AuNPs treated
with compound 1 (blue). The concentrations of Au and BSA were, respectively, Cau = 3.00 x 10, 6.00 x 105, 9.00
x 105, 1.20 x 104, 1.50 x 10* M, and BSA concentrationCssa = 0.01 mg/mL. Fluorescence intensity was measured

at emission wavelength Aem= 347 nm and excitation at Aex =270 nm and expressed in relative units.

The double-logarithmic plots of BSA fluorescence spectra after the addition of nanoparticles
(Figure 7B) allow estimation of the binding constants (K») for both systems, on linear regression
analysis of the plots (Supplementary Material, S3).

The K» value calculated for AuNPs/BSA and AuNPs-1-BSA system, 2.84x10° M and-3.13x10° M-
1, respectively, indicated the BSA binding affinity to both types of nanoparticles; with higher binding
observed for AuNPs treated with compound 1. The increased BSA affinity for AuNPs functionalized
with 1 may have a significant effect on the biological activity of this novel type of gold nanoparticles
in comparison with untreated AuNPs. To define the difference in action of prepared nanosystems, a
set of biological tests for the investigation of cytotoxicity and antiviral activity [3] was also performed.

Cytotoxic activity of AuNPs and AuNPs+1. In the performed studies, no cytotoxicity of the tested
nanoparticles, AuNPs neither AuNPs+1, was observed within the tested concentration range. On the
contrary, their significant stimulating effect on Vero cell proliferation was observed. Suprasingly, the
viability of Vero cells cultured with AuNPs or AuNPs+1 was almost two-fold higher in comparison
to the viability of untreated cells (p = 0.01).
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Figure 8. Cytotoxicity of gold nanoparticles AuNPs and AUNPs+1, NaCit stabilizer used, and compound 1.
Number of viable Vero cells in comparison to the untreated cell control, NaCit, and compound 1 after incubation
for 48 h. The nanoparticles were studied at two different dilutions: 5.9 pg/mL and 0.295 pug/mL. Blue: control of
the cell line used as a reference point; orange: cell viability after adding the solution with 5.9 ug/ml of the
substance / NPs; green: cell viability after adding the solution with 0.295 pg/ml of the substance / NPs. Numbers
above the bar are equal to the mean value of the cell concentration compared to the control in percent. The cell
viability was measured using an MTT assay. The data are shown as means + SD of three independent

experiments.

Washed nanoparticles, both AuNPs and AuNPs+1 stimulate the growth of Vero cells in a
concentration-dependent manner. It should be noted that the absorbance of light by the medium with
AuNPs or AuNPs+1 itself was subtracted from the absorbance of the cells with EMEM and AuNPs.
Hence, we can be sure that these results reflect a proper number of cells. Moreover, NaCit and
compound 1 demonstrated no effect on the viability of Vero cells (p < 0.05). The promotion of cell
proliferation by AuNPs has already been shown for MC3T3-E1 preosteoblastic cells derived from
mouse calvaria [40,41]. It was stated that the size and concentration of nanoparticles are the key
factors for this phenomenon [40]. Moreover, the nonlinear, and more importantly, nonmonotonic
dependence of the proliferation effect from the concentration of AuNPs was observed.

Antiviral activity. To assess the effect of AuNPs and AUNPs+1 on the inhibition of HSV-1
replication, pre-treatment and post-treatment assays were used. The dose-dependent efficiency of
AuNPs or AuNPs+1 on viral titers released into cell-free culture supernatant was observed. Both
AuNPs types demonstrated antiviral activity, but at different rates as well in pre-treatment as post-
treatment assays. The highest antiviral activity in the pre-treatment assay was observed for 0 hours.
We hypothesize that AuNPs may disturb the virus attachment to the cellular receptors and prevent
entry to the cell or fusion with its membrane [21]. Interestingly, at low concentration, the antiviral
action of AuNPs+1 after 24 hours post-treatment was higher than that for AuNPs (0.3 pg/mL),
independent of the viral load. The respective cell viability was 38% for AuNPs+1 vs. 28% for AuNPs
(MOI = 0.001), and 34% for AuNPs+1 vs. 19% for AuNPs (MOI = 0.002 ) (Figure 9A-D). Similarly,
after 2-hour post-treatment with low concentration, AuNPs+1 showed higher antiviral activity than
AuNPs (78% for AuNPs+1 vs. 60% for AuNPs in lower MO, and 94% for AuNPs+1 vs. 74% for AuNPs
in higher MOI conditions, Figure 9A-D). Functionalizing of AuNPs with compound 1 appears to
enhance the nanoparticles' antiviral activity against HSV-1 in Vero cells after long-term infection.
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Figure 9. Antiviral activities of gold nanoparticles: Vero cells infected with HSV-1 MOI = 0.001 (A) or MOI =
0.002 (B) treated with AuNPs; cells infected with HSV-1 MOI = 0.001 (C) or MOI = 0.002 (D) treated with AuNPs
+1. In the pre-treatment assay, Vero cell monolayers were infected with HSV-1 pre-treated with gold
nanoparticles, then the cell culture was additionally treated with nanoparticles at different times. In the post-
treatment assay, the cells were infected with HSV-1 and then treated with gold particles. Two gold nanoparticle
concentrations, 5.9 ug/mL and 0.295 pg/mL, as well as two multiplicity of infection (MOI) were used. Blue:
cell control, used as a reference; orange: virus control, cells infected with virus; green: results of experiments
using the 5.9 ug/ml NPs solution; violet: results of experiments using the 0.295 pg/ml NPs solution. Numbers
above the bar are equal to the mean value of the cell concentration compared to the cell control in percent. The
cell viability was measured using an MTT assay. The data are shown as means + SD of three independent

experiments.

4. Conclusions

The experimental conditions were developed and optimized for the preparation of novel
nanocomposites based on AuNPs and 8,8’-O,0-[cobalt bis(1,2-dicarbollide)]phosphorothioate (1),
stable according to zeta potential values observed via ELS measurements. Based on theoretical
calculations and UV-Vis data the coverage of AuNPs surface was estimated as self-assembled two
layers of modifier. Among other indirect methods, the mass-spectrometry allowed to prove the
binding of metallacarborane to gold surface by fixing the diagnostic signal of ionized anion of boron
clusters with intristic isotopic distribution for modified AuNDPs.

The interaction between BSA protein and colloidal gold nanoparticles, untreated and treated
with metallacarborane 1, was described by differences in characteristics of LSPR band of AuNPs in
absorption spectra and different trends in emission quenching of BSA induced by metallacarborane
in fluorescence spectra. According to the calculated values of binding constant in case of AuNPs
treated with 1 K» was higher than for untreated AuNPs, indicating more effective interaction of BSA
in the presence of metallacarborane modified AuNPs. Both AuNPs types demonstrated antiviral
activity, but at different rates. The antiviral action of AuNPs+1 after 24 hours in post-treatment mode
was higher than that for AuNPs. It appears that functionalizing of the gold nanoparticle with
compound 1 may increase the ability of AuNPs to protect cells after long-term infection.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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