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Purpose: The biomedical applications of silver nanoparticles (AgNPs) are heavily investigated
due to their cytotoxic and antimicrobial properties. However, the scientific literature is lacking in
data on the aggregation behavior of nanoparticles, especially regarding its impact on biological
activity. Therefore, to assess the potential of AgNPs in therapeutic applications, two different
AgNP samples were compared under biorelevant conditions.

Methods: Citrate-capped nanosilver was produced by classical chemical reduction and sta-
bilization with sodium citrate (AgNP@C), while green tea extract was used to produce silver
nanoparticles in a green synthesis approach (AgNP@GTs). Particle size, morphology, and
crystallinity were characterized using transmission electron microscopy. To observe the effects
of the most important biorelevant conditions on AgNP colloidal stability, aggregation grade
measurements were carried out using UV-Vis spectroscopy and dynamic light scatterig, while
MTT assay and a microdilution method were performed to evaluate the effects of aggregation
on cytotoxicity and antimicrobial activity in a time-dependent manner.

Results: The aggregation behavior of AgNPs is mostly affected by pH and electrolyte concentra-
tion, while the presence of biomolecules can improve particle stability due to the biomolecular
corona effect. We demonstrated that high aggregation grade in both AgNP samples attenuated
their toxic effect toward living cells. However, AgNP@GT proved less prone to aggregation
thus retained a degree of its toxicity.

Conclusion: To our knowledge, this is the first systematic examination regarding AgNP
aggregation behavior with simultaneous measurements of its effect on biological activity. We
showed that nanoparticle behavior in complex systems can be estimated by simple compounds
like sodium chloride and glutamine. Electrostatic stabilization might not be suitable for biomedi-
cal AgNP applications, while green synthesis approaches could offer new frontiers to preserve
nanoparticle toxicity by enhancing colloidal stability. The importance of properly selected
synthesis methods must be emphasized as they profoundly influence colloidal stability, and
therefore biological activity.

Keywords: colloidal stability, green synthesis, antimicrobial activity, cytotoxicity

Introduction

Due to the numerous favorable properties of nanomaterials, their biomedical application
is expanding drastically."? Silver nanoparticles (AgNPs) exhibit excellent antimi-
crobial and cytotoxic activities, rendering them one of the most frequently utilized

nanomaterials.’*¢

The physical, chemical, and biological features of AgNPs are deter-
mined by a number of factors like nanoparticle size and morphology or by the nature

of the capping materials covering the particle surface.”® Therefore, proper selection
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of synthesis methods — most importantly via adequate reduc-
ing and stabilizing agents — is crucial to achieve the desired
particle properties.*!°

Recently, a number of synthesis methods for AgNP
production have been developed, nevertheless, the most
common approach is the chemical reduction of a silver salt
by organic or inorganic compounds using various capping
agents to prevent agglomeration.!' Although chemical
reduction methods are easy to control and are effective in
achieving high monodispersity and shape specificity, they are
relatively expensive and often involve toxic chemicals that
have unforeseen consequences toward the environment and
human health.'>' As cost-effective and eco-friendly alterna-
tives, biological and green synthesis methods have become
the center of attention in recent years. While these approaches
offer less direct control over size and morphology, they
utilize mild experimental conditions and carefully selected,
nontoxic, environmentally benign solvents, reducing and
capping materials. Green strategies frequently employ either
living organisms or natural extracts since these contain a
plethora of biodegradable, generally nontoxic biomolecules
that can serve both as reducing and stabilizing agents.'>!%15
Plant extracts offer a large variety of antioxidants that could
contribute to nanoparticle formation in various ways.'® For
instance, flavonoid-rich plant extracts proved to be excellent
candidates for silver ion reduction, according to a variety of
different publications.!”"** Furthermore, phenolic acid-type
caffeine and theophylline found in hydroalcoholic extracts
of Coffea arabica, Camellia sinensis and black tea leaf
extracts have been utilized in previous research as stabilizing
agents.””?! About 30%—40% of solid components in green
tea is (—)-epigallocatechin gallate, a compound which can act
both as a reducing and as a stabilizing agent for nanoparticles
due to its unique properties.'¢*

Although numerous studies have been published on
nanoparticle synthesis methods, none of them examined sys-
tematically the aggregation behavior of the generated particles
while simultaneously addressing the impact of nanoparticle
aggregation on biological activity. In fact, the colloidal
stability of nanoparticles in living systems (in part defined by
the applied synthesis method) can directly influence biological
activity, which issue cannot be overlooked, especially when
these materials are designed for therapeutic utilizations. Elzey
and Grassian presented results regarding the agglomeration
of bare AgNPs under environmentally relevant conditions.?
Although the use of AgNPs without any surface coating and
the absence of salts in the liquid phase are ideal circumstances
to examine particle aggregation, the addition of further com-
ponents and the analysis of their effects on this nanoparticle

feature could be utilized to approximate the behavior of the
particles within living systems more adequately. El Badawy et
al investigated the effect of environmental conditions like pH,
ionic strength, and electrolyte type on the aggregation behav-
ior of different AgNP suspensions with the help of dynamic
light scattering (DLS) measurements.?*?* They concluded that
electrosterically stabilized AgNPs are less prone to aggregate
under experimental conditions compared to uncoated and
electrostatically stabilized systems;**** however, biomolecule
interactions and the effect of nanoparticle aggregation on
toxicity were not the scope of their research. It is well known
that nanomaterials can interact with various biomolecules of
living organisms, most prominently with proteins, that are able
to adsorb on nanoparticle surfaces, establishing the so-called
biomolecular corona.?*?’ This corona serves as a kind of bio-
logical identity of the nanoparticle; moreover, it contributes
to colloidal stability as the protein-rich corona can counteract
the abovementioned disruptive environmental conditions, also
demonstrated by Tai et al and Alarcon et al.?®** In our recently
published papers, we described environmentally benign
synthesis approaches for green nanomaterial formation, and
we also showed that the various green materials used for
stabilization and for reduction of metal ions have a defining
role in determining and fine-tuning the biological activity of
the obtained green nanoparticles.!>303!

The scientific literature is lacking in data on the aggre-
gation behavior, and especially its relation to the biological
properties of AgNPs, as a systematic examination involving a
wide variety of parameters has never been performed. There-
fore, in this paper we executed a thorough analysis of this
issue. Two different AgNP samples with comparable sizes
and morphologies were synthesized. One was produced with
the most common classical chemical method: a citrate-capped
nanosilver (AgNP@C) reduced by sodium borohydride,
the other (green tea extract-stabilized silver nanoparticles
[AgNP@GTs]) was obtained with an eco-friendly and low-
cost, green approach using green tea extract as reducing and
stabilizing agent. Our aim was to examine methodically,
under biorelevant conditions, the effects of pH and differing
concentrations of sodium chloride, glucose, glutamine, and
FBS — both in water and in DMEM — on the aggregation
behavior of these particles in a time-dependent manner in
order to evaluate the nanoparticle aggregation grade and its
impact on cytotoxicity.

Materials and methods

AgNP@Cs

AgNP@Cs were synthesized by chemical reduction using
sodium borohydride (NaBH,; EMD Millipore, Billerica, MA,
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USA) as reported by Wan et al, with slight modifications.*
First, 0.2 g of sodium citrate (Na,C ,H,O, x 2H,0; EMD Mil-
lipore) was dissolved in 75 mL deionized water with vigor-
ous stirring. The solution was heated to 70°C and 2 mL of
1 w/v% silver nitrate (AgNO,; EMD Millipore), then 2 mL
of 0.1 w/v% NaBH, solution were added dropwise into the
mixture. The resulting yellowish brown suspension was
stirred at 70°C for 1 hour.

Removal of any interfering borohydride residues was
carried out by dialysis against distilled water for 24 hours
using cellulose membrane. After the purification step, 0.02 g
sodium citrate was added into the mixture to compensate any
capping agent removed during dialysis.

AgNP@GTs

AgNP@GTs were synthesized by the method previously
reported by Ronavari et al with slight adjustments.* Briefly,
2 g of dry green tea leaves (R. Twining and Company
Limited, London, England) were soaked in 100 mL deion-
ized water to prepare a primary extract. The dispersion was
heated at 80°C for 20 minutes. Afterwards the extract was
cooled, vacuum-filtered using nylon membrane of 0.45 um
pore diameter (Maine Manufacturing LLC, Sanford, ME,
USA), and this filtrate was further used both as a reducing
and as a stabilizing agent for AgNPs.

AgNPs were synthesized by mixing the green tea extract
with 0.1 M aqueous silver nitrate solution in 2:1 volume ratio
at room temperature by constant stirring for 24 hours and
later filtered using a polyvinylidene fluoride syringe filter
with 0.22 um pore size. The resulting brown suspension was
kept at 4°C until further use.

Characterization of nanoparticles
Morphological characteristics like size, aspect ratio, and
shape distributions of the obtained samples were examined.
After drop casting the samples on carbon film-coated copper
grids of 200 mesh grid density, transmission electron micro-
scopic (TEM) images (at least 15 representative images,
~750 particles) and electron diffraction (ED) patterns were
taken with a FEI Tecnai G* 20 X Twin instrument (FEI
Corporate Headquarters, Hillsboro, OR, USA) using 200 kV
accelerating voltage. Particles were measured using ImageJ
software and the resulting histograms were constructed by
the OriginPro 8.5 (OriginLab, Northampton, MA, USA)
software package.*

To interpret the initial colloidal stability of the samples
prior to the aggregation measurements, the average hydro-
dynamic diameters (Z-average), zeta potentials ({-potential),
and lastly their characteristic surface plasmon resonance

(SPR) were measured. The average hydrodynamic diameter of
the samples was assessed at 37°C£0.1°C using DLS analysis
on a Malvern Zetasizer Nano ZS instrument (Malvern Instru-
ments, Malvern, UK) using disposable capillary cells. To
measure zeta potential, we used the second- or third-order
cumulant fit of the autocorrelation functions, depending on
the degree of polydispersity. The electrophoretic mobility
of the samples was measured at 37°C%0.1°C, subsequently
the Smoluchowski equation was applied to convert electro-
phoretic mobility to zeta potential values, with the accuracy
of £5 mV. Characteristic SPR properties were obtained by
UV-Vis spectroscopy. The absorbance spectra of the as-
prepared nanoparticles were recorded within the range of
250-800 nm with distilled water as background for AgNP@C
and appropriately diluted green tea for AgNP@GT using an
Ocean Optics 355 DH-2000-BAL UV-Vis spectrophotometer
(Halma PLC, Largo, FL, USA) and a 10 nm path length
quartz cuvette.

To determine the exact interactions between the organic cap-
ping agents and nanoparticles, Raman spectroscopic measure-
ments were performed using a Senterra II Raman microscope
(Bruker, Billerica, MA, USA) at 532 nm excitation wavelength,
12.5 mW laser power, and 4 cm™ spectral resolution.

Aggregation behavior experiments
To investigate the aggregation behavior of the synthesized
AgNP samples, the constant AgNP concentration of 80 ppm
was selected and consistently applied throughout the experi-
ments, and the most important biorelevant agents and con-
ditions were considered. The effect of different pH values,
different sodium chloride, glucose, and glutamine concentra-
tions, moreover — as model systems for biological fluids — the
effect of DMEM and FBS (both in water and in DMEM) was
investigated as shown in Table 1. Time dependence of the
aggregation was also examined; measurements were carried
out at the 0, 1.5, 3, 6, 12, and 24 hours checkpoints.
Particle aggregation was tested at different sodium chloride
(10,50, and 150 mM) and glucose (3.9 and 6.7 mM) concentra-
tions and at various pH values (set to 3, 5, 7.2, or 9). These values

Table | List of the investigated biorelevant conditions

Condition Values
pH 3,5,7.2% 9
NaCl concentration (mM) 10, 50, 150
Glucose concentration (mM) 39,67
Glutamine concentration (mM) 4

DMEM (v/v%) 45

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

Notes: Reference point for the measurements is marked with (*). All samples were
measured under 37°C; furthermore, pH ~7.2 and 10 mM NaCl were utilized as
background, unless otherwise stated.

International Journal of Nanomedicine 2019:14

submit your manuscript

669

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Bélteky et al

Dove

were selected according to similar characteristic values observed
by mammalian species.’>*” The glutamine concentration was
set to 4 mM as it is the most commonly utilized concentration
in cell culture experiments.*® Our preliminary viability assays
indicated that the medium (consisting originally of DMEM with
10 v/v% FBS) can be diluted only moderately (maximum 1:1
with aqueous solutions of interfering agents such as various
inorganic salts) without risking osmotic damage of the cells.

All of our samples — with the exceptions of certain pH-
and NaCl-related measurements (seen in the first two rows
of Table 1) — were examined with a constant background
salt concentration of 10 mM NacCl at pH 7.2 and at 37°C.
Experiments involving DMEM were not adjusted due to its
already complex composition. The sample corresponding
to the pH 7.2 measurement, marked with * in Table 1, was
used as reference point.

A typical measurement would pursue the following proce-
dure: first, the samples were prepared in 5 mL volumes with
the conditions set according to Table 1. Initially, the AgNP
samples and the biorelevant agents were mixed and diluted
to 4 mL and the remaining volume was utilized to set the
appropriate pH. Afterwards, the mixtures were sonicated on
37 kHz for 30 seconds which marked the starting point of the
experiments. DLS data regarding particle size and UV-Vis data
were gathered simultaneously while the zeta potential values
were obtained right after the size measurements. Between
each measurement the samples were kept at 37°C, and prior
to the actual measurement, they were homogenized by manual
shaking and their pH values were readjusted if necessary.

Cytotoxicity assays

Human lung adenocarcinoma (A549) and human lung non-
cancerous fibroblast (MRC-5) cell lines were purchased from
ATCC and were maintained in DMEM containing 1 g/L
glucose, supplemented with 10% FBS, 2 mM L-glutamine,
0.01% streptomycin, and 0.005% ampicillin. Cells were
cultured under standard conditions in a 37°C incubator at
5% CO, in 95% humidity.

To measure the changes in AgNP cytotoxicity affected by
particle aggregation in a time-dependent manner, first, IC,|
values of the as-prepared silver samples were determined
for both the cancerous and the healthy human cell lines.
Thereafter, nanosilver aggregation states were formulated by
incubating the particles with 150 mM NaCl for different time
spans (0, 1.5, 3, 6, 12, and 24 hours) prior to cell treatments.
Cells were seeded in 96-well plates using 10* cells/well
density, then on the following day were treated with the
appropriate aggregated AgNP samples for 24 hours. After
treatments, cells were washed with PBS and incubated with

culture medium containing 0.5 mg/mL MTT reagent (Sigma-
Aldrich Co., St Louis, MO, USA) for 1 hour at 37°C. The
resulting formazan crystals were dissolved in DMSO and
absorbance of the samples was measured at 570 nm using
a SPECTROstar Nano plate reader (BioTech-Hungary,
Budapest, Hungary). Absorption values of the untreated con-
trol samples were considered as 100% viability. The experi-
ments were carried out three times using four replicates.

Screening of antibacterial and antifungal
activity

First, a microdilution method was used to determine the
minimum inhibitory concentration (MIC) of the different
nanosilver samples against Cryptococcus neoformans IFM
5844 (IFM; Research Center for Pathogenic Fungi and Micro-
bial Toxicoses, Chiba University), Bacillus megaterium
SZMC 6031, and Escherichia coli SZMC 0582 (SZMC: Sze-
ged Microbiology Collection) strains in RPMI 1640 medium
(Sigma-Aldrich Co.) using 10° cells/mL, respectively. Two
fold dilution series of both nanoparticles were made in the
0-75 ppm concentration range. From each cell suspension
50 uL aliquots were loaded into the wells of a 96-well micro-
plate and 50 pL of individual AgNP dilutions were added
to the cells. Suspensions supplemented with 50 uL RPMI
1640 were used as growth control. Then microplates were
incubated at 30°C for 48 hours and the light absorbance of
the samples was measured at 620 nm using SPECTROstar
Nano plate reader (BMG LabTech). The experiment was
carried out three times always in triplicates.

The antimicrobial activity of the aggregated nanoparticles
was tested on the above mentioned strains with the same
procedure described in the “Aggregation behavior experi-
ments” section. Briefly, suspensions of 10° cells/mL were
prepared in RPMI 1640 medium. Fifty microliter aliquots from
Cr. neoformans, B. megaterium, and E. coli cell suspensions
were loaded into the wells of a 96-well microplate and this time
50 uL of the individual aggregated nanoparticle samples were
added to the cells. Suspensions supplemented with 50 uL. RPMI
1640 were used as growth control, while suspensions with
non-aggregated nanoparticles were used as controls of toxicity.
The light absorbance of the samples was measured at 620 nm
using SPECTROstar Nano plate reader (BMG LabTech). The
experiments were carried out three times in four replicates.

Results

AgNP characterization

The morphology and particle size distribution of our AgNP
samples were determined based on TEM images (Figure 1).
It is well known that the biological activity of AgNPs is
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Figure | TEM images with corresponding size, aspect ratio and shape distributions, electron diffraction patterns, Characterization of silver nanoparticles stabilized (A) by
citrate (AgNP@C) and (B) by green tea extract (AgNP@GT) consisting of TEM images with corresponding size, aspect ratio and shape distributions, electron diffraction
patterns, UV-Vis spectra with characteristic surface plasmon resonance peaks, furthermore mean values for the average hydrodynamic diameter and zeta potential of the

particles (pH ~7.2).

Abbreviations: AgNP@C, citrate-capped nanosilver; AgNP@GT, green tea extract-stabilized silver nanoparticle; TEM, transmission electron microscopy.

size- and shape-dependent, therefore, our objective was to
prepare both nanosilver samples in spherical shape and in a
similar size range (~10 nm) in order to realize comparative
chemical and biological analyses.”

According to TEM images, the classical chemical
reduction method (Figure 1A), as well as the environmen-
tally benign green synthesis method (Figure 1B) resulted
in similar average sized (AgNP@C ~10.1+1.8 nm and
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AgNP@GT ~8.3+3.6 nm) particles, with both methods
yielding quasi-spherical nanoparticles, with aspect ratios
around 1.10 and 1.16, respectively. Regarding their exact
morphologies, the chemical reduction method was charac-
terized by better shape-specificity compared to the green
synthesis approach, as over 96% of the particles obtained by
the classical method proved to be spherical while the green
method provided ~70% spherical particles and a consider-
able amount of polyhedric- and a low amount of prism-like
particles were also present (25.2% and 4.7% respectively,
Figure 1B). Nanoparticle shape is important, as different
morphologies can arise due to different crystal facets that
can affect reactivity and biological activities as well.***! ED
measurements were carried out to identify possible discrepan-
cies within the crystal lattices of the nanoparticles. The ED
results verified the chemical composition and crystallinity of
AgNPs by displaying well defined diffraction rings around
4.22,4.96,6.97, and 8.13 1/nm radii that are corresponding
to miller indices of (111, 200, 220) and (311) respectively.*
Despite the slight differences in shape specificity, the size,
aspect ratio, and crystallinity of the samples showed strong
correlation; therefore, the as-prepared AgNPs were deemed
comparable for aggregation and biological analysis. The
TEM image of AgNP@GT shown in Figure 1B shows
nanoparticles in immediate contact with the components of
the green tea extract which are essentially embedded in a
matrix of various macromolecules present in the biological
extract. The presence of these biological matrices in green
synthesis methods has been mentioned in a number of previ-
ous studies. 34243

The maximum of the characteristic absorbance spectra
of the initial nanosilver suspensions were at 400 nm for
AgNP@C, and at 411 nm for AgNP@GT, respectively
(Figure 1). These values are in good agreement with the
literature, where spherical AgNPs around 10 nm have their
characteristic absorption peaks around 400 nm.” The wider
SPR peak of the green tea-capped sample underlines the
lower particle shape specificity and monodispersity, which
is a direct consequence of the more complex, and therefore
less controllable nature of the green synthesis method. Even
though smaller AgNPs of the same shape tend to have SPR
peak maximum values at lower wavelengths, the spectrum of
AgNP@GT showed a slightly higher characteristic absorp-
tion maximum.” This can also be explained by the presence
of a biological matrix surrounding AgNP@GT, as surface
interactions between AgNPs and biomolecules can affect
their light absorption properties.*

DLS measurements were carried out to determine the
average hydrodynamic diameter and the zeta potential of

the as-prepared samples on pH ~7.2. These were used as
reference values in aggregation-related measurements. The
Z-average value of AgNP@C was 27.8 nm (Figure 1A),
whereas that of the particles synthesized by the green method
resulted to be 87.7 nm (Figure 1B). Only the Z-average
value of AgNP@C was close to the primary particle size
(10.1 nm). The rather large difference between Z-average
and primary size (8.3 nm) in case of AgNP@GT was most
likely due to the expansive nature of the organic matrix sur-
rounding the nanoparticles, which formed a larger hydration
layer that resulted in larger average hydrodynamic diameter.
On the other hand, the {-potential of AgNP@GT was about
8.5 mV lower than the value of the citrate capped particles
(-27.8 mV); therefore, a greater stability was expected in the
case of AgNP@GT. For both the samples, it can be stated that
the negative {-potential values are the results of the adsorbed
stabilizing agents on the nanoparticle surfaces. These agents
have functional groups capable of deprotonation under
adequate conditions inducing the observed surface charges.
This can be easily realized in the case of AgNP@C where
the —COOH/-COO™ equilibrium of the stabilizing citrate
is taken into consideration. Furthermore, even though the
chemical composition of the green tea extract in AgNP@
GT is much more complex, we can assume largely similar
interactions as in the case of AgNP@C, so the carboxyl/
carboxylate model can be used as estimation.*

Further Raman spectroscopic characterization was per-
formed to investigate the exact interactions between capping
components and AgNPs. Avnir et al offered a methodology
for molecularly doped metallic materials.***” We found that
even in the case of AgNP@GT, where a similar mechanism
could occur, the biological compounds of green tea extract
are rather adsorbed in a 2D arrangement on the surface of
the particles instead of forming molecularly doped materials
(Figure S1).

Aggregation behavior

Effect of pH

The effects of different pH conditions on aggregation behav-
ior of the two AgNP samples prepared by different synthesis
methods are shown in Figures 2 and S2. In line with previous
studies, both AgNP@C and AgNP@GT samples were more
stable on alkaline and neutral than on acidic pH, indicated
by smaller Z-average values, more negative zeta potentials
and smaller changes in the SPR peaks.?**> With increasing
pH, the free organic functional groups on the NP surfaces
reach a higher degree of deprotonation, thus the amount
of negative surface charge increases simultaneously. This
would enhance the electrostatic repulsion between particles
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resulting in smaller aggregate diameters, explaining the
lower Z-average values compared to the measurements on
acidic conditions.

AgNP@C (Figure 2A) showed a small gradual increase in
hydrodynamic diameter even on alkaline pH, indicating that
the background electrolyte concentration of 10 mM NaCl was
enough to initiate slow aggregation in the sample. In com-
parison, in the case of AgNP@GT no time-dependence of
aggregation could be observed (Figure 2B), implying that
after the initial experimental criteria have been set, the
biological matrix prohibited ongoing changes within the
sample, as the system reached an equilibrium state. Inter-
estingly, the green tea extract was capable of limiting the
excessive growth of the aggregates, since even the biggest
aggregates in the AgNP@GT sample were below 250 nm,
while Z-average values of AgNP@C reached the micrometer
range by 12 hours incubation at pH =3.

Effect of sodium chloride

The effect of NaCl addition on the colloidal stability of our
samples is illustrated on Figure 3. The previously mentioned
slow aggregation of AgNP@C does not change drastically
at 50 mM NaCl dosage; however, the addition of 150 mM
sodium chloride would propagate AgNP aggregation to the
micrometer size range, marked by the DLS results (Figure 3A).
The drastic changes in aggregation are due to the increase in
Na' concentration, as in large quantities these ions can shield
the negatively charged surface groups providing electrostatic
stabilization. With the decreased repulsion, the particles could
form larger aggregates upon collision. After 24 hours, the
average hydrodynamic diameter of AgNP@C incubated in
a solution containing 150 mM NaCl decreased, compared to
its state after 12 hours of incubation (Figure 3A). This result
suggested heavy sedimentation where the aggregates have
grown to a size where the DLS instrument could no longer
determine the Z-average parameter accurately. The nanosilver
sample prepared with green tea showed similar tendencies in
Z-average and zeta potential changes, as well as in spectral
shifts (Figure 3B), although it is important to note that the
attenuating nature of the biological matrix again prevented
drastic increases in the average hydrodynamic diameter.

Effects of glucose and glutamine

During contact with living species, nanoparticles encounter
a number of small organic molecules that can affect their
surface charge upon adsorption and affect their colloidal sta-
bility. Glucose and glutamine are the most prominent mem-
bers of monosaccharides and free amino acids, respectively;

hence, they were selected for the screening experiments.
In the presence of glucose, biomolecule interactions with
the nanoparticle surface could cause a shift in the character-
istic absorbance peak of AgNPs (Figure S3). Similarly, the
maximum of the SPR spectra of AgNP@GT is at a longer
wavelength than its particle size would indicate, as observed
previously (Figure 1B). Despite the UV-Vis shifts, the pres-
ence of glucose led to no considerable changes in aggregation
grade (determined by DLS measurements) in either AgNP
samples (Figure S3).

No notable increase in Z-average values were observed
after adding glutamine to the citrate-stabilized nanoparticle
colloid system (Figure S4A); however, the peak of the
UV-Vis spectrum of AgNP@C clearly shifted to higher
wavelength values, most likely due to amino acid adsorp-
tion on the nanoparticle surface.”’ In case of AgNP@GT
(Figure S4B), the presence of glutamine caused numerous
changes, such as the red shift of the SPR peak in the spectrum,
which indicated surface interactions between the particles
and amino acid molecules. This idea was supported by the
increase in zeta potential from below —30 mV to around —20
mV depending on the elapsed incubation time (Figure S4B).*
The changes also affected the Z-average values, where the
average diameter increased 23 fold, implying that glutamine
molecules interfered with the integrity of the green tea multi-
component matrix. While this increase confirms the interac-
tion between AgNPs and glutamine, the actual decrease in
colloidal stability is far less pronounced than the effect of
increased sodium chloride concentration.

Effect of cell culture components

In order to test the nanoparticle aggregation behavior in
biological fluids modeling complex environments, AgNP
aggregation grade was measured in the presence of FBS
both in aqueous conditions and in DMEM.?% According
to our UV-Vis and DLS results (Figures 4 and S5), in case
of AgNP@C, DMEM caused quick and large-scale particle
aggregation due to its high electrolyte concentrations, with
the average aggregate size reaching the micrometer range
by the end of 24 hours incubation. On its own, FBS had
essentially no effect on hydrodynamic diameter, while
it shifted the characteristic UV-Vis absorption peak and
decreased zeta potential in the sample (Figure 4A). These
observations supported the formation of a biomolecular
corona around the particles, similarly to the small mol-
ecules like glutamine. We repeated the experiment using
a solution containing both DMEM and FBS, where we
found decreased aggregation grade and simultaneously a
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decelerated aggregation process.** According to these results,
the biomolecular corona effect could be one of the most
important phenomena regarding biological interactions of
AgNPs stabilized by small molecules such as citrate.

For the nanosilver sample prepared by green tea extract,
both FBS and DMEM increased the aggregation grade sepa-
rately; however, in the FBS-containing DMEM, the aggrega-
tion attenuating effect of FBS was observable (Figure 4B).
Our results indicate that biomolecules of the serum interacted
with the AgNP@GT particles in a way to improve their
stability, probably due to the gradual and dynamic change
in the composition of the biomolecular corona surrounding
the particles.

Toxicity on human cells

To evaluate how the cytotoxic propensity can be influenced
by nanoparticle aggregation, we performed cell viability
assays on human A549 adenocarcinoma as well as on
non-cancerous MRC-5 fibroblast cells. The aggregation-
dependent toxicity of both AgNP@C and AgNP@GT

AgNP@C

125 1

100 1

A549
Viability (%)
o

(62
o
1

25 ~

> & O % 7 © O g

Aggregation time (hours)

125

100 1+

MRC-5
Viability (%)
o

(o))
o
1

N
[¢)]
1

o
I

S O O % % © O g

Aggregation time (hours)

samples was investigated at nanoparticle concentrations
corresponding to the respective cell line-specific IC,  (A549:
IC,, AENP@C =72.2+4.1ppm; IC, AENP@GT =63.113.8 ppm; MRC-5:
ICSOAgNP@C =17.6x£3.0 ppm; ICSOAgNP@GT =1.310.2 ppm).
The IC,, concentrations were determined by MTT assay
prior to aggregation-related viability measurements. These
MTT experiments were assessed by incubating the cell lines
with aggregated AgNP samples for 24 hours. Nanoparticle
aggregation states were formulated by incubating AgNP@C
and AgNP@GT samples with 150 mM NacCl for 0, 1.5, 3,
6, 12, and 24 hours at 37°C prior to the beginning of the
toxicity assays, as our results indicated that among the tested
experimental conditions the electrolyte concentration had the
greatest impact on nanoparticle aggregation.

The MTT viability assays performed on A549 and MRC-5
cell lines revealed that nanoparticle toxicity universally
decreased with growing aggregation grade (Figure 5). Cell
viability was the lowest (~50%) when cells were exposed to
AgNPs which were not pre-incubated with NaCl, thus show-
ing the toxic effect of both AgNPs at their IC, concentrations.
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Figure 5 The effect of nanoparticle aggregation (citrate-stabilized: AgNP@C, green tea-stabilized: AgNP@GT) on cytotoxicity toward A549 human lung cancer and MRC-5

human fibroblast cells.

Note: Increasing aggregation grades were prepared using 150 mM NaCl for longer time intervals up to 24 hours.
Abbreviations: AgNP@C, citrate-capped nanosilver; AgNP@GT, green tea extract-stabilized silver nanoparticle.
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The viability of both A549 and MRC-5 cells were higher
when they were treated with AgNP samples, which were
previously left to aggregate by incubation with 150 mM
NaCl for longer periods of time. Differences between the
effects of citrate-capped and green tea extract-stabilized
AgNP samples could also be observed, since no toxicity
was detected for AgNP@C after 6 hours incubation with
NaCl due to its relatively weak electrostatic stabilization;
however, the more stable AgNP@GT retained a small degree
of cytotoxic activity for the entire aggregation timeframe
(~80% cell viability).

Antimicrobial activity

Finally, antibacterial and antifungal activities of aggregated
AgNP@C and AgNP@GT were tested with the same
procedure described in the “Toxicity on human cells” sec-
tion. The minimal inhibitory concentration of AgNP@GT
was lower (~0.59 ppm) against all of the three examined
microbial strains than the MIC of AgNP@C (~18.75 ppm
for C. neoformans and B. megaterium, ~37.5 ppm for
E. coli). The inhibitory effect of the aggregated nanoparticles
decreased throughout with growing nanoparticle aggregation
grade. Microbial cell viability was the lowest in contact with
AgNPs without NaCl pre-incubation, while the viability of
all three strains increased when they were treated with AgNP
samples previously left to aggregate for different periods of
time (Figure 6). No toxicity was detected for AgNP@C after
12 hours incubation with NaCl for B. megaterium and E. coli
while its effectiveness against C. neoformans was lost after
24 hours aggregation with NaCl. AgNP@GT could retain a
certain degree of inhibitory activity for the entire aggrega-
tion timespan (~20% activity for B. megaterium and E. coli
and ~50% for C. neoformans).

Discussion

The production and utilization of AgNPs is a rapidly grow-
ing field of industry, which will eventually lead to the
enhanced release and accumulation of these particles in the
environment. Therefore, there is an ever increasing demand
to investigate the behavior, transport, and toxicity of the
synthesized AgNPs. As AgNPs have a tendency to aggre-
gate, the kinetics of this aggregation process can be a major
factor in governing not only the biological activity of the
particles but also their fate in the environment and in contact
with various living organisms. Consequently, we aimed to
acquire further knowledge on all those circumstances, agents,
and parameters that modulate nanoparticle agglomeration in
biorelevant conditions that might influence the reactivity of
AgNPs on living cells.

The initial objective of our research was to synthesize
different AgNP samples with comparable morphologies and
sizes, as both of these factors affect optical and biological
properties.* Research by Pal et al showed that nanoparticle
shape can influence antibacterial activity as different particle
shapes propagate different crystallinity and high-atom-
density facets such as {111} possess higher reactivities.*
Considering particle size, our own previous contributions
align with the literature as we observed that smaller AgNPs
have higher toxicity compared to larger ones.*

Both the chemical reduction and green synthesis methods
were capable of forming quasi-spherical nanoparticles with
comparable sizes according to our TEM images. However,
there were also slight differences between the two applied
approaches; while the chemical reduction method allowed us
to control most of the parameters affecting NP formation, the
method using green tea extract provided less control over key
factors, like the ratio and the quality of reducing and stabiliz-
ing agents. This resulted in bigger polydispersity and lesser
shape specificity in the AgNP@GT sample, which led to a
broader characteristic UV-Vis spectrum compared to the one
of AgNP@C. Despite these slight differences in shape speci-
ficity, the results of our electron diffraction measurements
verified that both the samples present the same crystal facets;
therefore, similar biological activities were expected which
made the subsequent comparative measurements possible.

In this study, we characterized particle aggregation based
on DLS and UV-Vis measurements, which showed analo-
gous changes when there were no biomolecular components
in the system: the increase of the average hydrodynamic
diameter and the decrease in the characteristic SPR values
both pointed toward AgNP aggregation. In the presence of
biomolecules, however, their interactions with nanoparticle
surfaces invoked a red shift in the SPR peaks owing to dielec-
tric constant changes on the NP surfaces, in good agreement
with previous reports.?’ However, it also has to be noted that
the peak shifts in the UV-Vis spectra were used only to verify
and illustrate NP aggregation and are not expected to be
suitable for quantitative analysis, since the green tea extract
(the spectrum of which we used as background for AgNP@,
GT measurements) possesses pH indicator capabilities, and
its chemical composition inevitably undergoes some mild or
moderate changes during Ag* reduction.

Considering the effects of the selected biorelevant
conditions, the largest impact on AgNP aggregation was
observed by increasing NaCl concentration followed by the
effects of acidic pH, in agreement with previous studies.”* %
Nanoparticle surface interactions indicated by SPR changes
were detected in the presence of glucose, glutamine, and
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Figure 6 The effect of nanoparticle aggregation (citrate-stabilized: AgNP@C, green tea-stabilized: AgNP@GT) on the antimicrobial activity against C. neoformans,

B. megaterium, and E. coli.

Note: Increasing aggregation grades were prepared using 150 mM NaCl for longer time intervals up to 24 hours.
Abbreviations: AgNP@C, citrate-capped nanosilver; AgNP@GT, green tea extract-stabilized silver nanoparticle.

FBS in the nanoparticle colloid solutions similarly to the
results obtained when human serum albumin was absorbed
on AgNP surfaces in the research of Alarcon et al.*” These
interactions contributed to the well-known biomolecular
corona formation which attenuated the AgNP aggregation
grade counteracting the large amount of electrolytes present
in DMEM 282944

The observed changes in the average hydrodynamic diam-
eter of AgNP@GT in the presence of medium components

suggested that while green tea extracts are mostly made up of
flavonoids and carbohydrates, the protein-rich composition of
FBS offers a greater degree of electrosteric interactions that
are able to provide improved colloidal stability compared to
GT components.?*** In the green tea matrix surrounding
AgNP@GT particles, changes happened slowly compared to
the citrate-stabilized sample. This allowed us to observe that
within both FBS and DMEM + FBS environments, average
hydrodynamic diameter values peaked at around 3 hours of
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incubation, and then the values decreased (Figure 4B). This can
be explained by the initial formation of a large and less com-
pact biomolecule layer adsorbed on the nanoparticle surface,
referred to as “soft corona” by the literature, and its eventual
shift to a smaller, more compact state, where the absorbed
biomolecules have a higher affinity toward the nanoparticle
surface called “hard corona,” as it was suggested by Riviere
et al, even though more recent and generally accepted studies
hypothesize a core-shell-like structure for the corona model.?*?’
Our results do not contradict the descriptions of these newer
corona models, and no further measurements were taken to
clearly define the background of this phenomenon, but our
results nonetheless seem to indicate a size decrease that could
be explained with the slow formation of a more specific and
compact biomolecular layer on the particle surfaces.

The aggregation degree of AgNPs is dependent on a
variety of different conditions, and it is necessary to examine
these parameters on systems that closely resemble living
organisms. However, based on our measurements, it can
be presumed that the results involving the less convenient
and more expensive cell culture components can be closely
estimated by the simpler approaches we utilized. The results
of the 150 mM NaCl measurements closely resemble the
ones of the experiments involving DMEM, while the results
associated with the presence of glutamine are fairly similar
to the data obtained with FBS.

Our comprehensive biological screening concluded that
AgNP toxicity decreases with increasing aggregation grade;
hence, it emphasizes the massive impact of the corona effect
on the biological activity of nanoparticles especially in bio-
medical applications.

Comparative analysis of the data obtained on citrate and
green tea extract-stabilized AgNP samples also delivered
some interesting results. In good agreement with previous
findings, the electrostatic stabilization provided by the citrate
groups of AgNP@C resulted in weaker colloidal stability
compared to that of AgNP@GT, where the electrosteric
nature of the green tea extract offers greater protection against
aggregation.*? The importance of this difference was espe-
cially pronounced during the biological screenings, where we
observed that AgNP@C lost its cytotoxic and antimicrobial
activity within 6 hours of aggregation (with the exception of
C. neoformans, where it took 24 hours to reach complete loss
of effect, since this strain showed higher sensitivity toward
silver), while AgNP@GT retained its toxicity, albeit showing
a weaker toxic feature.

Thus our results indicate that the appropriate stabilizing
mechanism of AgNP colloids via well-selected capping

agents has a profound effect on their aggregation propensity
and biological activity. Particle aggregation is closely associ-
ated with the chemistry of the capping agents; furthermore,
it is a function of pH, ionic strength, and electrolyte com-
position, since all of them are key variables to the behavior
of AgNPs both in natural and in engineered environments.

While there have been previous contributions inves-
tigating NP colloidal stability as the function of envi-
ronmental factors,”% or AgNP surface interactions with
biomolecules,?*"** to our knowledge this is the first time that
a systematic examination was performed on the aggregation
behavior of differently synthesized AgNPs with such a wide
variety of parameters while simultaneously measuring the
effect of aggregation on biological activity on both human
cells and microbes. Based on our results, electrostatically
stabilized silver nanomaterials might not be suitable for
biomedical applications in their initial form. On the other
hand, green approaches offer a new frontier, since next
to their environmentally benign nature they also provide
protection from large-scale aggregation, particularly under
such conditions that are typical in living organisms. Besides
optimization of green synthesis methods, subsequent steps
toward broad range utilizations should consider the active
exploitation of the biological matrix surrounding the par-
ticles, by the controlled formation of an active, rationally
designed biomolecular corona which assigns synergistic or
targeting features to the nanoparticles.

Conclusion

In order to routinely and reliably use AgNPs for any thera-
peutic or environmental application, it is required to con-
sider the colloidal stability of these materials in biological
environments, as aggregation can influence key properties
within nanoscale systems. To our knowledge, this is the first
time that a systematic examination on AgNP aggregation
behavior was performed with a large variety of parameters
while simultaneously measuring the effect of aggregation
on biological activity. Our results indicate that nanoparticle
colloidal stability in more complex systems, like complete
cell culture media, can be closely estimated by simpler
model compounds like sodium chloride, glucose, or glu-
tamine. It can also be assumed based on our findings that
purely electrostatic stabilization might not be suitable for
biomedical AgNP applications, since AgNPs stabilized by
citrate groups undergo large-scale aggregation near physi-
ological electrolyte concentration, resulting in complete loss
of their biological activity. On the other hand, green synthesis
methods could offer a new dimension in medical applications,

submit your manuscript

680

Dove

International Journal of Nanomedicine 2019:14


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

AgNP: aggregation behavior and its impact on biological activity

as the green tea extract could attenuate aggregation grade in
AgNP@GT due to electrosteric interactions even in complex
cell culture media, thus AgNPs prepared by this method
retain a certain degree of their desired toxicity. This research
emphasizes the vital importance of nanoparticle synthesis and
stabilization methods as they have a profound influence on
the colloidal stability of the resulting nanoparticles which is
a key factor affecting their biological activity.
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Supplementary materials
Investigation of the exact interactions
between green tea components and

nanosilver

Understanding the relationship between the components of
green tea and the prepared silver nanoparticles is crucial, as it
can significantly alter the properties of the material. In a recent
study, Avnir et al offered a new methodology for molecularly
doped metallic materials.'? The study demonstrated that the
differences between 2D arrangement and 3D entrapment
of dopant particles toward metals can deeply affect certain
properties. For example, poly(dimethylsiloxane) doped iron
exhibited better corrosion resistance and doped gallium
showed better mechanical properties. The study showed that
distinguishing between the 2D and 3D structures is possible
with Raman spectroscopy; therefore, measurements were
carried out on a Senterra II Raman microscope (Bruker,
Billerica, MA, USA) on 532 nm excitation wavelength,
12.5 mW laser power, and 4 cm™' spectral resolution.

In line with previous studies, citrate-capped silver
nanoparticle samples like AgNP@C did not exhibit strong
Raman activity, with only two subtle peaks present around
1,400 and 1,640 cm™! (Figure S1).> The components of the
green tea extract showed fluorescence with increasing inten-
sity toward higher wavenumbers, and this effect got stronger
in the surface-enhanced Raman spectra (SERS) of AgNP@
GT. In the contributions of Avnir et al, it has been stated that

Intensity (au)

500 1,000 1,500 2,000 2,500

successful 3D entrapment is accompanied by peak shifts and
broadenings in the Raman spectra of the materials. In order
to verify whether the silver sample prepared with the use of
green tea produced molecularly doped materials, its Raman
spectra was compared with a mixture (AgNP@C + GT)
that was prepared with the mixing of as-prepared AgNP@C
with green tea extract in the same ratio as described for
the synthesis of AgNP@GT. We speculated that since the
interactions between the citrate-capped particles and green
tea components can only be described with the adsorption of
organic molecules on the nanoparticle surfaces, the Raman
spectra of this sample would show shifted, narrower, and
more distinct peaks compared to AGNP@GT if it is indeed a
molecularly doped material. The Raman spectra comparison
of these two samples on the right hand side of Figure S1 on
the other hand exhibit the same peaks without broadenings.
The different intensities can be contributed to the fact that the
exact amount and composition of the green tea biomolecules
adsorbed on the AgNP surfaces that contribute to the SERS
signal is random and that the measurements were carried out
in liquid samples and therefore particles with different corona
compositions could reach the focal point of the microscope
due to diffusion. As both spectra showed the same peaks
without shifts or broadenings, the interactions between
organic components and nanoparticles should be identical;
therefore, we came to the conclusion that AgNP@GT is not
a molecularly doped material and the components of green
tea are only adsorbed on the particle surfaces.

Intensity (au)

500 1,000 1,500 2,500

2,000
Raman shift (cm™) Raman shift (cm™)
—— AgNP@C + GT —— AgNP@GT —— GT —— AgNP@C

Figure S| Left: Raman spectra of the prepared silver nanoparticle samples (citrate-stabilized AGNP@C, green tea-stabilized AgNP@GT), green tea extract (GT) and citrate
stabilized silver nanoparticles mixed with green tea (AgNP@C + GT). Right: Baselined comparison of the Raman spectra of AgNP@GT and AgNP@C + GT.
Abbreviations: AgNP@C, citrate-capped nanosilver; AgNP@GT, green tea extract-stabilized silver nanoparticle.

International Journal of Nanomedicine 2019:14

submit your manuscript

683

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Bélteky et al Dove

pH =5 pH =9
1.6 1
o g g 1.24
@c S
o Lo Ke] 08
Z o S
(<2 7] (74
< o K] *
< < 0.4 1
0-0 T T T T = | 00 T T T 1
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)
1.0 1.0
-8 0.8 g 0.8 1
O c c
® % 0.6 4 © 0.6 1
a2 2
Zz D 041 2 04
g8 U *
0.2 0.2
0.0 +— T T ) 0.0 = T T :
350 400 450 500 350 400 450 500
Wavelength (nm) Wavelength (nm)
—0h —15h —3h —6h — 12h —24h|

Figure S2 UV-Vis spectral changes of the as-prepared silver nanoparticles (citrate-stabilized AgNP@C, green tea-stabilized AgNP@GT) on pH =5 and pH =9 with 10 mM
NaCl background concentration. * marks a UV-Vis detection error during the measurements that should be disregarded.
Abbreviations: AgNP@C, citrate-capped nanosilver; AgNP@GT, green tea extract-stabilized silver nanoparticle.
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Figure S3 The effect of glucose on the aggregation behavior of the as-prepared silver nanoparticles with 10 mM NaCl background concentration on pH ~7.2. Average
hydrodynamic diameter (Z-average) trend, zeta potential, and UV-Vis spectrum changes of (A) citrate-stabilized AgNP@C, (B) green tea-stabilized AgNP@GT, observed
over 24 hours. * marks a UV-Vis detection error during the measurements that should be disregarded.

Abbreviations: AgNP@C, citrate-capped nanosilver; AgNP@GT, green tea extract-stabilized silver nanoparticle.

submit your manuscript 685

International Journal of Nanomedicine 2019:14
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Bélteky et al Dove

A AgNP@C
120 . 04
= >
S
c E
5 | =
- 2 151
o c
=y [
S 3
d>.) 40 1 o
® g —30 -
N . S
0 6 12 18 24 0 6 12 18 24
Elapsed time (hours) Elapsed time (hours)
Glutamine
—O0mM — 4 mM
6 4 mM glutamine
[ — ) h
1.2
e e 15h
©
3 | = 3h
° 0.8 * = 6h
(7}
— 12 h
!
< 0.4 = 24 h
0.0 . . . \
300 350 400 450 500
Wavelength (nm)
B AgNP@GT
120 -
— >
S
s E 151
) ©
1 =
S 40 £
© 1 B 301
o o
® g
' | 1 I 1 -
N T T 1 N
oL . : . . —45 & : : : .
0 6 12 18 24 0 6 12 18 24
Elapsed time (hours) Elapsed time (hours)
Glutamine
—O0mM — 4mM
10 4 mM glutamine
8 0.8 1 — 0 h
c — 1.5 h
£ 061 3h
S
0 04 — G h
3 = 12h
< 0.2 — 24 h
0.0

350 400 450 500
Wavelength (nm)

Figure S4 The effect of glutamine on the aggregation behavior of the as-prepared silver nanoparticles with 10 mM NaCl background concentration on pH ~7.2. Average
hydrodynamic diameter (Z-average) trend, zeta potential, and UV-Vis spectrum changes of (A) citrate-stabilized AgNP@C, (B) green tea-stabilized AgNP@GT, observed
over 24 hours. * marks a UV-Vis detection error during the measurements that should be disregarded.

Abbreviations: AgNP@C, citrate-capped nanosilver; AgNP@GT, green tea extract-stabilized silver nanoparticle.

686 submit your manuscript International Journal of Nanomedicine 2019:14
Dove,


www.dovepress.com
www.dovepress.com
www.dovepress.com

AgNP: aggregation behavior and its impact on biological activity

Dove
AgNP@C AgNP@GT
1.6 1.0
8 8 0.8 1
= 5 & 0.6
-
o o @ 047
Qo K]
< < g2
0+ . . : . 0.0 L4 . . .
300 350 400 450 500 350 400 450 500
Wavelength (nm) Wavelength (nm)
e () 0 —— 1.5 N e 3h
= 6h — A e 24 h

Figure S5 UV-Vis spectral changes of the as-prepared silver nanoparticles (citrate-stabilized AgNP@C, green tea-stabilized AgNP@GT) in the presence of DMEM. * marks

a UV-Vis detection error during the measurements that should be disregarded.
Abbreviations: AgNP@C, citrate-capped nanosilver; AgNP@GT, green tea extract-stabilized silver nanoparticle.
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