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Purpose: Silver nanoparticles (AgNPs) are one of the most commonly investigated nano-
materials, especially due to their biomedical applications. However, their excellent cytotoxic
and antimicrobial activity is often compromised in biological media due to nanoparticle
aggregation. In this work, the aggregation behavior and the related biological activity of
three different samples of citrate capped silver nanoparticles, with mean diameters of 10, 20,
and 50 nm, respectively, were examined.

Methods: Following nanoparticle synthesis and characterization with transmission electron
microscopy, their aggregation behavior under various pH values, NaCl, glucose, and gluta-
mine concentrations, furthermore in cell culture medium components such as Dulbecco’s
Modified Eagle’s Medium and fetal bovine serum, was assessed through dynamic light
scattering and ultraviolet-visible spectroscopy.

Results: The results indicated that acidic pH and physiological electrolyte content univer-
sally induce micron-scale aggregation, which can be mediated by biomolecular corona
formation. Remarkably, larger particles demonstrated higher resistance against external
influences than smaller counterparts. In vitro cytotoxicity and antimicrobial assays were
performed by treating cells with nanoparticulate aggregates in differing stages of
aggregation.

Conclusion: Our results revealed a profound association between colloidal stability and
toxicity of AgNPs, as extreme aggregation led to the complete loss of biological activity. The
higher degree of aggregation resistance observed for larger particles had a significant impact
on the in vitro toxicity, since such samples retained more of their activity against microbes
and mammalian cells. These findings lead to the conclusion that aiming for the smallest
possible nanoparticles might not be the best course of action, despite the general standpoint
of the relevant literature.

Keywords: seed-mediated growth, colloidal stability, size-dependent aggregation behavior,
aggregation compromised toxicity

Introduction

With the increasing demand and production of nanomaterials, more and more
attention is paid to their biosafety, or alternatively, biological activity. Silver
nanoparticles (AgNPs) are one of the most commonly synthesized, investigated,
and utilized representatives of such materials, due to their excellent catalytic,
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optical, and biological properties.' It is generally acknowl-
edged that the unique properties of nanosized materials
(including AgNPs) are attributed primarily to their large
specific surface area, therefore, the question inevitably
arises whether any process that influences this key feature,
such as particle size, surface coating, or aggregation,
would severely compromise the nanoparticle characteris-
tics crucial for specific applications.

The effects of particle size and stabilizing agents are
topics that are already relatively well documented in the
literature. For instance, it is a commonly accepted notion,
that smaller nanoparticles are more toxic than their larger
counterparts.” In agreement with the general literature, our
previous studies have demonstrated the size-dependent
activity of nanosilver on mammalian cells and microbes
alike.® > Surface coating is another attribute that has wide-
spread effects on the properties of nanomaterials. The
same nanomaterial might possess widely different physi-
cal, chemical, and biological characteristics just by adding,
or modifying stabilizing agents on its surface. The appli-
cation of the capping agents is most routinely performed
as part of nanoparticle synthesis. For instance, citrate
capped silver nanoparticles, which are one of the most
relevant AgNPs in research, are synthesized through the
reduction of a silver salt in a solution of the selected
stabilizing agent acting as the reaction medium.® Citrate
can be readily utilized due to its low cost, availability,
biocompatibility and its strong affinity to silver, which
can manifest in a variety of proposed interactions, from
reversible surface adsorption, to ionic intercations.”* Next
to small molecules and polyatomic ions such as citrate,
polymers, polyelectrolytes and biological agents are also
commonly used to stabilize and uniquely functionalize
nanosilver.”'?

While the possibilities to modify nanoparticle activity
through intentional surface capping is a very interesting
field, the main role of such surface coatings is rather
trivial, to provide colloidal stability for nanoparticulate
systems. The large specific surface area of nanomaterials
generates large surface energy, which opposes the thermo-
dynamic aptitude of systems to reach their energy
minimum.'® Without proper stabilization, this leads to
the aggregation of nanomaterials. Aggregation is the for-
mation of particle assemblies in various shapes and sizes
that occurs when dispersed particles meet and the present
thermodynamic interactions allow the particles to attach to
one another. Stabilizing agents are therefore utilized to
prevent aggregation by introducing large enough repulsive

forces among particles, to counteract their thermodynamic
attraction.'*

Although the topics of particle size and surface capping
have been thoroughly explored in the context of their
modulatory effect on nanoparticle triggered biological
activities, particle aggregation is a largely neglected area.
Thorough investigations tackling the colloidal stability of
nanoparticles in biologically relevant conditions can scar-
cely be found.'®'>"'” Furthermore, such contributions are
especially rare, where aggregation related toxicity is also
investigated, even though it can lead to adverse reactions,
for example, vascular thrombosis, or loss of desired prop-
erties, eg, their toxicity, as illustrated in Figure 1."%'" In
fact, one of the few known mechanisms of silver nanopar-
ticle resistance is associated with aggregation, as certain
E. coli and P. aeruginosa strains were reported to reduce
their nanosilver susceptibility by the expression of the
protein flagellin, which has a high binding affinity toward
silver, hence inducing aggregation.?’

There are several distinct mechanisms related to silver
nanoparticle toxicity, and aggregation affects all of them.
The most discussed method of AgNP biological activity,
sometimes referred to as the “Trojan horse” mechanism,
considers AgNPs mainly as Ag' carriers.'?! The Trojan
horse mechanism can ensure the substantial increase of
local Ag" concentration, which can lead to ROS genera-
tion, and membrane depolarization.”> >* Aggregation may
affect Ag' release and thus, toxicity, as it reduces the
effective active surface where the oxidative dissolution
of silver ions is a possibility. However, AgNPs do not
show toxicity simply by ion release, a number of size
and morphology dependent interactions must be consid-
ered, where the size and shape of the nanoparticle surface
is the defining feature.**> The collection of these mechan-
isms can be classified as “Inductive toxicity mechanisms”,
underlying numerous mitochondrial and surface mem-
brane reactions that may damage organelles and lead to
cell death.”> %7 As the formation of aggregates naturally
affects the size and shape of the silver-containing objects
as identified by living systems, these interactions may also
be compromised.

In our previous paper addressing silver nanoparticle
aggregation, we demonstrated an efficient screening pro-
cedure consisting of chemical and in vitro biological
experiments for investigating the issue.'” Dynamic light
scattering (DLS) is a technique of choice for these types of
examinations, since materials are able to scatter photons,
which have wavelengths comparable to their particle sizes.
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Adverse effects

Figure | lllustration of the risks of nanoparticle aggregation.

As the speed of the Brownian motion of a particle in liquid
media is size-dependent, the changes in scattered light
intensity can be used to determine the average hydrody-
namic diameter (Z-average) of liquid samples.?®
Additionally, by applying voltage to the samples, the zeta
potential (C-potential) of the nanoparticles can be mea-
sured similarly to Z-average.'>® If the absolute value of
C-potential is high enough (according to common guide-
lines > £30 mV), it generates strong enough electrostatic
repulsion between particles, to counteract aggregation.
Characteristic surface plasmon resonance (SPR) is
a unique optical phenomenon mostly attributed to noble
metal nanoparticles (mainly Au and Ag).?° Based on the
electron oscillations (surface plasmons) of such materials
in the nanoscale, spherical AgNPs are known to possess
a characteristic UV-Vis absorbance peak around 400 nm.>°
The intensity and wavelength shifts of the particles were
used to compliment the DLS results, as nanoparticle
aggregation and biomolecule surface adsorption could be

detected with this method.

With the resulting information, cell viability (MTT)
and antimicrobial assays were performed in a way where
AgNP toxicity was described as the function of aggrega-
tion grade instead of (the most commonly used factor)
nanoparticle concentration. This unique approach enabled
us to show the profound importance of aggregation grade
in biological activity since for instance, citrate capped
AgNPs completely lost their biological activity due to
aggregation within a few hours."”

In this present work, we aimed to substantially
extend our previous contributions regarding biorelevant
colloidal stability and its consequences on biological
activity, by investigating the influence of nanoparticle
size on nanoparticle aggregation, which is unarguably
a much more high-profile angle of nanoparticle research
and a constant, defining characteristic throughout biolo-
gically relevant applications.®’ To investigate this issue,
citrate capped AgNPs were produced in three distinct
size ranges — 10, 20, and 50 nm — using the seed-
mediated growth method.®>* As one of the most broadly
and routinely utilized nanomaterials for medical applica-
tions, differently-sized citrate-capped AgNPs were
selected to perform this study on the possible size-
dependence of the aggregation-related biological perfor-
mance of nanosilver. Following the synthesis of differ-
ently sized AgNPs, we characterized the produced
samples by transmission electron microscopy (TEM),
then the particles were examined using the before men-
tioned screening procedure. The size-dependent aggre-
gation behavior under various pH values, NaCl, glucose,
and glutamine concentrations, furthermore, in the pre-
sence of the in vitro cell culture Dulbecco’s Modified
Eagle’s Medium (DMEM) and fetal bovine serum (FBS)
was assessed and their cytotoxic features under aggre-
gated circumstances were determined. Scientific consen-
sus says that smaller particles are more preferable in
general; our investigation provides a chemical and bio-
logical platform to judge whether this really is the case.

Materials and Methods

Nanoparticle Synthesis
All chemicals were purchased from Sigma-Aldrich (Saint
Louis, MO, USA).

Silver nanoparticles in three different size ranges were
prepared by the seed-mediated growth approach proposed
by Wan et al with slight adjustments.® The method is based
on chemical reduction using silver nitrate (AgNO;) as
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a silver source, sodium borohydride (NaBH,) as reductant,
and sodium citrate as the stabilizing agent. Firstly, 75 mL
of 9 mM aqueous citrate solution was prepared from
sodium citrate dihydrate (Na;C¢Hs07 x 2H,0) and heated
to 70°C. Then, 2 mL 1% w/v AgNOj; solution was added
to the reaction medium, followed by a freshly prepared
solution of sodium borohydride (2 mL 0.1% w/v) which
was poured dropwise into the mixture. The resulting yel-
lowish-brown suspension was kept at 70°C under vigorous
stirring for 1 hour and afterward was left to cool to room
temperature. The resulting sample (from now on referred
to as AgNP-I) was used as the basis for seed-mediated
growth in the next synthesis step.

To synthesize the medium sized particle suspension
(denoted as AgNP-II), 90 mL of 7.6 mM citrate solution
was heated to 80°C, which was mixed with 10 mL of
AgNP-I followed by 2 mL of 1% w/v AgNO; solution
under vigorous mechanical stirring for 1 hour, then the
sample was cooled to room temperature.

For the largest particles (AgNP-1II), the same
growth procedure was repeated, but in this case,
10 mL AgNP-II was used as seed suspension. After
the samples reached room temperature, their nominal
Ag concentrations based on total AgNOj content were
set to 150 ppm by adding or evaporating extra solvent
on 40°C, and ultimately they were stored at 4°C until
further use.

Nanoparticle Characterization
The morphological characteristics of the nanoparticles
were examined and their electron diffraction (ED) patterns
were captured using an FEI Tecnai G* 20 X-Twin trans-
mission electron microscope (TEM) with 200 kV acceler-
ating voltage (FEI Corporate Headquarters, Hillsboro, OR,
USA). At least 15 representative images (~750 particles)
were evaluated using the ImageJ software package and the
resulting histograms (and all graphs throughout the
research) were created in OriginPro 2018 (OriginLab,
Northampton, MA, USA).33 A4

The average hydrodynamic diameter (Z-average), zeta
potential ({-potential), and characteristic surface plasmon
resonance (SPR) of the samples were measured to illus-
trate their initial colloidal properties. The average hydro-
dynamic diameter and zeta potential of the samples were
measured at 37 = 0.1 °C by a Malvern Zetasizer Nano ZS
instrument (Malvern Instruments, Malvern, UK) using dis-
posable folded capillary cells. Characteristic SPR proper-
ties were obtained from the UV-Vis absorbance spectra of

the samples within the range of 250-800 nm using an
Ocean Optics 355 DH-2000-BAL UV-Vis spectrophot-
ometer (Halma PLC, Largo, FL, USA).

Aggregation Behavior Measurements
Throughout the experiments, three different measurement
types associated with colloidal stability were performed
simultaneously. The average hydrodynamic diameter
(Z-average) and zeta potential (-potential) of the particles
were measured using DLS, as Z-average correlates with the
mean size of nanoparticle aggregates and zeta potential
shows if the electrostatic repulsion within the system is
strong enough to counteract the van der Waals attraction
between nanoparticles. The measurements were performed
in triplicate, the standard deviation of Z-average and (-
potential was calculated by the Zetasizer software. The char-
acteristic SPR spectra of the particles were assessed via UV-
Vis spectroscopy, as peak intensity changes and wavelength
shifts can indicate aggregation and surface interactions.**>
Surface plasmon resonance in noble metals is so influential in
fact, that it has led to new analytical approaches for
biomolecules.”’***7 The concentration of AgNPs in the
experimental mixtures was around 10 ppm, with the aim of
setting the intensity of their starting SPR absorption max-
imum to 1. The experiments were carried out in a time-
dependent manner at 0; 1.5; 3; 6; 12 and 24 hours under
various biorelevant conditions. More details describing the
experiments can be seen in our previous work.'® Briefly,
various pH values (3; 5; 7.2 and 9), different sodium chloride
(10 mM; 50 mM; 150 mM), glucose (3.9 mM; 6.7 mM) and
glutamine (4 mM) concentrations, moreover Dulbecco’s
Modified Eagle Medium (DMEM) and fetal bovine serum
(FBS) (in water and DMEM) were prepared as model sys-
tems, and their effect on the aggregation behavior of the
synthesized silver nanoparticles was investigated. The values
of pH, NaCl, glucose, and glutamine were assessed from
physiological concentrations, while the amount of DMEM
and FBS were identical to the levels used throughout the
in vitro experiments.*®** All measurements were performed
at pH 7.2 and 37°C with a constant background salt concen-
tration of 10 mM NaCl to negate any long-distance particle
interactions (with the exceptions of certain pH- and NaCl-
related experiments where these attributes were the investi-
gated variables).”® The list of the various conditions is sum-
marized in Table 1, where the experiment marked with T was
used as a reference and corresponds to a sample containing
10 mM NaCl on pH 7.2.

http:

3024

Dove!

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

International Journal of Nanomedicine downloaded from https://www.dovepress.com/ by 193.224.44.72 on 28-Sep-2021

For personal use only.

Dove

Bélteky et al

Table | List of Applied Biorelevant Conditions

Condition Value(s)
pH 357259
NaCl concentration (mM) 10; 50; 150
Glucose concentration (mM) 3.9; 6.7
Glutamine concentration (mM) 4
DMEM (v/v¥%) 45

FBS (v/v%, both in water and DMEM mixture) 5

Notes: TRepresents the reference point for the measurements; all samples were
measured at 37°C, pH ~7.2 with 10 mM NaCl electrolyte background unless
otherwise stated.

Cytotoxicity Analysis

Human prostate cancer cell line (DU145) and immorta-
lized human keratinocyte cells (HaCaT) were obtained
from ATCC (Manassas, VA, USA). Cells were routinely
cultivated in Dulbecco’s Minimum Essential Medium
Eagle (DMEM) containing 4.5g/L glucose (Sigma-
Aldrich, Saint Louis, MO, USA), supplemented with
10% FBS, 2 mM L-glutamine, 0.01% streptomycin, and
0.005% penicillin (Sigma-Aldrich, Saint Louis, MO,
USA). Cells were cultured in a 37°C incubator at 5%
CO; in 95% humidity.

To explore the changes in AgNP cytotoxicity caused by
particle aggregation in a time-dependent manner, a two-
step MTT assay was carried out. First, the viability of both
cell types was measured after AgNP-I, AgNP-II, and
AgNP-III treatments. For this, both types of cells were
seeded into 96-well plates in 10,000 cells/well density
and treated on the following day with silver nanoparticles
of three different sizes in increasing concentrations. After
24 h treatments, cells were washed with PBS and incu-
bated for an hour at 37°C with 0.5 mg/mL MTT reagent
(SERVA, Heidelberg, Germany) diluted in culture med-
ium. Formazan crystals were solubilized in DMSO
(Sigma-Aldrich, Saint Louis, MO, USA) and absorption
was measured at 570nm using a Synergy HTX plate
reader (BioTek-Hungary, Budapest, Hungary). Absorption
values of the untreated control samples were considered as
100% viability. Experiments were performed at least three
times using four independent biological replicates. ICs
was calculated by the dose-response curve based on the
viability results.

Thereafter, in the second step, different silver nanoparti-
cle aggregation states were created by incubating the parti-
cles with 150 mM NaCl for different time periods (0, 1.5, 3,
6, 12, and 24 hours) prior to cell treatments. Subsequently,
the same MTT assay was performed as described previously,

to assess the changes in cell viability affected by particle
aggregation. The final results were assessed using GraphPad
Prism 7, the statistical significance of the experiments was
calculated through unpaired -tests and their levels were
marked as * (p < 0.05), ** (p < 0.01), *** (p < 0.001), and
***¥ (p <0.0001).

Antimicrobial Assays
The antimicrobial susceptibility test was carried out using
the three differently sized silver nanoparticles (AgNP-I,
AgNP-II, and AgNP-III) on Cryptococcus neoformans
IFM 5844 (IFM; Research Center for Pathogenic Fungi
and Microbial Toxicoses, Chiba University), Bacillus
megaterium SZMC 6031 (SZMC: Szeged Microbiology
Collection), and Escherichia coli SZMC 0582 in RPMI
1640 medium (Sigma-Aldrich Co.). To evaluate the
changes in antimicrobial activities caused by particle
aggregation, first, their minimal inhibitory concentration
(MIC) was determined with the microdilution method in
96-well microplates. To 50 pL of standardized cell suspen-
sion (5 x 10* cell/mL in RPMI 1640 medium), 50 pL silver
nanoparticle suspension was added in serially two-fold-
diluted concentrations (in the range of 0 and 75 ppm in
the previously described medium, namely the control sam-
ples contained 50 pL cell suspension and 50 pL. medium
without nanoparticles). Thereafter, the plates were incu-
bated at 30°C for 48 hours and the optical density of the
cultures was detected at 620 nm using SPECTROstar
Nano plate reader (BMG LabTech, Offenburg, Germany).
The experiments were carried out three times in triplicate.
The effect of aggregation on antimicrobial activity was
examined on the previously mentioned strains with the
same procedure as described previously, except that at
this time 50 pL individual aggregated nanoparticle sam-
ples were used. The different silver nanoparticle aggrega-
tion states were created by incubating the particles with
150 mM NaCl for different time periods (0, 1.5, 3, 6, 12,
and 24 hours) before cell treatments. Suspensions supple-
mented with 50 pL RPMI 1640 medium were used as
growth control, while for control of toxicity, suspensions
with non-aggregated nanoparticles were used. The experi-
ments were carried out three times in triplicate. The final
results were once again assessed using GraphPad Prism 7,
with the same statistical analysis used for the MTT assays.

Results and Discussion
The aggregation grade of the smallest particles (AgNP-I)
had already been characterized and the results were
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partially published in our previous work, but for the pur-
pose of a better comparison, a thorough screening was
performed on all of the particles, the experimental data
of AgNPs in all three sizes have been gathered and dis-
cussed in the following sections.'’

Silver Nanoparticle Morphology and

Characteristics

The measurements performed by TEM, UV-Vis, and DLS
verified the successful synthesis of all AgNP samples
(Figure 2A-D). The smallest particles (AgNP-I) showed
uniform spherical morphology with an average diameter
around 10 nm according to the first row of Figure 2. The
seed-mediated growth method also provided AgNP-II and
AgNP-III of distinct size ranges with mean particle dia-
meters around 20 nm and 50 nm respectively. According
to the standard deviation of the particle distributions, the
size of the three samples had no overlap, which is impor-
tant for their comparative analysis. The sphericity of the
particles was assumed by comparing the average aspect
and thinness ratios of the TEM based 2D projections of the

Intensity (%)

particles, evaluated by the Shape Filter plugin of Imagel
(Figure 2E).* According to the shape analysis of the
particles, while their aspect ratio (larger side/shorter side
of the minimum bounding rectangle) was unaffected by
particle growth, their thinness ratio (measured area/theore-
tical area of the corresponding perfect circle) gradually
decreased, resulting in more and more polyhedric parti-
cles, somewhat distancing themselves from the theoretical
perfect circle, which corresponds with a thinness ratio
of 1.

Although the cyclical nature of the growth method
affected particle shape somewhat which led to lesser
sphericity in larger AgNPs, all three samples remained
quasi-spherical, furthermore the crystallinity of the nano-
particles remained unaffected as evidenced by the electron
diffraction patterns in Figure 2B. The prominent diffrac-
tion rings — that can be associated with the (111), (220),
(200), and (311) miller indices of silver — are in good
agreement with the scientific literature and with our pre-
vious contributions as well.”'*** The fragmentation of the
Debye—Scherrer rings of AgNP-II and AgNP-III is due to
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Figure 2 Transmission electron microscope (TEM) images (A), electron diffraction (ED) patterns (B), size distribution histograms (C), characteristic ultraviolet-visible (UV-
Vis) light absorbance spectra (D), furthermore average hydrodynamic diameter (Z-average), zeta potential, aspect ratio and thinness ratio (E) of citrate capped silver
nanoparticles with three distinct size ranges: 10 nm for AgNP-I (top row), 20 nm for AgNP-II (middle row), and 50 nm for AgNP-IIl (bottom row).
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the fact that the ED images were captured with the same
magnification, thus with the increase of particle size, the
number of diffracting particles per area decreased.

Nanoparticle size and shape are known to affect biolo-
gical activity.>** The shape-dependent catalytic and bio-
logical activity is explained by the fact that different
shapes tend to proliferate certain crystal facets (with dis-
tinct miller indices), and these facets have varying
activity.*>*® Since the as-prepared particles provided ana-
logous ED results corresponding to very similar crystalline
characteristics, the assumption could be made that
throughout our subsequent colloidal stability and biologi-
cal activity experiments, any observed discrepancy should
be ascribed to nanoparticle size, and not to shape-related
attributes.

The UV-Vis results summarized in Figure 2D further
underlined the overwhelmingly spherical nature of the
synthesized AgNPs, as the SPR peaks of all three samples
were around 400 nm, which is a characteristic value for
spherical silver nanoparticles.”**° The captured spectra
also verified the successful seed-mediated growth of nano-
silver, as with increasing particle size, the wavelengths
corresponding to the light absorbance maxima of AgNP-
II and — more prominently — AgNP-III went through
a redshift, in accordance with the literature.®*°

Regarding the initial colloidal stability of the AgNP
systems, the average hydrodynamic diameter and zeta
potential of the particles were measured on pH 7.2 using
DLS. The results depicted in Figure 2E indicated that
AgNP-III possesses greater colloidal stability compared
to AgNP-I or AgNP-II, since commonly used guidelines
suggest that for long-term colloidal stability, a zeta poten-
tial of 30 mV in absolute value is necessary for sufficient
electrostatic repulsion.”® This finding was further sup-
ported when Z-average values (obtained as the average
hydrodynamic diameter of free and aggregated particles)
were compared to primary particle diameters obtained by
TEM, as the closer the two values are, the milder the
degree of aggregation is within the samples. In fact, the
Z-average of both AgNP-I and AgNP-II were reasonably
higher than their primary TEM-assessed particle dia-
meters, thus these samples were predicted to be more
susceptible toward aggregation compared to AgNP-III,
where the highly negative zeta potential was accompanied
by close-to-size Z-average.

The explanation of this phenomenon can be twofold.
One aspect is that throughout all synthesis steps, citrate
concentration was kept on a similar level, providing

relatively higher amounts of charged surface groups
against the decreasing specific surface area of the growing
particles. However, according to Levak et al, small mole-
cules like citrate can be easily exchanged by biomolecules
on nanoparticle surfaces, in which case colloidal stability
will be determined by the resulting biomolecular corona.’’
As this behavior was observed in our aggregation mea-
surements as well (later discussed in more detail), citrate
capping cannot explain the phenomenon on its own.

The other aspect is that particle size is inversely pro-
portional to aggregation tendency in the nanoscale. This is
mostly supported by conventional Derjaguin-Landau-
Verwey-Overbeek (DLVO) approaches, where particle
attraction is described as the sum of attractive and repul-
sive forces between particles. According to He et al, the
maximum of the DLVO energy curve decreased with
nanoparticle size in hematite nanoparticles, allowing the
primary energy minimum to be reached more easily, thus
facilitating  irreversible aggregation (coagulation).*’
However, it is speculated that there are other aspects
exceeding the limitations of the DLVO theory. Even
though van der Waals attraction and electrostatic double-
layer repulsion scale similarly with increasing particle
size, a review from Hotze et al proposed that it has
a stronger effect on aggregation than what DLVO would
allow.'* They argued that the surface curvature of nano-
particles can no longer be estimated as flat surfaces, mak-
ing the mathematical estimations inapplicable,
furthermore, with decreased particle diameter, a greater
percentage of atoms exist on the surface, leading to elec-
tronic structure, surface charge behavior, and surface reac-
tivity changes, that could lead to a charge decrease in the

electric double layer, facilitating aggregation.

Aggregation Behavior

The Effect of pH

In comparing the DLS results of AgNP-I, AgNP-II, and
AgNP-III in Figure 3, we observed that all three samples
showed similar pH prompted aggregation. Heavily acidic
environments (pH 3) turned the zeta potential of the sam-
ples toward 0 mV which led to the particles forming
micron-sized aggregates, while basic pH shifted their
zeta potentials toward larger negative values where the
particles formed smaller aggregates (pH 5 and 7.2), or
remained unaggregated altogether (pH 9). Some important
differences between the different samples were also
observed. AgNP-I proved to be the most susceptible
toward pH-induced changes of zeta potential throughout
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Figure 3 Dynamic light scattering results of citrate capped silver nanoparticle samples with increasing sizes (10 nm: AgNP-I, 20 nm: AgNP-Il and 50 nm: AgNP-IIl)
represented as average hydrodynamic diameter (Z-average) (right) and zeta potential (left) changes over 24 hours under conditions with different pH values.

the experiments, as the zeta potential of these particles
already decreased on pH 7.2 compared to pH 9, while
AgNP-II and AgNP-III only demonstrated considerable
changes around pH 3. Furthermore, AgNP-II showed
slower changes and medium zeta potentials, while AgNP-
IIT demonstrated the most moderate behavior of the three,
as this system showed the highest zeta absolute values and
a slow trending motion indicating that AgNP-III was the

most resistant against pH-induced aggregation. These
results were in agreement with the average hydrodynamic
diameter measurements. Considering their primer particle
diameters, AgNP-I demonstrated constant gradual aggre-
gation on all pH values most likely due to the 10 mM
NaCl background, while AgNP-II and AgNP-III only
showed notable aggregation on pH 3. The most interesting
difference is that despite its large nanoparticle size, AgNP-
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IIT formed the smallest aggregates on pH 3 by 24 hours,
underlining its resistance against aggregation. By dividing
the Z-average of AgNPs on pH 3 after 24 hours by the
values of the as-prepared samples, a 50 fold, 42 fold, and
22 fold relative aggregate size increase could be observed
respectively for AgNP-1, AgNP-II, and AgNP-III.

The observed pH-dependent aggregation also affected
the characteristic surface plasmon resonance (SPR) of the
AgNP samples, demonstrated by their UV-Vis spectra.
According to Supplementary Figure S1, the aggregation

of all three silver nanoparticle suspensions was followed
by the intensity decrease and moderate redshift of their
SPR peaks. The extent of these changes as the function of
pH was consistent with the degree of aggregation surmised
by the DLS results, however, some interesting tendencies
were observed. Counterintuitively, the medium sized
AgNP-II proved to be the most sensitive toward SPR
changes, while the other two samples were less suscepti-
ble. In SPR studies, 50 nm is a theoretical particle size
limit which is used to distinguish particles based on their
dielectric properties. Particles smaller than 50 nm (AgNP-I
and AgNP-II) can be described as simple dielectric
dipoles, while particles at, or above this limit (AgNP-III)
have more complex dielectric characteristics, with their
resonance bands splitting into multimodal variations. In
the case of the two smaller particle samples, where AgNPs
can be considered as simple dipoles, plasmons can easily
overlap. With increasing particle size, this coupling results
in larger plasmons essentially, that could explain the
observed greater sensitivity.”” For the largest particles,
however, where other coupling states can also occur, the
simple dipole estimation does not hold, which can explain
how AgNP-III demonstrated a decreased propensity for
spectral changes.”’

Within our experimental conditions, pH proved to have
a profound effect on the colloidal stability of citrate
capped silver nanoparticles of all sizes. In these systems,
stability is provided by negatively charged -COO groups
on the surface of AgNPs. The carboxylate functional
groups of the citrate ions undergo protonation in the abun-
dance of H" ions, therefore the resulting carboxyl groups
can no longer provide electrostatic repulsion between the
particles, as illustrated in the top row of Figure 4. This
behavior was clearly observed as all the AgNP samples
quickly aggregated on pH 3, but became gradually more
and more stable with increasing pH, according to Le
Chatelier’s principle.

The Effect of NaCl

Colloidal stability within the differently sized AgNP suspen-
sions was examined under growing salt concentration as
well, according to Figure 5. Based on zeta potentials, grow-
ing nanoparticle size within these citrate-capped AgNP sys-
tems once again provided increasing resistance against the
external influence of NaCl. In AgNP-I, 10 mM NaCl was
enough to induce mild aggregation, with 50 mM salt con-
centration providing very similar results. Whereas, in AgNP-
IT and AgNP-IIT 10 mM NaCl did not affect zeta potential
considerably as their values stayed around (AgNP-II) or
below (AgNP-III) =30 mV. Increasing NaCl concentration
to 50 mM, and ultimately to 150 mM NaCl was sufficient to
decrease the absolute values of zeta potential in all the
samples substantially, although the larger particles retained
more negative charge. These results corresponded with the
average hydrodynamic diameter of AgNPs as expected; the
Z-average trend lines measured on 10, 50, and 150 mM NaCl
demonstrated  distinct, gradually increasing values.
Ultimately, micron-sized aggregates were detected in all
three of the 150 mM experiments.

The UV-Vis results in Supplementary Figure S2

demonstrated instantancous and profound SPR declines
on 50 and 150 mM NacCl in all three samples. This can
be explained through DLS, as NaCl based aggregation
happened quicker than the pH-dependent experiments,
illustrated by the larger differences between the values of
the early (0, 1.5, and 3h) measurements. Furthermore,
increasing salt concentration increases the relative permit-
tivity of the experimental medium as well, which pro-
foundly affects surface plasmon resonance.”’

The effect of NaCl is summarized in the middle row of
Figure 4. Overall it can be concluded, that increasing
sodium chloride concentration had similar effects as
increasing acidity, as Na' ions have a tendency to coordi-
nate around carboxylate groups, dampening the negative
zeta potential of AgNPs. Furthermore, 150 mM NaCl
generated micron-sized aggregates within all three sam-
ples, underlining how physiological electrolyte concentra-
tions are disadvantageous for the colloidal stability of
citrate capped AgNPs. These results can be neatly placed
in the relevant literature by considering the critical coagu-
lation concentration (CCC) of NaCl on similar AgNP
systems. Huynh et al calculated a CCC of 47.6 mM for
NaCl against citrate capped silver nanoparticles with an
average diameter of 71 nm, while El Badawy et al
observed 70 mM CCC for 10 nm AgNPs with citrate
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Figure 4 Schematic mechanisms of the aggregation-defining surface interactions under different pH (top row), NaCl concentrations (middle row) and biomolecules (bottom
row).

coating.'”'® Additionally, remarkably high CCC of ~300  relevant NaCl concentrations of 50 mM and especially 150
mM was measured by He et al, which they contributed to mM NaCl seem to be reasonably high to induce coagula-
the differences of their synthesis method compared to the tion, explaining the robust changes detected.
before-mentioned publications.*® While this current con-

tribution did not aim to perform a comprehensive analysis  The Effect of Glucose and Glutamine

on such values as our experimental conditions are increas- The next step of the aggregation experiments was to use
ing in complexity throughout the research, the biologically  simple, yet biologically relevant molecules for modeling
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Figure 5 Dynamic light scattering results of citrate capped silver nanoparticle samples with increasing sizes (10 nm: AgNP-I, 20 nm: AgNP-Il and 50 nm: AgNP-Ill)
represented as average hydrodynamic diameter (Z-average) (right) and zeta potential (left) changes over 24 hours in different NaCl concentrations.

nanoparticle-biomolecule interactions. Based on the DLS
(Figures 6 and 7) and UV-Vis results (Supplementary
Figures S3 and S4), some general conclusions can be
asserted. Within our experimental conditions, the investi-
gated molecules glucose and glutamine did not induce
aggregation in either of the AgNP systems, as the
Z-average trends closely followed the corresponding refer-
ence measurements. Despite their presence not affecting

aggregation, the experimental results indicated that these
molecules were partially adsorbed on the surface of
AgNPs. The most prominent results supporting this notion
are the observed light absorbance changes. Even though
AgNP-I did not demonstrate meaningful wavelength or
intensity shifts, more distinct observations could be made
measuring the larger particles, most likely due to their
before-mentioned larger optical sensitivity. Regardless of
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Figure 6 Dynamic light scattering results of citrate capped silver nanoparticle samples with increasing sizes (10 nm: AgNP-I, 20 nm: AgNP-Il and 50 nm: AgNP-Ill)
represented as average hydrodynamic diameter (Z-average) (right) and zeta potential (left) changes over 24 hours under external conditions with different glucose

concentrations.

concentration, glucose could induce larger red shift after 1.5
hours compared to the control measurements by ~40 nm in
AgNP-II and ~10 nm in AgNP-III, demonstrating the occur-
rence of surface interactions. Glutamine demonstrated simi-
lar tendencies, but the changes were less pronounced.
Furthermore, it is also worth mentioning, that glutamine
was able to decrease the absolute zeta potential of medium

and large particles. However, as these zeta changes did not
seem to affect aggregation grade, it can be speculated that
even small biomolecules like glutamine can provide some
degree of steric repulsion among particles.

In conclusion, small biomolecules like glucose and
glutamine did not affect colloidal stability in the measured
concentrations: although they affected zeta-potential and
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Figure 7 Dynamic light scattering results of citrate capped silver nanoparticle samples with increasing sizes (10 nm: AgNP-I, 20 nm: AgNP-Il and 50 nm: AgNP-IIl)
represented as average hydrodynamic diameter (Z-average) (right) and zeta potential (left) changes over 24 hours in the presence of glutamine.

UV-Vis results to varying degrees, Z-average results did
not coincide. This indicates the surface adsorption of the
molecules, dampening electrostatic repulsion but at the
same time providing steric stabilization.

The Effect of Cell Culture Components
To contextualize previous results and to model biological
conditions more adeptly, some of the most often utilized

cell culture components were selected and used as experi-
mental conditions for investigating AgNP colloidal stabi-
lity. Throughout in vitro experiments, one of the most
important functions of DMEM as a culture medium is to
establish necessary osmotic conditions, but from
a chemical standpoint, it is a complex salt solution with
a similar total ionic strength as 150 mM NaCl.*’ As for

FBS, it is an intricate mixture of biomolecules — mainly
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proteins — that were expected to show some similarities
with the experimental results of glucose and glutamine
from a surface adsorption standpoint, despite having
a much more complex chemical composition and
diversity.'” The DLS and UV-Vis results presented in
Figure 8 and Supplementary Figure S5 respectively can

be explained by examining the chemical composition of

Medium Dependence:
DLS

these materials and relate them to the measurements in the
previous sections.

Diluting differently sized AgNPs in DMEM produced
similar effects on colloidal stability as was observed in the
presence of high NaCl concentration. AgNP dispersion in
50 v/v% DMEM demonstrated large scale aggregation
detected as the increase of zeta potentials and Z-average
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Figure 8 Dynamic light scattering results of citrate capped silver nanoparticle samples with increasing sizes (10 nm: AgNP-I, 20 nm: AgNP-Il and 50 nm: AgNP-Ill)
represented as average hydrodynamic diameter (Z-average) (right) and zeta potential (left) changes over 24 hours in the presence of cell culture components DMEM and

FBS.
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values, furthermore as steep declines in SPR intensity. It is
interesting to note, that the maximum aggregate sizes
induced by DMEM after 24 hours were inversely propor-
tional to primer nanoparticle size.

FBS showed similar, but stronger interactions with
AgNPs as those observed in the presence of smaller mole-
cules such as glucose and glutamine. Z-average of the
particles remained unaffected, while a zeta potential
increase was detected. The SPR peaks demonstrated
a slight redshift, but perhaps more interestingly, SPR
intensities did not decline as noticeably as in the control
measurements. These results can be explained by the
innate adsorption of macromolecules on nanoparticle sur-
faces (bottom row of Figure 4), the phenomenon of which
in vivo is now understood as biomolecular corona
formation.*

Perhaps the most important effect of corona formation
within our experiments was its capacity to counteract
aggregation to a degree (keeping Z-average in lower
values) by administering electrosteric repulsion among
particles, evidenced by the moderate increase of
Z-average and mediated changes in SPR compared to the
DMEM results. The combined strength of the inherent
resistance of larger AgNPs against aggregation and bio-
molecular corona formation culminated in the revelation
that in this seed-mediated growth system, in vitro colloidal
stability was inversely proportional to nanoparticle size as,
despite its largest size, AgNP-III produced the smallest
and optically most active aggregates.

In summary, the in vitro cell culture components
DMEM and FBS induced similar aggregation tendencies
as the investigated simpler salt and biomolecule models
respectively, emphasizing their chemical composition,
DMEM being a salt-rich culture environment and FBS
containing a wide variety of biomolecules (mostly
proteins).*® Surface adsorption proved to be a defining
characteristic of FBS: the resulting coating, commonly
referred to as biomolecular corona, could counteract the
severity of salt-induced aggregation in experiments con-
taining both DMEM and FBS, in good agreement with
other studies.*'>*°

Biological Analysis

Cytotoxicity Assays

In order to explore how the different aggregation states can
affect the cytotoxicity of nanosilver, we performed two-
step MTT cell viability assays on human prostate cancer
cells (DU145) and on immortalized human keratinocyte

cells (HaCaT). For the investigation of the aggregation-
dependent toxicity, first, the viability of both cells was
measured after AgNP-I, AgNP-II, and AgNP-III treat-
ments, and the ICs, concentrations were determined.
Thereafter, in the second step, to evaluate the changes in
AgNP cytotoxicity caused by particle aggregation in
a time-dependent manner, different silver nanoparticle
aggregation states were formulated and the aggregation-
dependent toxicity of all three silver samples was exam-
ined at nanoparticle concentrations corresponding to the
respective cell line-specific ICsq (ICsy values on DU145
cells: AgNP-1=8.28 ppm; AgNP-11=10.41 ppm; AgNP-III
=12.53 ppm; ICso values on HaCaT cells: AgNP-I=1.96
ppm; AgNP-1I=3.08 ppm; AgNP-III=11.67 ppm). These
MTT experiments were assessed by incubating the cells
with aggregated AgNP samples for 24 hours. Nanoparticle
aggregation states were created by adding 150 mM NaCl
to silver samples for 0, 1.5, 3, 6, 12, and 24 hours at 37°C
prior to the beginning of the toxicity assays, as our pre-
liminary results indicated that among the tested experi-
mental conditions the electrolyte concentration had the
greatest impact on nanoparticle aggregation.

The MTT viability assays in Figure 9 revealed that cell
viability increased, and nanoparticle toxicity decreased
with growing aggregation grade in case of all samples.
For all three samples, the cell viability was the lowest
(~50%) when cells were in contact with AgNPs without
NaCl pre-incubation. The viability of both DU145 and
HaCaT cells were higher when they were treated with
AgNP samples, which were previously aggregated by
incubation with 150 mM NaCl. Cell viability increased
with increasing aggregation time. In addition, particle size-
dependent effect on cell viability could be observed, while
AgNP-I exerted no toxicity after incubation with NaCl,
resulting in instantaneous toxicity loss against HaCaT, and
gradual loss by 24 hours against DU145 respectively.
AgNP-II was more stable; it lost its effectiveness regard-
ing HaCaT similarly to AgNP-I but retained mild toxicity
against DU145 after incubation with NaCl. Ultimately,
AgNP-III could retain a small degree of cytotoxic activity
for the entire aggregation timeframe (~60-80% cell
viability).

Antimicrobial Studies

We also intended to assess the changes in the antimicrobial
activity of differently sized AgNP colloids caused by
particle aggregation. Therefore, the antibacterial and anti-
fungal activities of the aggregated silver samples (AgNP-I,
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Figure 9 The effect of nanoparticle aggregation (citrate capped silver nanoparticle samples with increasing sizes: 10 nm: AgNP-I (left), 20 nm: AgNP-Il (middle) and 50 nm:
AgNP-IlI (right)) on the cytotoxicity toward immortalized human keratinocyte cells (HaCaT) and human prostate cancer (DU145) cells. Increasing aggregation states were
created by incubating the particles with 150 mM NaCl for different time periods (0, 1.5, 3, 6, 12, and 24 hours) prior to cell treatments. The statistical significance of the
experiments was calculated through unpaired t-tests and are marked with *(p < 0.05), **(p < 0.01), ***(p < 0.001) and ****(p < 0.0001).

AgNP-II, and AgNP-III) were tested against Bacillus
megaterium, Escherichia coli, and Cryptococcus neofor-
mans strains using the same system as for the cytotoxicity
tests, with the exception that instead of ICsy concentra-
tions, the corresponding minimal inhibitory concentrations
(MIC) were defined first, and then used throughout the
microbiology experiments.

The minimal inhibitory concentration of AgNP-I was
18.75 ppm for C. neoformans and B. megaterium, and 37.5
ppm for E. coli, as published in our paper previously.” The
MIC values for AgNP-II and AgNP-III were lower than
those of AgNP-I, against C. neoformans (15.63 ppm) and
B. megaterium (7.81 ppm), but were higher (62.5 ppm) for
E. coli.

We found that the inhibitory effect of the aggregated
nanoparticles decreased with growing nanoparticle aggrega-
tion grade (Figure 10) throughout the experiments, in accor-
dance with the cytotoxicity results. A similar size-dependent
activity — differences between the effects of the three differ-
ently sized AgNP samples — could also be observed.
Microbial cell viability was the lowest when cells were
exposed to AgNPs which were previously not aggregated,

while the viability of all three strains increased when they
were treated with AgNP samples which were at different
aggregation grades due to incubation with NaCl for different
time periods.

As previously reported, AgNP-I was non-toxic after 6
hours’ incubation with NaCl for B. megaterium and E. coli
while its effectiveness against C. neoformans was lost after
24 hours of aggregation with NaCl. In the case of AgNP-
I1, no toxicity was detected after 24- and 6-hours’ incuba-
tion with NaCl
respectively.” While the toxicity to C. neoformans was

for B. megaterium and E. coli,
not affected by aggregation after 3 hours, the particles
were approximately 45% effective.

In line with the human toxicity data, we found that
AgNP-III could retain a certain degree of inhibitory activ-
ity for the entire aggregation timespan (~60% effective-
ness for B. megaterium, ~70% for E. coli, and ~50% for
C. neoformans).

The comprehensive in vitro analysis verified that
aggregation should indeed be taken into consideration in
association with nanotherapeutic applications. While the
actual degrees might vary, toxicity reduction due to
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Figure 10 The effect of nanoparticle aggregation (citrate capped silver nanoparticle samples with increasing sizes: 10 nm: AgNP-I (1.row), 20 nm: AgNP-Il (2.row) and 50
nm: AgNP-III (3.row)) on the antimicrobial activity against C. neoformans, B. megaterium, and E. coli. Increasing aggregation states were created by incubating the particles with

150 mM NaCl for different time periods (0, 1.5, 3, 6, 12, and 24 hours) prior to
unpaired t-tests and are marked with *(p < 0.05), **(p < 0.01), ***(p < 0.001) and

aggregation was a universal phenomenon throughout the
experiments. Furthermore, the nanoparticle size-dependent
resistance toward aggregation concluded from the DLS
and UV-Vis measurements was demonstrated to have
a biological effect as well.

Comparing the results on differently sized AgNPs, an
interesting conclusion can be drawn: increasing particle

cell treatments. The statistical significance of the experiments was calculated through
*ik(p < 0.0001).

size decreases the AgNP sensitivity toward aggregation
induced by external factors. This is essential information
for the rational design of biologically active nanoparticles
aimed at biomedical applications. Our experimental results
imply that various biorelevant conditions affect silver
nanoparticle aggregation, and this propensity influences
their biological activity massively. It can be stated, that
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increasing nanoparticle size can substantially alleviate the
severity of aggregation that will inevitably occur in
a biological system, or a natural environment. This con-
clusion contests the current general approach of the rele-
vant literature where the concept “smaller is always better”
is promoted when it comes to the biological application of
nanomaterials. While it is well documented that smaller
nanoparticles of the same bioactive chemical composition
possess stronger toxicity, our findings indicate that
a balance must be established between toxicity and long-
evity, should we desire lasting biological effects. This
trade-off could have serious implications on how we
look at nanoparticle toxicity in scientific research.

Conclusion
In this study, three AgNP samples containing nanoparticles
in increasing diameters were prepared by seed-mediated
growth. After their successful material scientific character-
ization, aggregation behavior measurements were per-
formed on all three samples to investigate their colloidal
stability in lifelike environments. Acidic pH and physio-
logical salt concentration proved to have a substantial
effect on AgNP aggregation, while biomolecules — from
simple compounds like glucose and glutamine, to complex
macromolecules like blood plasma proteins — demon-
strated a tendency for surface adsorption which led to
biomolecular corona formation. Cytotoxicity and antimi-
crobial studies proved that aggregation can attenuate, or in
extreme cases even completely abolish AgNP bioactivity.
Therefore, biomolecular corona formation proved to be
a fundamental phenomenon, as it could counteract aggre-
gation induced by outside conditions, protecting toxicity.
While our observations demonstrated universal tenden-
cies for all three AgNP samples, particle size proved to be
a defining characteristic affecting biological nanoparticle
utilizations yet again, however, in an opposing way to
what can usually be seen in the relevant literature. In
most cases, synthetic approaches are aimed at creating
particles with as small diameters as possible, since those
possess the highest toxicity. Our results on the other hand
proved that although that observation is true, increasing
NP size increases colloidal stability and also provides
the
surroundings of the particles affecting aggregation.

greater strength against conditions in close

Should our findings prove to have relevance outside
this experimental system, an interesting dilemma is intro-
duced that has to be tackled when nanomaterials are used

for biological applications: if smaller particles promise

greater biological activity, yet in such conditions, they
become ineffective in a few hours, while larger, less active
materials might have a lasting effect, just how small
should we be aiming for?
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