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Abstract

Silver nanoparticles are ubiquitous in today’s commercial marketplace. Despite decades of research, there is still disagree-
ment about the risk that silver nanoparticles pose to human and environmental health. There is often a lack of correlation
between measured physical properties and the measured biological endpoints, making it difficult to establish trends,
and discrepancies between different cell models have not been clearly accounted for. Here we have used human AB
serum in cell culture media for the investigation in place of fetal bovine serum (FBS) which is typically used. In HepG2
cells, particle uptake was clearly correlated with smaller sizes of particles and with increased cytotoxicity. In neuron-like
SH-SY5Y cells, similar trends were not observed. Compared with previously published data on the same particles in these
cell lines with cell culture media supplemented with FBS, there are clear and significant differences in the stability of the
particles, their cellular uptake and their cytotoxicity in these two commonly used cell models for in vitro cytotoxicity
testing. This highlights the need for improved in vitro testing for nanomaterials and the importance of using human

serum to better predict human in vivo outcomes.
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1 Introduction

Silver nanoparticles are used for a variety of applications;
however, the development of regulations for their safe use
in food packaging, medicine and consumer goods is chal-
lenging due to the discrepancies between cytotoxic values
in published literature [1-5]. This occurs largely because
nanoparticles are highly sensitive to their environment
and their surfaces interact with biomolecules, rapidly
transforming them in cell culture media [6]. Silver nano-
particles are routinely used as anti-microbial agents [7-11];
however, the toxicity data for silver particles in mammalian
cell lines [12-16] and in animal studies [17-21], remains
inconclusive with respect to potential hazards that the
particles might pose. Silver nanoparticles are particularly

challenging to get accurate reproducible data for because
they can rapidly dissolve in aqueous media under some
conditions, or agglomerate and ultimately precipitate
under other aqueous conditions [22-28]. This acute sen-
sitivity to media conditions, is compounded by the fact
that they behave very differently in different cell lines [29].
In this study, we sought to examine how making a single
change to the culture medium, substituting fetal bovine
serum (FBS) with human male AB serum (HS), would affect
the stability, uptake and cytotoxicity of the silver nano-
particles and whether trends in activity based on parti-
cle size would hold up under these conditions. Crucially,
to make an accurate comparison of the effects of HS, we
have kept all other controllable parameters for the cell cul-
ture and assays the same in order to not introduce new
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variables that could also affect the results. We have pre-
viously reported results using FBS and noted that even
small changes such as the use of antibiotics in the media,
are enough to alter the toxicity of the silver particles [29].
Nanoparticles are known to rapidly interact with serum
proteins [6] and biomolecules such as antibiotics to form
a corona around the particle. This corona likely plays a criti-
cal role in facilitating the uptake of the particles into cells.
In order to understand the particle behaviour in the
human serum supplemented culture media, we performed
a wide range of experiments previously performed on the
same particles in media supplemented with FBS. For physi-
cal characterization in media, both dynamic light scatter-
ing (DLS) and UV-Vis spectroscopy measurements were
made in cell culture media over a 72 h time period. We
examined silver particles stabilized with either citrate or
PVP of four different sizes spanning 10-60 nm. We then
measured the cytotoxicity and metal uptake of the par-
ticles into both human hepatocytes (HepG2 cells) and
neuron-like SH-SY5Y cells using an MTT assay as previously
reported. We also measured the cytotoxicity using and lac-
tate dehydrogenase (LDH) leakage assay that measures
membrane integrity to confirm the findings of the MTT
assay. Metal uptake of the particles into both cell lines was
all masured. All of the results showed significant differ-
ences to those previously obtained from media with FBS
and previous results have been included in tables where
applicable in order to highlight these differences.

2 Experimental
2.1 Materials

Silver particles were purchased from Nanocomposix as
aqueous suspensions. Particle coatings include poly-
vinylpyrrolidone (PVP) and citrate and ranged in size
from 10 to 60 nm (10 nm PVP lot# HKEO123, 20 nm PVP
lot# BAM0056, 40 nm PVP lot#HKEOQ100, 60 nm PVP lot#
DAG3347, 10 nm citrate lot# ECP1267, 20 nm citrate lot#
RRR0O009, 40 nm citrate lot#PSK0021, 60 nm citrate lot#
DAG3489). Sizes were validated by UV-Vis and DLS and
data were compared to those supplied by Nanocomposix
for the specific batch numbers.

2.2 Cell culture

SH-SY5Y and HepG2 cells (American Tissue Culture Center)
were all grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) supplemented with 10% Human male AB
serum (HS) (Sigma) and 1% penicillin-streptomycin (Pen/
strep) (50 pg/mL, Gibco) unless stated otherwise and under
standard culture conditions (37 °C, 5% CO,). Media was
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filtered through 0.2 um filters after the addition of HS to
remove any precipitates from the media. Cells were grown
in T75 flasks (Falcon) and Trypsin-EDTA solution (Gibco)
was used for passaging cells (3 mL per T75 flask for HepG2
and 2 mL for SH-SY5Y). For passaging, SH-SY5Y cells were
treated with Trypsin-EDTA at room temperature for 5 min,
while HepG2 cells were incubated for 10 min at 37°.

2.3 UV-Vis spectroscopy

Samples were run on a Varian Cary 5000 UV-Vis spectrom-
eter at ambient temperature under a nitrogen atmosphere
using plastic (Brand) cuvettes with a T mL sampling vol-
ume. 500 (£1) uL of DMEM (no phenol red, Gibco) with
10% HS and 1% Pen/strep was mixed with 500 (+1) uL of
silver particles suspended in water at 20 (£0.5) pug/mL. This
resulted in a final concentration of 5% HS, 0.5% Pen/strep
and 10 pg/mL silver nanoparticle. This media mixture was
consistent with what was used for the cytotoxicity assays
and has previously been used by our group to measure
the same nanoparticles in media with FBS. At each time
point a background of water/media without particles was
measured to normalize any drift that might arise from the
media changing over time. The first measurement was per-
formed immediately after mixing the particles with media.

2.4 Dynamic light scattering

Samples were run on a Malvern Zetasizer Nano-ZS. Sam-
ples were run in plastic cuvettes (BRAND) with a T mL
sample volume. Each sample was measured 5 times. All
initial values for particles were consistent with manufac-
tures specifications for the particles. Samples for time
courses were prepared as 1:1 mixtures of DMEM (no phe-
nol red) with 10% HS and 1 Pen/strep and silver particles
suspended in water at 20 pg/mL. This resulted in a final
concentration of 5% FBS and 10 ug/mL silver nanoparticle,
the same as was used for the UV-Vis experiments. The first
measurement was performed immediately after mixing
the particles with media.

2.5 MTT assay

Cells were seeded into wells in a 96-well plate (Falcon)
(1x10° cells/mL, 100 (+0.5) ML per well) to cover a 9x 6 grid,
filling 54 wells. Remaining wells were filled with 200 pL of
PBS. After 24 h, 100 (£0.5) uL volumes of dilutions of parti-
cles in water spanning from 20 to 0.1 ug/mL were added to
the seeded wells (final concentrations spanning 10-0.05 pg/
mL). For each nanoparticle, eight dilutions were prepared
and for each dilution six replicates were performed. In
the remaining 6 wells, 100 (+0.5) pL of water was added
as a particle-free control. Cells were then incubated with
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nanoparticles for 72 h. After 72 h, 50 (£0.5) uL of a PBS solu-
tion of MTT (2.5 (£0.1) mg/mL) was added to each well and
then incubated for 3 h. After 3 h, media was aspirated from
all wells, leaving purple formazan crystals in those wells with
viable cells. To each well, 150 (+1) uL of DMSO was added.
Plates were then agitated for 30 s to dissolve the crystals
and analyzed using a plate reader (Fluorstar Omega, BMG
Labtech.) to determine the absorbance of each well at
570 nm. This reading divided by the average from the read-
ing of the six control wells was plotted to determine the ICs,
value of each complex for each cell line. Six replicates were
performed for each sample on each cell line for each experi-
ment, and each experiment was repeated three times. The
values and errors reported were calculated from 18 unique
measurements after curves were fit with a 4-variable sig-
moidal curve to calculate the IC;, values. Statistical analysis
was used to provide the error analysis for the calculated IC;
values derived from the fit curves.

2.6 LDH assay

LDH assay kits were purchased from Abcam. HepG2 and
SH-SY5Y cells and nanoparticle dilutions were prepared
in the same manner as for the MTT assay; however, only
3 replicates were performed for each particle and each
experiment was repeated twice. After 72 h a high LDH con-
trol was produced by adding 20 (+£0.5) pL of cell lysis buffer
to each of three wells that contained only cells and media.
Low LDH control was measured from three wells that con-
tained untreated cells and not lysed. Next, 10 (+0.2) uL of
media were removed from each well and transferred to a
new 96-well plate. To each well was added 100 (+1) pL of
LDH solution from the kit. Plates were incubated at room
temperature in the dark for 30 min and then centrifuged to
remove any bubbles from the wells. The absorption from
each well was then measured at 450 nm. Toxicity curves
were plotted and normalized using the high LDH control
as a measure for 0% viability and the low LDH control for
100% viability. Statistical analysis was used to provide the
error analysis for the calculated IC;, values derived from
the fit curves.

2.7 Metal analysis

To determine the AgNP uptake into each cell line, 5 mL cell
suspensions of 10° cells/mL cells were plated into 3 cm
Petri dishes. After 24 h, 250 (+1) uL of nanoparticles (stock
suspensions of 20 pug/mL) were added to the cells. These
samples were incubated for 24 h, at which times the media
was removed. The cells were rinsed by adding 5 mL of PBS
to each dish and gently swirling the dish for 5 s to pass
the PBS over the cells without causing them to detach
from the dishes. The PBS was then pipetted away and this

washing procedure repeated a second time. This rinse
was performed to remove any particle containing media
from the samples before isolating the cells. Trypsin-EDTA
(2 mL of 0.25%) was then added to detach the cells from
the plate surface, and an additional 3 mL of PBS added to
resuspend the cells. These suspensions were transferred
to 15 mL conical Falcon tubes and centrifuged for 5 min
at 800 rpm. The supernatant was discarded, and the cells
were resuspended in 3 mL of PBS by pipetting them up
and down for 20 s until cells appeared evenly dispersed.
The suspensions was then centrifuged for 5 min at 800 rpm
again. This washing procedure was then repeated a second
time in order to remove particles that might be adhered to
the cell surface [30]. Cell pellets were then resuspended in
2 mL of PBS again and counted using a LUNA automated
cell counter (Logos Biosystems). Cell suspensions ranged
between 1 to 2 x 10° cells per sample for HepG2 cells and
between 0.5 and 1.5 x 10° cells per sample for SH-SY5Y
cells. After counting the cells in each sample, the cells were
centrifuged again for 5 min at 2000 rpm and the super-
natant discarded. The cell pellet was dried overnight. To
each dried pellet, 100 pL of concentrated nitric acid was
added and the sample left for 24 h to be digested. Sam-
ples were then diluted with H,0 and submitted for ICP-MS
(Element XR, Thermo Fisher Scientific, Bremen, Germany)
analysis to determine the silver content. The results were
then normalized to the number of cells in each sample.
Each experiment was repeated 3 times and the values
and errors reported are the average of these 3 measure-
ments. A control experiment in which the nanoparticles
were incubated in media without cells, and then treated
using the above protocol gave values that were below the
detection limit for silver. This suggests that the rinsing and
washing procedure is effective for removing the particles
from the sample, though particles may still be stuck to the
cell surface rather than internalized in cells.

3 Results and discussion
3.1 Particle dynamics in cell culture media

The stability of aqueous silver nanoparticles is dependent
on several parameters including pH, salinity, temperature
and the dissolved oxygen concentration [27]. We have also
shown that nanoparticles exhibit unique behaviour in cell
culture media that has been supplemented with FBS, and
that larger particles tend to be more stable in such cell cul-
ture media [29]. In this continuation of that work we have
studied the stability of commercially sourced citrate and
PVP-stabilized particles at 10, 20, 40 and 60 nm in media
supplemented with HS. Changing the type of serum used
to better mimic a human environment has a significant
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impact on the stability of the particles and changes trends
in stability that are observed in media with FBS. The par-
ticles were measured as a 1:1 mixture of the nanoparticle
stock solution (20 pg/mL) and DMEM containing 1% pen/
strep and 10% HS with spectral measurements made at
0,1, 3, 24, 48, and 72 h after mixing (Fig. 1). These are the
exact same conditions used previously with FBS with only
the type of serum being different. From Table 1 we can see
that compared to previously published data in FBS, the
particles of all sizes exhibit a smaller shift in the absorption
maximum over 72 h. This indicates that the changes arising
over time from agglomeration, dissolution, and particle
reshaping appear to be less pronounced in human serum
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supplemented media. The shifts for the PVP stabilized
particles are considerably larger than for the citrate stabi-
lized particles. This is consistent with what was observed
previously in FBS. For the citrate stabilized particles, both
the 10 and 20 nm particles show a significant decrease
in the absorption peak intensity within the first hour in
media with HS, followed by a slower but constant decrease
up until 72 h. For both the 40 and 60 nm particles, the
immediate drop is smaller in intensity, however, for both
of these particles, a very significant decrease is observed
between 3 and 24 h. This suggests that these particles
agglomerate over this time and settle out of suspension.
This was observed as the formation of a red film on the
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Fig. 1 UV-Vis spectra of silver nanoparticles ranging in size from 10 to 60 nm in diameter were recorded in cell culture media with a final
concentration of 5% human male AB serum. Spectra were recorded immediately upon mixing and then at 1, 3, 24,48 and 72 h

Table 1 Summary of the observed plasmonic absorption maxima for commercially tested silver nanoparticles ranging in size from 10 to
60 nm in media supplemented with human serum compared to media supplemented with fetal bovine serum

Sample In HS In FBS
Initial A,y (NnM) 72 h Ay (NM) AN oy (M) Initial A, (nM) 72 h A,y (nM) ANy (M)

10 nm citrate 404 409 5 405 414 9
20 nm citrate 403 405 2 403 411 8
40 nm citrate 424 425 1 423 428 5
60 nm citrate 442 443 1 441 445 4
10 nm PVP 406 415 9 403 413 10
20 nm PVP 399 410 1 402 411 13
40 nm PVP 419 425 6 416 429 13
60 nm PVP 443 451 8 432 459 27

FBS data (in last three columns) previously reported [29]
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bottom of the cuvette. These results differ considerably
from those previously reported for FBS. In FBS it was the
10 nm particles that precipitated more readily between
3 and 24 h, while the 40 and 60 nm particles appeared
relatively unchanged over this time period. The different
behaviour of both the small and large particles in media
supplemented with HS suggests that different processes
are occurring at the particle surface with respect to pro-
tein corona formation that results in a different life cycles
of the particles in this media. At the two size extremes
tested here, the 10 nm particles were more stable and
60 nm particles less stable in media supplemented with HS
compared to media with FBS reversing the trend in stabil-
ity previously observed [29] as smaller particles were now
more stable compared to larger ones in cell culture media
with HS. The differences in stability may have a profound
impact on their uptake into cells and their persistence in
the body for in vivo applications.

The behaviour of the PVP-stabilized particles exhibits
similar trends to the citrate stabilized particles. Both the
10 and 20 nm particles exhibit immediate decreases in
intensity within the first hour, whereas the 60 nm parti-
cles decrease slowly over the first 3 h, but then drop sig-
nificantly between 3 and 24 h. Interestingly, the 40 nm
particles appear relatively stable and exhibit only a small
decrease in intensity through the time course. For all of the
PVP-stabilized particles there is a shift in the absorbance
maximum to longer wavelength that is different than for
the citrate stabilized particles and may indicate a change
in the aspect ratio of the particles. Such a change has was
previously observed for particles in media with FBS by TEM
and was correlated to the shift in the absorption maximum
for the PVP-stabilized particles [29]. Similar to the citrate
stabilized particles, the overall trend for the PVP-stabilized
particles in HS is that the smaller particles appear to be
more stable over time.

DLS measurements were performed over a 72 h time
course as well (Table 2). For the 10 nm citrate stabilized

Table 2 Z-average hydrodynamic diameter as measured by DLS for
commercially tested silver nanoparticles ranging in size from 10
to 60 nm in cell in media supplemented with human serum data

particles the hydrodynamic diameter remains constant
throughout confirming the stability of these particles
observed by UV-Vis. There is a small decrease between 24
and 48 h for the 20 nm particles and for the 40 and 60 nm
particles, there is a significant increase over the first 24 h,
followed by a continual decrease—the values at 48 and
72 h being significantly smaller than the initial readings.
These results suggest that both agglomeration and parti-
cle dissolution may be occurring but at different timescales
for each particle size. For all of the PVP-stabilized particles,
the hydrodynamic diameter increases over the first 24 h,
but then decrease from 24 to 72 h, the final hydrodynamic
diameters are similar to the original measurement for the
10, 40 and 60 nm particles, and slightly smaller for the
20 nm particles. For the PVP-stabilized particles there is
not an obvious correlation between the different trends
observed by UV-Vis with the DLS measurements as all 4
sizes of particles seem to exhibit similar behaviour over
time by DLS but differ considerably by UV-Vis. The DLS
measurements also differ from previous results in media
with FBS [29]. In FBS, the 10 nm citrate particles increased
in size over the first 24 h before stabilizing, while the 20,
40 and 60 nm particles did not change over 72 h. For the
PVP particles in FBS, the 10 and 20 nm particles decreased
in size over the first 24 h before stabilizing, whereas the 40
and 60 nm PVP coated particles increased in size continu-
ously over the 72 h time course.

3.2 Toxicity of AgNPs

MTT data assays were performed in both HepG2 and SH-
SY5Y cells for the 8 commercially sourced nanoparticles
(Table 3). We have previously attempted to correlate
trends in particle stability in media with FBS and toxicity
data in the same media and found generally that smaller
particles were more toxic based on their mass concen-
tration. This was previously correlated with their poorer
stability as well, however, as discussed in the previous

is listed as average hydrodynamic diameter (standard error)/PDI
value (standard error)

Sample Initial diameter (nm)/PDI 24 h diameter (nm)/PDI 48 h diameter (nm)/PDI 72 h diameter (nm)/PDI
10 nm citrate 50(2)/0.56(0.03) 47.9(0.8)/0.57 (0.01) 50.2(0.4)/0.55(0.05) 48.9(0.6)/0.54(0.03)
20 nm citrate 63(1)/0.46 (0.01) 61(2)/0.47 (0.01) 52(01)/0.45(0.03) 50(2)/0.44(0.02)
40 nm citrate 114.5(0.8)/0.26(0.01) 141(3)/0.6(0.1) 76.5(0.7)/0.42(0.02) 68.1(0.4)/0.36(0.03)
60 nm citrate 133(2)/0.18(0.01) 203(9)/0.6(0.1) 96.2(0.9)/0.45(0.02) 85(3)/0.40(0.05)
10 nm PVP 56(3)/0.56(0.02) 60(1)/0.55(0.03) 52(1)/0.56(0.04) 53.0(0.05)/0.54(0.01)
20 nm PVP 73.8(0.9)/0.45(0.01) 77(4)/0.53(0.01) (3)/0 40(0.01) 62(2)/0.48(0.02)
40 nm PVP 64.9(0.6)/0.27(0.01) 98(7)/0.49(0.03) .0(0.3)/0.6(0.2) 67(2)/0.28(0.01)
60 nm PVP 89.9(0.9)/0.19(0.01) 143(5)/0.44(0.01) 00 (1)/0.25(0.01) 91(2)/0.26(0.01)
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Table 3 Reported values are

! Sample MTT in HS LDH in HS MTT in FBS

IC5, values using an MTT or

LDH assay for 10-60 nm silver HepG2 SH-SY5Y HepG2 SH-SY5Y HepG2 SH-SY5Y

nanoparticles in each cell line

after 72 h and are reported 10 nm citrate 0.3+0.1 0.9+0.1 0.4+0.1 0.8+0.2 05+0.1 0.9+0.1

in pg silver/mL in media 20 nm citrate 0.5+0.1 1.0+0.1 0.6+0.1 1.2+0.3 0.8+0.1 1.0+0.1

supplemented with human 40 nm citrate 0.8+0.2 12403 0.8+0.1 16+03 18402 42403

serum compared to media .

supplemented with fetal 60 nm citrate 1.0+0.3 45+04 1.1+£03 41406 23+0.2 6.3+0.3

bovine serum 10 nm PVP 0.3+0.1 0.4+0.1 04+0.1 0.6+0.2 0.5+0.1 0.8+0.1
20 nm PVP 0.5+0.1 1.0£0.1 0.5+0.2 1.2+0.2 0.8+0.1 0.9+0.1
40 nm PVP 0.9+0.2 1.7+0.2 1.0+0.3 16+0.3 14+0.2 1.7+0.2
60 nm PVP 1.0+0.3 5.0+0.5 1.3+04 42+06 2.2+0.2 40+0.3
AgNO, 3.5(0.2) 4.8(0.3) - - 3.7(0.2) 3.2(0.2)

For AgNO; the IC;, value is reported in pmol/L. FBS data (in last two columns) previously reported [29]

section, in HS supplemented media, the 10 nm particles
now show the greatest stability over time. Because there
is considerable interest in the human health impact of
silver nanoparticles used as antimicrobial agents and in
the use of silver particles as contrast agents and drug
delivery vehicles, we sought to determine how HS might
modify the particles in media and the impact it might
have on their in vitro cytotoxicity. We have included the
data from our previous work in media with FBS in Table 3
to highlight the significant differences in toxicity that
were measured in media supplemented with HS using
otherwise identical methods. For both the citrate and
PVP-stabilized particles, the trend of smaller particles
being more toxic was again observed in both HepG2
and SH-SY5Y cells despite their improved stability in HS
supplemented media. In HepG2 cells, the absolute ICs,
values are approximately half of what was observed in
media with FBS, suggesting that in HS the particles are
more cytotoxic generally at all sizes. The absolute val-
ues for the citrate and PVP stabilized particles at each
size in HepG2 cells are the same for each size suggesting
that the coating of the particles may not be particularly
important for their toxicity in this cell line.

In SH-SY5Y cells, the cytotoxicity of the particles in HS
media is more variable when compared with FBS media.
For the citrate stabilized particles, there is no difference
for the 10 and 20 nm particles, however, the 40 and 60 nm
particles are more cytotoxic in the HS supplemented
media. For the PVP-stabilized particles, there is no meas-
ured difference for the 20 and 40 nm particles, however;
the 10 and 60 nm particles are more cytotoxic in HS sup-
plemented media. These differences in cytotoxicity do not
appear to be consistent with differences in the stability of
the particles between the two media. It is possible that
changing the type of serum is affecting how the particles
interact with cells and are metabolized by them. To inves-
tigate this we next examined the metal uptake of silver
into both cell lines.
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We also performed LDH assays for all 8 particles in both
HepG2 and SH-SY5Ycells (Table 3). Data for this assay cor-
roborated what was measured using the MTT assay. It is
often important to use multiple assays to assess nanotox-
icity to confirm that the particles are not interfering with
either the dye used to probe the cytotoxicity or the read-
out itself by scattering light.

3.3 Uptake of AgNPs by cells

The total silver uptake of the cells should roughly corre-
late to the number of particles taken up by the cells. While
particles adhered to the outside surface of the cells can
lead to artificially high measurements, washing steps are
performed to minimize this. We have also attempted to
validate the washing procedure by testing for silver in
samples without cells. In all cases, silver was not detected
after the washing and rinsing procedure in the absence
of cells suggesting the procedure is effective at removing
unbound particles. This does not exclude the possibility
that after some particles may still be adhered to the cell
surface rather than the internalized inside the cells.

If the total silver load is key to the mechanism leading
to cytotoxicity, then a trend in total silver should cor-
relate with the measured cytotoxicity of the particles in
each cell line. In HepG2 cells, there is a direct correlation
between metal uptake and toxicity, with the total silver
load increasing as the particle size decreases in media
supplemented with human serum (Table 4). This trend
is observed for both the citrate and PVP stabilized cells.
This is very different from what was observed in HepG2
cells with FBS in the media previously where the highest
levels of silver were observed for 20 nm particles and
not the 10 nm ones and no obvious trends are observed.
The total amount of silver is also different in media with
HS, being twice as great for the 10 nm particles, but
50-75% less for larger particles compared to results from
FBS supplemented media for citrate stabilized particles.
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Table4 Metal uptake analysis was performed on cell pellets
treated with 10-60 nm silver nanoparticles for 24 h in media sup-
plemented with human serum compared to media supplemented
with fetal bovine serum

Sample In HS In FBS

HepG2 SH-SY5Y HepG2 SH-SY5Y
10 nm citrate 87+6 61 44+7 3745
20 nm citrate 29+4 4+1 60+8 58+8
40 nm citrate 12+2 31 40+6 63+8
60 nm citrate 107 9+1 39+7 100£10
10 nm PVP 735 8+2 49+7 2145
20 nm PVP 45+3 4+1 55+8 25+6
40 nm PVP 30+3 3+1 43+7 28+6
60 nm PVP 1141 16+2 28+5 67+8

Value reported are in ng silver/10° cells. FBS data (in last two col-
umns) previously reported [29]

These differences in uptake may arise from the stabil-
ity of the particles in media over time. Smaller particles
being more stable may be bioavailable for a longer
period, while for larger particles, a decrease in stability is
likely removing them from being bioavailable for uptake.
For PVP particles, the 10 nm value is again double that
observed in FBS, with larger particles exhibiting reduced
levels. The 20 and 40 nm particles stabilized with PVP
do show considerably greater uptake compared to cit-
rate stabilized particles of the same size. Yet there was
no difference in cytotoxicity of the particles suggesting
that HepG2 cells can tolerate a higher load of PVP-stabi-
lized particles and that while surface chemistry doesn't
appear to affect toxicity, the mechanism of toxicity is
not based simply on silver particle load in each cell. It
should be noted that the uptake was only measured at
one concentration and that the uptake may not be linear
across the range of concentrations tested for cytotox-
icity. Further experiments could highlight more detail
about particle uptake across a wider dynamic range of
concentrations.

In SH-SY5Y cells, the uptake of silver did not correlate
with toxicity. Here we observed the greatest uptake for
60 nm particles, the ones that exhibited the lowest cyto-
toxicity for both citrate and PVP—stabilized particles. For
all particles the measured silver was also significantly
lower than what was observed in media with FBS, by
factors ranging from 2 to 10 times, yet the measured IC,
values were either the same or lower suggesting that in
general, the amount of silver uptake in these cells can-
not be directly linked to cytotoxicity. This further high-
lights the importance to select extracellular conditions
that best mimic the in vivo environment as the particles
are susceptible to changes in the immediate chemical
environment.

4 Conclusions

Silver nanoparticles are known to rapidly change in aque-
ous media and in cell culture media, and these changes are
dependent on the components of the media. We have pre-
viously shown that the presence of antibiotics in the media
can influence the measured cytotoxicity of the particles,
and here we have demonstrated that the use of human
serum also influences the particle stabilities, cytotoxicity
and cellular uptake. Following up on our previous work in
media supplemented with FBS we have shown that media
supplemented with HS has a significantly different impact
on the particle life cycles in cell culture media and needs
to be considered when developing silver nanoparticles for
biomedical applications. Using a system of HepG2 cells in
media with HS and antibiotics we observe a very clear
relationship between particle cytotoxicity and uptake,
with smaller particles accumulating to a greater degree
inside the cells and inducing cytotoxicity at lower particle
concentrations as measured by mass of silver per volume.
If these results can be correlated to actual risk factors for
silver particles, then this system may be useful for screen-
ing other particles as well with more consistent results.
The development of risk assessment for silver nanoparti-
cles, and nanoparticles in general, has been plagued with
challenges in reproducing results and developing strong
correlations between exposure concentrations and cellular
outcomes. In this work, we have highlighted how chang-
ing from FBS to HS results in unexpected changes to silver
nanoparticles of different sizes, but that the cytotoxicity
of the particles, in at least one cell line, become more pre-
dictable and consistent with the accepted paradigm that
smaller particles are more cytotoxic due to greater uptake
into cells. We also highlight that the use of HS in cell cul-
ture media is an important consideration for nanomateri-
als intended for biomedical purposes as the interactions
between the particles and serum alters the stability, toxic-
ity and uptake of the particles.
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