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ABSTRACT

The use of noble metal nanoparticles in biomedical and biotechnological
applications is nowadays well established. Particularly, silver nanoparticles (AgNPs)
were proven to be effective for instance as a biocide agent. They also find applications
in tumor therapies and sensing applications being encouraging tools for in-vivo imaging.
In this framework, whenever they are in contact with living systems, they are rapidly
coated by a protein corona thereby influencing a variety of biological events including
cellular uptake, blood circulation lifetime, cytotoxicity and, ultimately, the therapeutic
effect. Taking these considerations into account, we have explored the behavior of
polymer-coated AgNPs in model protein environments focusing on the self-
development of protein coronas. The polymers polyethyleneimine (PEI),
polyvinylpyrrolidone (PVP) and poly(2-vinyl pyridine)-b-poly(ethylene oxide) (PEO-b-
P2VP) were used as stabilizing agents. The chemical nature of the polymer capping
remarkably influences the behavior of the hybrid nanomaterials in protein
environments. The PEO-b-P2VP and PVP-stabilized AgNPs are essentially inert to the
model proteins adsorption. On the other hand, the PEI-stabilized AgNPs interact
strongly with bovine serum albumin (BSA). Nevertheless, the same silver colloids were
evidenced to be stable in IgG and lysozyme environments. The BSA adsorption into the
PEl-stabilized AgNPs is most probably driven by hydrogen bonding and van der Waals
interactions as suggested by isothermal titration calorimetry data. The development of
protein coronas around the AgNPs may have relevant implications in a variety of
biological events. Therefore, further investigations are currently underway to evaluate
the influence of its presence on the cytotoxicity, hemolytic effects and biocide

properties of the produced hybrid nanomaterials.



INTRODUCTION

The use of nanoparticle-based technologies is nowadays a well-established
platform and it is being progressively inserted into the biomedical field with outstanding
impacts in detection, diagnosis, imaging and therapy.[1-3] The potential use of noble
metal nanoparticles (for instance, silver and gold colloids) has been investigated to the
greatest extent particularly due to their facile chemical synthesis. The biocide property
of AgNPs is nowadays well established [4—7] although the actual mechanism of action
is still debated.[8—10] The AgNPs were also reported to be effective against a variety of
viruses and they are also useful in tumor therapies demonstrating inhibition of cell
proliferation and tumor progression.[3] Additionally, taking into account their light
absorption at the surface plasmon resonance (SPR) wavelength, the optical properties of
AgNPs enable their use in sensing applications and therefore, they are an encouraging
tool for in-vivo imaging.[11,12] In this framework, whenever these nanomaterials are
administrated intravenously, they may become rapidly coated by a protein corona [13—
16] thereby influencing a variety of biological events including biodistribution, cellular
uptake, blood circulation lifetime, cytotoxicity, targeting capability, mitochondrial
energy metabolism, oxidative stress response and the therapeutic effect.[17-22]
Accordingly, investigations regarding the interaction of AgNPs with biologically-
relevant proteins is of due importance. Primarily, the use of capping agents that reduces
protein fouling is more interesting to keep their biological activity during blood
circulation.

The self-development of protein coronas around nanoparticles can be governed
by different intermolecular forces including the contributions of London dispersion,

Coulomb forces, van der Waals interactions, hydrogen bonding and hydrophobic



effects.[23,24] These intermolecular forces determine the formation, chemical nature,
binding affinity and binding ratio of adsorbed proteins. The chemical nature and the
structural characteristics of the biomolecular coronas are linked to the structural features
of the nanomaterial (size, shape, chemical nature of the stabilizer, surface charge,
surface curvature, etc.).[25-28] Therefore, in order to make steps further in this field,
we have evaluated the interaction of polymer-capped AgNPs with model proteins.
Taking into account that protein interaction depends on the surface chemistry of the
nanomaterials, herein we investigated the protein adsorption at the surface of AgNPs
stabilized by PEI (polyethylenimine), PVP (polyvinylpyrrolidone) and PEO-H-P2VP
(poly(ethylene oxide) -b- poly(2-vinyl pyridine)). The particle coating by PVP and
PEO-based polymers are usually alternatives for the passivation of surfaces whereas
PEI is frequently considered towards the manufacturing of nano-sized silver colloids
with antimicrobial activity because not only silver, but also PEI [29] is known to hold
biocide properties. Therefore, synergic effects might be expected depending on the
protocol of nanoparticle preparation.[30] Additionally, PEI can act efficiently and
simultaneously as reductant and electrostatic stabilizer in the synthesis of hybrid
inorganic-organic assemblies.[31] The behavior of the nano-sized silver colloids at
bovine serum albumin (BSA), immunoglobulin G (IgG) and lysozyme environments
was evaluated. These proteins were selected because they hold remarkably different
sizes and isoelectric points. The investigations have been conducted by using scattering
techniques, isothermal titration calorimetry (ITC), UV-Vis and fluorescence
spectroscopy. The scattering techniques and UV-vis spectroscopy were employed to
probe changes in size whereas by ITC it has been evaluated the thermodynamics related
to protein adsorption. The fluorescence spectroscopy data was used to confirm protein

adsorption and access the protein quenching mechanism. The reported results evidenced



that the capping agents influence remarkably the protein adsorption event and these
findings are of due relevance for a better understanding on the evolution of
biomolecular coronas around nanomaterials towards the rational design of nanoparticles
for biomedical applications. The manufacturing of assemblies resistant to protein
adsorption is supposed to help them preserve their biological activity while circulating

in biological milieus and simultaneously avoid their aggregation and fast clearance.



EXPERIMENTAL

Chemicals

Silver nitrate (AgNOs), sodium borohydride (NaBHy), PEI (polyethyleneimine)
and PVP (polyvinylpyrrolidone) were all purchased from Sigma-Aldrich whereas PEO-
b-P2VP (poly(ethylene oxide)-b-poly(2-vinyl pyridine) was purchased from Polymer
Source Inc. The water was previously pretreated with Milli-Q® Plus System (Millipore
Corporation). The Figure 1 portrays the molecular structure of the stabilizing polymers

and the Table 1 their molecular characteristics.
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Figure 1. Molecular structure of the stabilizing polymers: branched polyethyleneimine
(left), polyvinylpyrrolidone (middle) and poly(ethylene oxide)-b-poly(2-vinyl pyridine)

(right).

Table 1. Molecular characteristics of the stabilizing polymers.

Polymer M, (g.mol ) M, /M,
PEI 25000 2.5
PVP 40000 2.0

PEO-b-P2VP 21000-H-13500 1.1




The proteins bovine serum albumin (BSA), immunoglobulin G from bovine
serum (IgG) and lysozyme from chicken egg white were also purchased from Sigma-

Aldrich under the catalog numbers A7030, [5506 and L6876, respectively.

Manufacturing of the Polymer-Stabilized AgNPs

The manufacturing of the AgNPs was conducted based on standard protocols
reported in the literature and using sodium borohydride (NaBH4) for reducing Ag* to
Ag. [32,33] Briefly, aqueous solutions of NaBH4 and AgNOs (1.0 mol.L-1) as well as
polymer stock solutions were prepared. Aliquots of the stock NaBH, solution were
added dropwise under stirring into AgNOs/polymer solutions. The reaction mixtures
were stirred vigorously until the complete addition of NaBH, and further stirred for 1h.
The formation of AgNPs was noticed by the appearance of a characteristic pale yellow
color. The remaining reactants were further removed by dialysis against pure water for
24h using a ready-to-use Spectra-Por® Float-A-Lyzer® G2 dialysis device with MWCO
100 kDa. Afterwards, the quantification (determination of molar concentration of

AgNPs in each sample) has been performed as detailed hereafter.

Behavior in Protein Environments

The stability of the nanoparticles in aqueous media (0.15 mol.L"! NaCl with pH
adjusted to 7.4 = 0.2) has been investigated by placing them in contact with the model
proteins BSA, IgG and lysozyme. The changes in size and UV-Vis profile were
monitored as a function of protein concentration up to 5.0 umol.L-' (respectively 0.3
mg.mL!, 0.8 mgmL"!' and 0.1 mg.mL"! for BSA, IgG and lysozyme). The molar
concentration of each protein required to cover the produced AgNPs was estimated by

firstly calculating the average surface area of each polymer-stabilized AgNPs as:



2
ASurface = 47Z-RH—AgNPs (1)

Afterwards, the estimated number of protein molecules required to cover the whole

surface of the assemblies (N) was computed as:

_ H—AgNPS (2)

=

H —Protein

These data are given in the Supporting Information File (Tables S1-S3).
Furthermore, the thermodynamics of protein-nanoparticle interaction was probed
by isothermal titration calorimetry (ITC) and fluorescence spectroscopy data were

acquired to evaluate quenching phenomena.

Methods

Dynamic Light Scattering (DLS): DLS measurements were performed using an
ALV/CGS-3 compact goniometer system consisting of a 22 mW HeNe linearly
polarized laser operating at a wavelength of 633 nm, an ALV 7004 digital correlator and
a pair of avalanche photodiodes operating in pseudo cross-correlation mode. The data
were collected by using the ALV Correlator Control software and the averaged intensity
autocorrelation functions (based on 3 independent runs of 60s counting time) were
subsequently analyzed using the algorithm REPES (incorporated in the GENDIST
program) which employs the inverse Laplace transformation. The resulting distributions
of relaxations times were evidenced to be monomodal (discussed hereafter) thereby
allowing the further use the Cumulant method to estimate the polydispersity indexes as

[34]:



InC(t)=InA-T1t + %ﬁ.... 3)

where 4 is the amplitude of the autocorrelation function, 7”is the relaxation frequency
(z7") and the parameter u, is known as the second-order cumulant. The hydrodynamic
radius (Ry) of the nanoparticles was determined by using the Stokes-Einstein relation

with D = 7 -1g2:

R, = T 4
H 6777 4)

kg 1s the Boltzmann constant, 7 is the absolute temperature, ¢ is the scattering vector, 7,
is the viscosity of the solvent (water) and zis the mean relaxation time related to the
diffusion of the nanoparticles. The polydispersity index of the samples (PDI) was

computed as PDI = u,/172.

Electrophoretic Light Scattering (ELS): ELS measurements were used to determine the
average zeta potential ({) of the polymer-stabilized silver colloids. The values were
collected using a Zetasizer Nano-ZS ZEN3600 instrument (Malvern Instruments, UK).
This instrument measures the electrophoretic mobility (Ug) and converts the value to (-
potential (mV) through Henry’s equation:

_2¢8¢6 Jtka) ®)
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where [ is the dielectric constant of the medium (water) and # its viscosity with f(ka),
the Henry’s function, calculated through the Smoluchowski approximation - f(ka) = 1.5.
Transmission Electron Microscopy (TEM): The TEM samples were prepared by

evaporating 5 drops (4 pL) of the colloidal materials into copper grids (400 square



mesh) coated with formvar. The micrographs were acquired with a JEOL JEM 1011

electron microscope operating at 100 kV.

UV-Vis Spectroscopy: UV-vis spectroscopy data were acquired by using a Thermo
Scientific Evolution 201. The spectral resolution for wavelength scanning was 1.0 nm.
The measurements were performed by using a quartz cell with optical path length of 10

mm.

Isothermal Titration Calorimetry (ITC): The thermodynamic parameters of protein-
nanoparticle interaction were determined by isothermal titration calorimetry (ITC)
performed at 25 °C using a MicroCal 1TC200 Malvern calorimeter. The reference cell
was filled with water, the sample cell was filled with 280 pL of polymer-stabilized
AgNPs and the syringe was filled with the protein solutions. The titrations were
performed by injecting 0.5 pL of protein solution in the sample cell every 150s. The raw
data were integrated from a baseline to give the heat per injection as a function of the
protein-to-nanoparticle ratio. The heat of dilution of the protein solutions was negligible
as determined in blank experiments where the protein solutions were injected into the
sample cell containing only the solvent. The resulting data were fitted whenever
possible with the straightforward one-site model which assumes one site of
nanoparticle-ligand interaction with a molar enthalpy (AH), stoichiometry of binding
(N) and equilibrium association constant K. The changes in free energy (AG) and
entropy (AS) associated with the process were obtained from fundamental

thermodynamic relations (AG = - RT In K = AH — TAS).



Fluorescence Spectroscopy: The fluorescence spectra were recorded on a Varian Cary
Eclipse fluorescence spectrophotometer with excitation and emission slits placed at 90°.
The apparatus is equipped with a Xe flash lamp to provide the excitation radiation. The
selected excitation wavelength was 280 nm and the fluorescence emission was
monitored in the range 300-450 nm after progressive additions of AgNPs into protein
solutions. The measurements were acquired using a quartz cell with 10.0 mm optical
path. The quenching mechanism was further evaluated whenever possible by fitting the

Stern-Volmer equation as:
i
F = 1+KSV[AgNPS] (6)

where Fy and F are the values of fluorescence intensity of BSA in the absence and in the

presence of different concentrations of AgNPs [AgNPs].



RESULTS AND DISCUSSION

Synthesis and Structural Features of the Polymer-Stabilized Silver

Nanocolloids

The synthesis of the polymer-stabilized AgNPs was conducted upon dropwise
addition of a previously prepared NaBH, solution into polymer/AgNOj; solutions

followed by vigorous stirring for 1h. The procedure is cartooned in Figure 2(a).
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Figure 2. Schematic representation of the procedure used to prepare the polymer-
stabilized AgNPs (a) and characterization of the AgNPs@PEI by transmission electron
microscopy - TEM (b), autocorrelation curve obtained by dynamic light scattering and

respective distribution of Ry - inset (c) and UV-Vis absorbance spectrum (d).



The prompt appearance of the characteristic pale yellow color upon mixing the
starting solutions is the fingerprint related to the formation of nano-sized silver colloids.
Subsequently, the remaining staring materials (ions and/or polymer chains) were
removed by dialysis for 24h.

The prepared polymer-stabilized AgNPs were characterized by a variety of
techniques: dynamic (DLS) and electrophoretic (ELS) light scattering, UV-Vis
spectroscopy and transmission electron microscopy (TEM). In the Figure 2, it is
portrayed the whole set of experimental data regarding the characterization of the PEI-
stabilized AgNPs (AgNPs@PEI). The same procedure has been applied to characterize
the other polymer-stabilized AgNPs and the structural parameters obtained are

summarized in Table 2.

Table 2. Structural Parameters of the manufactured polymer-stabilized AgNPs.

Polymer Capping Ry (nm) £ (mV) PDI Amax (NM)
PEI 32.4 +13.0 0.45 415.2
PVP 32.4 - 12.7 0.44 403.0
PEO-b-P2VP 33.0 +15.6 0.40 420.0

The hydrodynamic size of the obtained hybrid polymer-stabilized AgNPs are
reasonably similar (Ry ~ 32-33 nm). The representative TEM image for AgNPs@PEI
portrayed in Figure 2(b) clearly demonstrates the silver core stabilized by a thin
polymer layer. This can be observed also for AgNPs@PVP, and particularly for
AgNPs@PEO-b-P2VP as reported in the Supporting Information File (Figure S1). The
employed protocol conducted to monomodal distributions of AgNPS such as
representatively portrayed in Figure 2c. Nevertheless, the prepared silver colloids are

polydisperse (PDI > 0.15) regardless the chemical nature of the stabilizer. The (-



potential values reflect the chemical characteristics of the polymer shells where PEO-b-
P2VP and PEI-stabilized AgNPs hold a positive surface charge whereas a negatively
charged surfaces was monitored for PVP-stabilized AgNPs. The residual surface
charges are probably the consequence of different charge partitioning and-or
configuration of the polymer chains at the interface.

The investigations regarding the behavior in protein environments were
preceded by the estimation of AgNPs molar concentration (Cygyvps) in each sample.
Accordingly, Cygnps values for the silver colloids were estimated using the Lambert-
Beer law taking into account the measured absorbance at Ay (Amax) as:

A

CAgNPs = ng (7)

The respective value for the extinction molar coefficient ([1) was selected considering
the average size and A, of each produced AgNPs as based on the tabulated reference
data-set proposed by Paramelle et al. [35]. The optical path (b) was equal to 10 mm. The
same protocol has been applied recently by us and the results were in reasonable
agreement compared to ICP-OES determinations.[36] The Table 3 reports the literature
values and experimental data, as well as the determined amounts of AgNPs (molar
concentrations) at each starting AgNPs stock solution. The corresponding m/v
concentrations are also provided. They were determined as described in details

elsewhere.[36]



Table 3. Summary of parameters used for determining the molar concentrations of

AgNPs based on UV-Vis spectra.

Polymer Capping Ajmax Amax (nm) (108 M-Tem'!) [AgNPs] 10" M [AgNPs] pg.mL!
PEI 0.629 415.2 416 1.5 4.3
PVP 0.349 403.0 90.5 3.9 2.2
PEO-b-P2VP 0.261 420.0 537 0.5 2.0

The values given in Table 3 reveal concentrations in the range ~ 10" mol.L-..
These stock solutions were normalized by dilution to an equal starting concentration in
order to further probe the behavior of the nano-sized silver colloids in different protein

environments.

Behavior in Protein Environments

Taking into account that data given in the Supporting Information File (Tables
S1-S3) and the molar concentrations reported in Table 3, it has been monitored Ry as a
function of protein concentration at least up the values required to cover the whole

surface of the assemblies. The results are shown and discussed below.

AgNPs@PEI in Protein Environments

The Figure 3 (left) portrays the UV-vis spectra for AGNPs@PEI as a function of
increased BSA (A), IgG (B) and lysozyme (C) concentrations. The respective
autocorrelation functions measured by DLS at same concentration ranges are given in

the right.
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Figure 3. UV-Vis spectra (left) for AgNPs@PEI monitored as a function of increased
amounts of protein concentration in different model environments according to the

legends, and analogous autocorrelation functions (right). The values of Al.x (left) and

ARy (right) as a function of [protein]/[AgNPs@PEI] are given at the bottom.

The UV-vis profiles of all investigated pure proteins at relatively high
concentration are provided in the Supporting Information File (Figure S2).They
evidence that the pure proteins do not have any remarkable visible light absorption close
to ~ 400 nm which is the region of the AgNPs absorption band. Indeed, remarkable
differences can be noticed in the profiles for AgNPs@PEI in BSA environment. The
most important information regarding such data is the shift of A, towards higher
wavelengths as BSA concentration increases. This points out that BSA adsorption is
taking place at the surface of BPEI-stabilized AgNPs as also validated by the shift
towards the right-hand side of the main decay of the autocorrelation functions reported
in Figure 3 (right) in BSA environment. Although remaining PEI is presumably absent
after dialysis, the intermolecular interaction between the free chains and BSA can also
occur as evidenced by isothermal titration calorimetry (Figure S3a). Nevertheless, the
SPR absorption band is a fingerprint linked to the existence of silver colloids and the
changes observed can only be related to changes at their surfaces whereas the
interaction between BSA and free PEI chains cannot be seen by UV-vis at A ~ 400 nm
(Figure S3b). Besides, the size of free PEI/BSA aggregates (Ry ~ 160 nm) is
remarkably larger than the size of the PEI-coated AgNPs before (Ry ~ 30 nm) or after
(Ry ~ 55 nm) protein adsorption (Figure S3c). Therefore, these data robustly confirm
that the interactions observed are necessarily taking place at the surface of the

nanoparticles. Additionally, the DLS data for free PEI/BSA is highly relevant because it



suggests negligible amount of free chains at the system after dialysis since such huge
aggregates have not been observed at the AgNPs-containing samples.

The values of A.x and Ry as a function of [protein]/[AgNP@sPEI] are given at
the bottom of Figure 3 where it can be noticed that the size of the assemblies increase
pronounced as soon as small amounts of BSA are present. Afterwards, it remains
essentially constant. The size increases by about ~ 30 nm in BSA environment therefore
clearly suggesting protein-nanoparticle interaction. Indeed, ARy is noticeably bigger
than the diameter of BSA (Dypsa = 8.4 nm) and therefore, the experimental data
suggest the development of a multilayered protein shell. The protein adsorption is also
suggested by the changes in the UV-vis profile where the red shift points out increasing
in the nanoparticle’s size. The reduction in UV-vis absorption (Ajmax) might be related
to the dilution due to the addition of increased aliquots of the BSA solution, however,
taking into account the Lambert-Beer law and the linear dependence of the AgNPs
concentration with regard to A;n.x, the reduction is mainly related to changes in the
hybrid material. On the other hand, the behavior in IgG and lysozyme environments are
considerably different. The reduction in A;,x in both cases can be wholly attributed to
the dilution inherent to the employed protocol of titration. In these cases, a reduction of
Ajmax by about ~ 13% is expected. The A, of the produced AgNPs in lysozyme
environment remained roughly constant. Indeed, in such a case, the value of ARy at the
end of the titration is nearly equal to the diameter of lysozyme (Dy.rysoryme = 4.2 nm)
however, since this is a fairly small protein molecule as compared to the size of the
AgNPs@PEI, such increase was evidenced to be still within the experimental errors of
Ry determination. Accordingly, these data in principle suggest that protein adsorption is
not taking place as also confirmed by other sets of measurements (discussed hereafter).

The behavior in IgG environment is not remarkably different, however, in such a case, a



slight displacement of A..,x towards higher wavelengths is noticed (AA~ 5 nm).
Nevertheless, the increased size (ARy) is not compatible with the development of a IgG
monolayer around the AgNPs (which would lead to ARy~ 14 nm according to the
diameter of the IgG molecule which is a fairly large protein). Taking together, the DLS
and UV-vis data agree and confirm robustly only the BSA adsorption onto the surface
of the PEI-stabilized AgNPs. On the other hand, they suggest that IgG and lysozyme
adsorption in principle do not occur. Presumably, the small changes in A, in the IgG
environment are related to changes in the surroundings of the metallic colloids.

The investigations regarding the protein adsorption around AgNPs@PEI was
further complemented by fluorescence spectroscopy measurements. This technique is
useful to evaluate nanoparticle-protein binding since the phenomenon may quench the
fluorescence of tryptophan, tyrosine and phenylalanine residues, for instance.[37] The
Figure 4 portrays the fluorescence spectra of BSA, lysozyme and IgG at the presence of

increased amounts of AgNPs@PEI according to the legends.
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Figure 4. Fluorescence spectra of proteins and fluorescence quenching of BSA caused
by the addition of successive aliquots of AgNPs@PEI - inset: Stern-Volmer plot for the
fluorescence quenching of BSA by AgNPs@PEI (T = 296 K; Ay = 280 nm,

concentration range of AgNPs@PEI: 0 - 5.0 x 10-'2 M).

The data agree very well with the DLS and UV-Vis results reported and

discussed previously. The quenching phenomenon is clearly visible only when BSA is



in contact with AgNPs@PEI since the fluorescence emission intensity of the protein is
gradually reduced as a function of AgNPs@PEI concentration. This data undoubtedly
confirm that protein-nanoparticle intermolecular interactions are taking place.
Additionally, there can be seen a slight shift in the maximum emission wavelength
towards smaller values suggesting changes in the polarity of the microenvironment
around the fluorescent residues of BSA. On the other hand, the presence of
AgNPs@PEI does not quench lysozyme and IgG fluorescence thereby suggesting once
again that protein adsorption is not taking place for such pairs. The quenching
mechanism was further evaluated by fitting the Stern-Volmer equation (Equation 6).
The experimental data and respective curve fitting are given as an inset in Figure 4. The
very good Stern-Volmer plot linearity suggests the dominance of one single quenching
mechanism. The determined Stern-Volmer constant (Kgy = 4.51 x 10! M) and the
further calculated value of the quenching rate constant (K, = Kgy / 1o with 1o~ 108 s°1)
[38] leads to a value much higher (K, = 4.51 x 10'® M™") than the value for threshold
diffusion collision rate constant of quenchers to proteins (2 x 10'° M-!s1).[39,40] This
accordingly points out the formation of ground-state complexes and therefore the
quenching mechanism is static highlighting the actual protein-nanoparticle interaction.
In the step further, ITC measurements were performed and the data are provided

in Figure 5.
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Figure 5. ITC raw data for the titration of BSA, lysozyme and IgG into AgNPs@PEI

and respective values of energy per mol of injected protein according to the legends.

Particularly regarding the pair BSA-AgNPs@PEI, the raw ITC data clearly

demonstrate that the BSA adsorption is an exothermic process. The values of heating

rates are negligible for lysozyme-AgNPs@PEI and IgG-AgNPs@PEI as compared to

the titration using BSA. The experimental data could be fitted by using the

straightforward one-site binding model. Accordingly, the molar enthalpy (AH),

stoichiometry of binding (/) that is, the number of protein molecules per nanoparticle

and the equilibrium association constant K, for the adsorption of BSA onto the

AgNPs@PEI were obtained. Furthermore, the molar free energy change (AG) and the

molar entropy change (AS) of the binding event were determined via fundamental

thermodynamic equations. The fitting parameters obtained were respectively - 39



kcal.mol!, 3.4 x 106 M'! and 446 for AH, K, and N. The calculated values for AS and
AG were respectively equal to - 101 cal.mol'’.K-! and - 8.9 kcal.mol!. The value of N
evidences that approximately 450 BSA molecules bind to each AgNPs@PEI. This value
is nearly twice large than the required for theoretical complete coating of the produced
metallic colloids. To some extent, the result is compatible to the large increase in Ry
reported for such system in BSA environment. Moreover, the signals of the
thermodynamic parameters can be used to identify the prevalence of electrostatic,
hydrophobic, hydrogen bonding or van der Waals interactions. The dominance of
hydrophobic effects can be ruled out since this is assigned for endothermic and
entropically-driven processes (AH > 0 and AS > 0). On the other hand, the prevalence of
electrostatic interactions can be considered for exothermic events with positive variation
of entropy (AH < 0 and AS > 0) whereas exothermic events with negative variation of
entropy (AH < 0 and AS < 0) are observed when van der Walls and hydrogen bonding
are the main operating forces. Accordingly, the fitting result suggests that the protein
adsorption is mainly driven by van der Waals and hydrogen bonding [41-43] with the
event leading to conformation restrictions and-or loss of rotational freedom thereby
resulting in AS < 0. Although the previous data (UV-Vis, DLS and fluorescence
spectroscopy) already robustly confirmed the absence of lysozyme and IgG adsorption
onto the surface of the AgNPs@PEI, we report the ITC also for such pairs in Figure 5.
As mentioned before, the negligible heat transfers monitored suggest the absence of
protein adsorption, as expected. Overall, there is a very good agreement between all the
analytical techniques used to probe the protein adsorption onto the surface of the

AgNPs@PEI hybrid colloids.



AgNPs@PVP in Protein Environments

Th

e same investigations were

performed for PVP-stabilized AgNPs

(AgNPs@PVP) and the most relevant results are summarized in the panel Figure 6.

Supplementary data are provided in Figures S4-S5 (Supporting Information file).
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Figure 6. (Left) Values of AAn.,x and ARy as a function of [protein]/[AgNPs@PVP],
(Right) ITC raw data and respective values of energy per mol of injected protein as a
function of protein-to-nanoparticle ratio for the titration of BSA into AgNPs@PVP,
(Bottom) Fluorescence spectra of BSA in the presence of different concentrations of
AgNPs@PVP (T =296 K; Aex = 280 nm; concentration range of AgNPs@PVP: 0 -5.0 x

102 M).

The experimental data are remarkably different than those monitored for
AgNPs@PEI. They evidence that the presence of BSA essentially does not affect Ayax
and size of the prepared AgNPs@PVP. The behavior is similar in lysozyme and IgG
environments since the values of AA,,x and ARy vs. [protein]/[AgNPs@PVP] remain
nearly constant. These data suggest the outstanding property of PVP as stabilizer and
protein-repelling shell for the produced silver colloids. Indeed, the behavior of AA,,x in
IgG environment is almost identical to the one observed for PEI-stabilized AgNPs
suggesting that the small increase in (Aly.x ~ 5 nm) is not linked to protein-
nanoparticle interaction. The values of Al in lysozyme and BSA environments are
close to zero. The values of ARy corroborate the UV-Vis data and they are never larger
than the dimension of the protein molecules thereby once again suggesting the protein
layers are not developed around the PVP-stabilized AgNPs. The values of ARy at
lysozyme environment oscillate in the range (0-5 nm). Nevertheless, considering the
UV-Vis data and the oscillating behavior, presumably the observed changes are just
within experimental errors of Ry determination thereby does not suggesting protein
adsorption. Truly, the absence of nanoparticle-protein interactions was further
confirmed by using fluorescence and isothermal titration calorimetry measurements

since protein fluorescence quenching has not been detected and only negligible values



of heat transfer (ITC) were monitored. This is representatively portrayed for BSA
environment in Figure 6. The data for lysozyme and IgG environments are given in the

Supporting Information File (Figure S5).

AgNPs@PEO-b-P2V'P in Protein Environments

The DLS and UV-Vis data for PEO-b-P2VP stabilized AgNPs in protein
environments are provided in Figure 7 and S6. They are essentially the same regardless
protein chemical nature and concentration since neither AL, nor the dimension of the
hybrid material (Ry) are remarkably affected by the presence of the biomacromolecules.
The results accordingly suggest notable stability of such assemblies in protein
environments without evidences of protein adsorption and-or aggregation.

The outstanding protein-repelling characteristic of poly(ethylene-oxide) is quite
well known, although it depends on polymer conformation and chain length. In the
current case, the long PEO chain is probably above the minimum to get full stabilization
property for the synthesized AgNPs. Indeed, it has been previously observed that
M,pr0)y ~ 5000 g.mol! is needed to provide silica nanoparticles with improved colloidal
stabilization and almost no interaction with BSA or lysozyme whereas shorter chains
are not able to repel proteins of different chemical nature.[44] Presumably, due to the
hydrophobic character of P2VP, the block is closer to the silver (Ag°) nuclei, and the
hybrid metallic-organic core is then stabilized by the PEO hydrophilic shell. This
arrangement seems to conduct to highly stable and protein-repelling structures. Indeed,
the large molecular weight of PEO (21000 g.mol!) avoids effectively the protein

adsorption onto the surface of the polymer-stabilized AgNPs.
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Figure 7. (Left) Values of AA,. (top) and ARy (bottom) as a function of
[protein]/[AgNPs@PEO-b-P2VP], (Right) ITC raw data and respective values of energy
per mol of injected protein as a function of protein-to-nanoparticle ratio for the titration
of BSA into AgNPs@PEO-b-P2VP, (Bottom) Fluorescence spectra of BSA in the
presence of different concentrations of AgNPs@PEO-b-P2VP (T = 296 K; A = 280

nm; concentration range of AgNPs@PEO-b-P2VP: 0 - 5.0 x 1012 M).



The protein-repelling feature of AgNPs@PEO-b-P2VP has been further
confirmed by ITC and fluorescence spectroscopy measurements since nor fluorescence
quenching neither energy transfer for titration of proteins onto the polymer-stabilized
silver colloid has been observed. These data are reported in Figure 7 and S7 (Supporting

Information File).

CONCLUSIONS

We investigated the protein adsorption onto the surface of polymer-stabilized
AgNPs. The results highlight that PEO-b-P2VP and PVP-stabilized AgNPs are resistant
to BSA, IgG and lysozyme adsorption. The AgNPs coated by PEI are stable in IgG and
lysozyme environments however, BSA adsorption has been clearly evidenced. In such a
case, the protein adsorption is mainly driven by van der Waals and hydrogen bonding as
suggested by isothermal titration calorimetry. Accordingly, polymer coatings can
provide protein-repelling features to metallic assemblies, depending on its chemical
nature. These results diverge remarkably compared to those related to non-coated
metallic assemblies which were evidenced to be very prone to protein adsorption. For
instance, BSA adsorption was evidenced to take place at the surface of negatively
charged citrate [45—47] and borohydride-stabilized [48] AgNPs. This has been similarly
observed at the surface of citrate-stabilized AuNPs.[49] It thus seems to be a quite
general phenomenon. Therefore, we consider these findings of due relevance towards
the rational design of nanoparticles for biomedical applications. The manufacturing of
assemblies resistant to protein adsorption will likely help them to preserve the
biological activity while circulating in biological milieus possibly avoiding aggregation

and fast clearance. Besides, the different behavior regarding protein adsorption is



supposed to impact the biotechnology applications of polymer-coated silver colloids.
Nevertheless, we highlight the limitations of the current findings with respect to in vivo
extrapolation of the experimental evidences: i) due to temporal stability concerns, the
experiments have been conducted in isotonic media, while not buffered such as the
plasma environment, ii) we have used protein concentrations suitable to satisfy the
requirement of full nanoparticle coating and therefore, the amounts are significantly
smaller than those found in the bloodstream, iii) although in model protein solutions
PVP and PEO-coatings were evidenced to confer protein repelling feature in similar
extents, the behavior in vivo can be remarkably different such as, for instance,
previously evidenced for PLA-based nanoparticles.[50] The in vivo extrapolation of
experimental observations is indeed highly complex, nonetheless, the evidenced high
susceptibility of AgNPs@PEI to BSA adsorption may influence their biological
activity. There are experiments underway concerning the effect of protein coronas
around the same polymer-stabilized AgNPs with respect to their cytotoxicity, hemolytic

behavior and biocide effects.
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