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Abstract Both serum protein concentration and

ionic strength are important factors in nanoparticle

transformation within cell culture environments.

However, silver nanoparticles are not routinely

tracked at their working concentration in the specific

medium used for in vitro toxicology studies. Here we

evaluated the transformation of electrostatically sta-

bilized citrate nanoparticles (C-AgNPs) and sterically

stabilized polyvinylpyrrolidone nanoparticles (PVP-

AgNPs) in a low-serum (* 0.2 mg/mL bovine serum

albumin) culture medium, while measuring the

response of rat cortex neural progenitor cells, which

differentiate in this culture environment. After 24 h,

silver nanoparticles at concentrations up to 10 lg/mL

did not affect adenosine triphosphate levels, whereas

silver ions decreased adenosine triphosphate levels at

concentrations of 1.1 lg/mL or higher. After 240 h,

both silver nanoparticles, as well as silver ion,

unambiguously decreased adenosine triphosphate

levels at concentrations of 1 and 1.1 lg/mL, respec-

tively, suggesting particle dissolution. Particle trans-

formation was investigated in 1:10 diluted, 1:2 diluted,

or undiluted differentiation medium, all having an

identical protein concentration, to separate the effect

of serum protein stabilization from ionic strength

destabilization. Transmission electron microscopy

images indicated that particles in 1:10 medium were

not surrounded by proteins, whereas particles became

clustered within a non-crystalline protein matrix after

24 h in 1:2 medium and at 0 h in undiluted medium.

Despite evidence for a protein corona, particles were

rapidly destabilized by high ionic strength media.

Polyvinylpyrrolidone increased the stability of singly

dispersed particles compared to citrate ligands; how-

ever, differences were negligible after 4 h in 1:2

medium or after 1 h in undiluted medium. Thus low-

serum culture environments do not provide sufficient

colloidal stability for long-term toxicology studies

with citrate- or polyvinylpyrrolidone-stabilized silver

nanoparticles.
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Introduction

Due to the anti-microbial properties of metallic

silver, silver nanoparticles are found in hundreds of

consumer products, presenting numerous routes for

human exposure. Silver nanoparticles in systemic

circulation can reach the liver, kidney, spleen, and

brain (Tang et al. 2009). When silver nanoparticles

are inhaled, silver is detectable within the brain and

also the olfactory bulb (Ji et al. 2007; Sung et al.

2009; Takenaka et al. 2001), providing an alternate

route to the central nervous system (Oberdorster et al.

2009). Silver nanoparticle toxicity, like that of other

metal nanoparticles, is likely to be mediated by

oxidative stress (Nel et al. 2006), which has been

reported to disrupt cytoskeletal proteins (Allani et al.

2004) and inhibit neurite outgrowth (Neely et al.

1999). In humans, the central nervous system has a

long developmental period and the adult mammalian

brain contains a percentage of stem cells which

remains capable of differentiation into neurons and

astrocytes (Reynolds and Weiss 1992). Therefore,

in vitro studies with developmental models are

important to understanding the overall toxicology

of silver nanoparticles.

Studies with model neural cells showed dopamine

depletion (Hussain et al. 2006) and gene expression

changes consistent with oxidative stress (Wang et al.

2009) upon exposure to 15 nm silver nanoparticles.

These effects were observed after 24 h with relatively

high exposures (5–50 lg/mL). Exposure to 5 lg/mL

polyvinylpyrrolidone-stabilized silver nanoparticles

of similar diameter increased apoptosis after 24 h; an

increase in dead cells was observed after 48 h (Hadrup

et al. 2012), and dissolution of the particles was

inferred. Only a limited number of studies have

examined the toxicological effects of silver nanopar-

ticles on primary neural cells. In cultures containing

neurons and astrocytes, 20 and 40 nm peptide-coated

silver nanoparticles induced the formation of reactive

oxygen species after 1 h (Haase et al. 2012). For a

consistent mass dose (10 lg/mL), 20 nm particles

produced a greater effect than 40 nm particles,

suggesting that surface area was an important factor.

Other studies (Liu et al. 2009, 2011) identified

detrimental effects on hippocampal neurons at simi-

larly high (10 lg/mL) exposures, though it is unlikely

that such high applied in vitro doses would reach the

central nervous system in vivo (Oberdorster 2010).

None of the studies described above involved devel-

opmental processes, which generally require long

in vitro culture periods. By contrast, neural progenitor

cells are an emerging model for in vitro toxicology

studies (Breier et al. 2010) in which developmental

processes such as proliferation (Buzanska et al. 2009;

Moors et al. 2009), differentiation (Buzanska et al.

2009; Fritsche et al. 2005; Jeerage et al. 2012; Moors

et al. 2009), and neurite outgrowth (Jeerage et al.

2012) can be evaluated. Exposure to 20 nm and 80 nm

silver nanoparticles was recently reported to increase

the fraction of proliferative and apoptotic cells after

2 weeks (Soderstjerna et al. 2013). For neurite

outgrowth, we recently demonstrated that 10 days of

in vitro development was required for sensitivity to a

known neuroactive chemical, whereas 5 days were

insufficient (Jeerage et al. 2012).

In vitro toxicology studies of silver nanoparticles

are complicated by the well-known instability of silver

nanoparticle suspensions (MacCuspie et al. 2013). It

has been demonstrated that silver nanoparticles

release ions in aqueous environments due to oxidative

dissolution (Liu and Hurt 2010), which increases the

toxicity of silver nanoparticle suspensions (Beer et al.

2012; Kittler et al. 2010a). During long-term storage, a

limiting value of dissolved silver is reached, which

depends on temperature and stabilizer (Kittler et al.

2010a) as well as particle size (Zhang et al. 2011).

Interestingly, agglomeration does not significantly

impact ion release, since much of the surface remains

available for reaction (Liu and Hurt 2010). In biolog-

ical solutions, ionic strength and serum proteins

strongly influence silver nanoparticle stability. For

nanoparticles stabilized by weakly bound citrate

ligands, which provide electrostatic repulsion in

water, CaCl2 concentrations of 1 mmol/L or NaCl

concentrations of 50 mmol/L induced charge screen-

ing and rapid agglomeration (MacCuspie 2011). Cell

culture medium contains these salts at similar or

higher concentrations; however, protein adsorption

can promote stability by both steric and electrostatic

repulsion. For example, the presence of approximately

20 mg/mL bovine serum albumin in cell culture
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medium allowed rapid adsorption to citrate-stabilized

gold and silver nanoparticles, providing stability for

2 days (Zook et al. 2011b). Bovine serum albumin was

also the critical component that allowed silver

nanoparticles to remain stable at physiological con-

centrations of sodium chloride (154 mmol/L) in

synthetic lung fluid (MacCuspie et al. 2011). How-

ever, even when bovine serum albumin was allowed to

adsorb particles prior to injection into the culture

medium, minor formulation differences dramatically

altered nanoparticle agglomeration over approxi-

mately 2 days (MacCuspie 2011). Adsorption of

polyvinylpyrrolidone ligands, which provide steric

repulsion in water, provides increased stability to

silver nanoparticles in environmental solutions (Teja-

maya et al. 2012) but have been less studied in

biological solutions containing serum proteins. While

many model cells are cultured in medium containing

10 % serum, differentiation medium for neural pro-

genitor cells contains 1 % serum (Reynolds andWeiss

1996), which provides approximately 0.2 mg/mL

bovine serum albumin. Considering the importance

of ionic strength, serum proteins, and formulation on

particle transformation, we cannot predict a priori

which stabilization approach will be superior during a

multiple-day culture period.

In this work, we examined the impact of silver

nanoparticles stabilized by citrate ligands, silver

nanoparticles stabilized by polyvinylpyrrolidone

ligands, and silver ions alone on the metabolism of

rat cortex neural progenitor cells. We screened a wide

range of concentrations to determine exposures that

unambiguously altered metabolism after 24 or 240 h.

To interpret these results, we investigated the ability of

nanoparticles to interfere with the luminescent meta-

bolic assay, the transformation of silver nanoparticles

in low-serum culture medium, and the timescale over

which transformation occurred. Electron microscopy

was employed to visualize formation of the protein

corona and ultraviolet–visible spectroscopy was

employed to indicate singly dispersed particles. Dilu-

tions containing 10 or 50 % of the salt concentration,

but the same protein concentration, were utilized to

separate the effect of serum protein stabilization from

ionic strength destabilization. Our results demonstrate

that the timescale of silver nanoparticle transformation

in the specific cell culture environment must be

considered when interpreting in vitro toxicology

results.

Materials and methods1

Silver nanoparticle synthesis and dispersion

Citrate-stabilized silver nanoparticles (C-AgNPs) of

approximately 20 nm diameter were synthesized by

reducing an aqueous solution of boiling silver nitrate

in the presence of trisodium citrate with sodium

borohydride (MacCuspie 2011). C-AgNPs were con-

centrated by stirred cell ultrafiltration through a

10,000 Da molecular weight cut-off regenerated cel-

lulose filter. Based on previous studies, the reaction

goes to more than 99 % of completion based on the

mass of silver nitrate added. From the mass and final

volume after concentration, the total silver in the stock

suspension was 0.978 mg/mL (reported throughout

this work as 1 mg/mL).

Polyvinylpyrrolidone-stabilized silver nanoparti-

cles (PVP-AgNPs) were produced by adding 10 mg/

mL PVP10 (10,000 g/mol average molecular weight,

Sigma-Aldrich) to 1 mg/mL C-AgNPs (0.2 g polymer

added to 20 mL stock suspension) and stirring over-

night while covered. Nanoparticle stock suspensions

were stored at 4 �C in the dark and used over the

course of 6 weeks. Stock suspensions were periodi-

cally diluted for hydrodynamic diameter measure-

ments to ensure that they remained stable.

Complete differentiation medium was prepared by

combining basal medium with differentiation supple-

ments containing serum. Solutions containing a 1:9 or

a 1:1 ratio of basal medium and deionized water were

combined with differentiation supplements to create

solutions with 10 or 50 % of the salt concentration, but

the same protein concentration as the differentiation

medium was used for cell culture. These solutions are

referred to as 1:10 medium and 1:2 medium, respec-

tively. Stock nanoparticle suspensions were added to

deionized water, 1:10 medium, 1:2 medium, or

complete differentiation medium and mixed by gentle

pipetting.

1 Certain commercial equipment, instruments, or materials are

identified in this document. Such identification does not imply

recommendation or endorsement by the National Institute

of Standards and Technology, nor does it imply that the products

identified are necessarily the best available for the purpose.
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Neural progenitor cell culture

Rat cortex neural stem/progenitor neurospheres iso-

lated at embryonic day 18 were obtained from

StemCell Technologies. Proliferation and differentia-

tion media (Neurocult NS-A) were prepared according

to the manufacturer’s instructions. Neurospheres were

resuspended in proliferation medium and passaged

into a single cell suspension after 24 h. Proliferation

mediumwas partially exchanged after 48 h; cells were

seeded in differentiation medium after an additional

48 h at a density of 1.25 9 105 cells/cm2, equivalent

to 4 9 104 cells/well. Culture surfaces within opaque

white 96-well assay plates (0.32 cm2, Corning) had

been previously incubated with 15 lg/mL poly-L-

ornithine (Sigma-Aldrich) to promote cell attachment.

Cells were allowed to attach for 4 h prior to

chemical or nanoparticle exposure. Silver nitrate (Alfa

Aesar) was dissolved in complete medium and filtered

(0.22 lm polyethersulfone membrane, Corning). Sil-

ver nitrate stock solutions were added 1:4 to wells, for

final silver concentrations of 0.011, 0.032, 0.11, 0.32,

1.1, or 3.2 lg/mL. Nanoparticle suspensions in com-

plete differentiation medium were mixed from either

C-AgNP or PVP-AgNP stock suspensions, and imme-

diately added 1:4 to wells to obtain final silver

concentrations of 0.1, 0.3, 1, 3, and 10 lg/mL.

Adenosine triphosphate (ATP) evaluation

The CellTiter-Glo Luminescent Cell Viability Assay

(Promega) was used after 1 day or 10 days in culture.

Luminescence intensity was measured with a Synergy

HT Multimode Plate Reader (Biotek) and was back-

ground-corrected. The emitted light is centered at

560 nm but is broad in spectrum, so agglomerated

silver nanoparticles might absorb or scatter some of

the signal. Nanoparticle interference was therefore

evaluated by measuring standard curves (Supplemen-

tary Information, Fig. A.1 and Fig. A.2). ATP stock

solution (10 mmol/L) was added to complete differ-

entiation medium to yield 0.075, 0.75, 1.5, and

2.25 lmol/L for the standard curves. Freshly mixed

C-AgNP or PVP-AgNP suspensions were added (final

silver concentrations were 0.3, 1, 3, or 10 lg/mL);

3.2 lg/mL Ag? was added to evaluate silver ion

interference.

All statistical analysis was performed with InStat

(GraphPad Software). Each well was considered an

individual sample and mean values are reported plus

or minus standard error of the mean (S.E.M.). Results

from individual cultures were normalized by controls

from that culture and then combined with normalized

values from other cultures. Means were compared by

one-way analysis of variance (ANOVA), with

p\ 0.05 considered significant. Each pair of means

was then evaluated by Dunnett’s post-test to determine

whether cultures were significantly different from

controls.

Dynamic light scattering (DLS)

Silver nanoparticles were dispersed in deionized water

or complete differentiation medium (10 lg/mL) and

added to a low-volume quartz cuvette (ZEN2112) for

size measurements with a Zetasizer Nano (Malvern).

This instrument employs a helium–neon (633 nm)

laser and measures the scattered light at 173�
(backscatter). Measurements were performed at

20 �C. Intensity size distributions were converted to

volume size distributions by the software. Suspensions

were stored in a cell culture incubator (37 �C, 5 %

CO2) and gently pipetted ten times before each

measurement.

Ultraviolet–Visible spectroscopy

Silver nanoparticles were dispersed in deionized

water, 1:2 medium, or complete differentiation

medium (10 lg/mL). Spectra are reported as the

average of two measurements made from 2 lL
aliquots with a NanoDrop 2000 spectrophotometer

(Thermo Scientific). Suspensions were stored in a cell

culture incubator (37 �C, 5 % CO2) and gently

pipetted ten times before each measurement.

Electron microscopy

Silver nanoparticles were dispersed in deionized

water, 1:10 medium, 1:2 medium, or complete

differentiation medium (10 lg/mL). At each time-

point, 20 lL was drop cast onto an ultrathin (less

than 3 nm) carbon membrane on a holey carbon-

coated copper support grid. Samples prepared with

1:10 medium or 1:2 medium were gently swished in

deionized water for 15 s and then air-dried overnight;

samples prepared with complete medium were air-

dried overnight. Transmission electron microscopy
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(TEM) was performed in a LaB6 instrument operated

at 200 kV. Scanning electron microscopy (SEM)

employed a field-emission instrument operated at

10 kV. SEM images with TEM-like contrast were

acquired using a STEM conversion-type holder. The

electron beam was scanned over the surface of the

sample, and any electrons transmitted through the

sample struck a gold-coated mirror reflector located

below the specimen. The transmitted electrons that

struck the gold were converted into secondary

electrons, which were then detected using the normal

in-chamber Everhart–Thornley secondary electron

detector. There was a small contribution to the

image from normal secondary electron generation,

that is, secondary electrons generated in the sample

and detected directly.

Results and discussion

Citrate ligands are commonly employed in silver

nanoparticle synthesis. Citrate stabilizes silver

nanoparticles electrostatically, via charge repulsion.

By contrast, polyvinylpyrrolidone is a hydrophilic

polymer adsorbed to the metal core, providing steric

stabilization. DLS results indicate that the citrate-

stabilized AgNPs and the polyvinylpyrrolidone-sta-

bilized AgNPs utilized in this work have similar

hydrodynamic diameters. When diluted in deionized

water, a bi-modal intensity size distribution was

observed for both C-AgNPs and PVP-AgNPs

(Fig. 1a). Intensity size distributions are dominated

by large particles because the Rayleigh scattering

intensity is proportional to the sixth power of the

particle radius. The volume size distribution, derived

from the intensity size distribution and more directly

comparable to mass-based dose metrics, is mono-

modal for both C-AgNPs and PVP-AgNPs (Fig. 1b),

with the peak centered at 19 and 25 nm, respec-

tively. Because the silver cores came from the same

synthesis, the observed difference in hydrodynamic

diameter (6 nm) is attributed to the adsorbed poly-

mer. For particles stored in water at 4 �C, DLS

measurements similar to Fig. 1 were obtained over

6 weeks. Approximately 6 months after synthesis, a

small amount of agglomeration was noted for PVP-

AgNPs (20 % larger) whereas C-AgNPs remained at

their original distribution.

Adenosine triphosphate (ATP) levels indicate

a delayed metabolic response to silver

nanoparticles compared to silver ions

Culture-level metabolism was evaluated following

exposure to a wide range of silver ion and nanoparticle

concentrations via the enzymatic conversion of beetle

luciferin to oxyluciferin, which is proportional to

adenosine triphosphate (ATP) levels. This assay is

particularly sensitive to low cell numbers (Petty et al.

1995), which were employed here. Cultures exposed

to silver ions had a classic dose–response relationship

after 1 day (Fig. 2), with no change in ATP levels,

relative to control levels, for 0.32 lg/mL Ag? or

lower. Exposure to 1.1 lg/mL Ag? decreased ATP

levels by approximately 25 %, and exposure to 3.2 lg/

Fig. 1 DLS intensity size distribution (a) and volume size

distribution (b) of 10 lg/mL C-AgNPs and 10 lg/mL PVP-

AgNPs dispersed in deionized water
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mL Ag? decreased ATP levels by approximately

90 %. For these concentrations, the response after

10 days was greater (50 % decrease for 1.1 lg/mL

Ag?, 100 % decrease for 3.2 lg/mL Ag?) but did

not change the threshold concentration (1.1 lg/mL

Ag?). However, it is noteworthy that cultures

exposed to 0.32 lg/mL Ag? had an unusually large

variation in response. Interestingly, sub-lethal Ag?

exposure seemed to stimulate the cultures after

10 days. Such low-dose stimulation combined with

high-dose inhibition, resulting in a biphasic curve,

has been described as a common dose–response

relationship that is often difficult to demonstrate

with statistical significance (Calabrese and Baldwin

2003). This is because ANOVA analysis is dom-

inated by the main trend, which is the decrease at

high doses. When only the low-dose regime (0.011

to 0.11 lg/mL Ag?) is considered, the p value is

less than 0.001.

Cultures exposed to C-AgNPs (Fig. 3a) or PVP-

AgNPs (Fig. 3b) had no change in ATP levels, relative

to control levels, after 1 day. However, after 10 days,

nanoparticle exposure at 1 lg/mL decreased ATP

levels by nearly 50 % for C-AgNPs and nearly 70 %

for PVP-AgNPs. These values are not significantly

different from each other. Exposure to either

nanoparticle at 3 lg/mL or higher decreased ATP

levels by essentially 100 %, which likely indicated

death of all cells in culture. For concentrations of 1 lg/
mL or higher, values in Fig. 3 were adjusted to account

for silver nanoparticle interference with the lumines-

cence measurement (Supplementary Information,

Fig. 2 ATP levels in cultures exposed to Ag? until evaluation

after 1 day or 10 days. Reported values are based on ten wells

from two independent cultures. Stars indicate significant

differences from controls in post-test comparisons (**p\ 0.01)

Fig. 3 ATP levels in cultures exposed to C-AgNPs (a) or PVP-
AgNPs (b) until evaluation after 1 day or 10 days. Reported

values are based on ten wells from two independent cultures,

except for the 0.1 lg/mL condition (C-AgNPs, but not PVP-

AgNPs), which was evaluated with five wells from one culture.

Stars indicate significant differences from controls in post-test

comparisons (**p\ 0.01)
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Fig. A.1). Note that values in Fig. 2 were not adjusted,

as silver ions (3.2 lg/mL) did not interfere with the

luminescence measurement (Supplementary Informa-

tion, Fig. A.2).

The threshold nanoparticle dose identified here

(1 lg/mL) is lower than the smallest dose examined in

most in vitro studies of silver nanoparticles and model

neural cells (Hadrup et al. 2012; Hussain et al. 2006;

Wang et al. 2009) or primary neural cells (Haase et al.

2012; Liu et al. 2009, 2011). However, it is higher than

the dose identified in studies of the growth character-

istics of neural progenitor cells (Soderstjerna et al.

2013), suggesting that neural progenitor cells are less

susceptible to silver ions during differentiation. The

correspondence between the threshold dose identified

for silver ions (1.1 lg/mL) and both silver nanopar-

ticles (1 lg/mL) suggests that dissolution of the

nanoparticles must be considered. However, dissolu-

tion cannot be immediate, given that culture-level

metabolism was significantly reduced by silver ions,

but not nanoparticles, after 24 h. In the studies which

follow, particles were investigated in 1:10 diluted, 1:2

diluted, or undiluted (complete) differentiation med-

ium, having an identical protein concentration, to

separate the effect of serum protein stabilization from

ionic strength destabilization.

Ionic strength affects protein corona formation

at 37 �C

We employed TEM images of samples prepared at 0

and 24 h, a timeframe which should illustrate the most

dramatic changes, to probe the formation of a protein

corona. TEM images are typically employed to

determine particle size distribution, since the drying

process tends to promote agglomeration. Here we

assume that drying-induced distortions operate

equally on all samples, allowing us to visualize

changes as a function of ionic strength or time. TEM

images of C-AgNPs dispersed in 1:10 medium

appeared similar to particles dispersed in deionized

water, with individual, evenly dispersed particles

which did not change in appearance after 24 h of

incubation (Fig. 4a). TEM images of C-AgNPs dis-

persed in 1:2 medium also showed individual, evenly

dispersed particles at 0 h (Fig. 4b). However, after

24 h of incubation, particles were located within a

non-crystalline matrix (as determined by focused-

probe electron diffraction) which had not been

observed at 0 h. Since the matrix was not crystalline

salt, it was likely composed of serum proteins.

Particles were rarely observed outside the matrix,

based on examining multiple regions of the grid.

Because the serum protein concentration was constant,

these imaging results suggest that higher-salt formu-

lations induced the clustering of particles within a

protein matrix.

TEM images of PVP-AgNPs in complete medium

indicated that clusters of particles were located within

a non-crystalline protein matrix at 0 h (Fig. 4c).

Transmission-mode SEM images of PVP-AgNPs in

complete medium (Fig. 5) indicated that silver

nanoparticle clusters were found within and without

the non-crystalline protein matrix. In this image, non-

crystalline matrix regions without apparent nanopar-

ticle clusters also showed appreciable absorption,

similar to silver nanoparticles. Because the support

films (the carbon blanket film and the holey carbon

support film) are nearly perfectly flat and of uniform

thickness over the regions observed, the contrast in the

image arose primarily from differences in atomic

number, indicating that the scattering was from an

element that is heavy relative to the carbon back-

ground. Their high contrast suggests a high concen-

tration of silver ions, known to associate with proteins

(Kittler et al. 2010b; Liu et al. 2012), within these

regions.

Ionic strength affects timescale of transformation

at 37 �C

Silver nanoparticles of 20 nm are expected to have an

attenuance (absorbance plus scattering of ultraviolet–

visible light) maximum around 400 nm. C-AgNPs and

PVP-AgNPs in deionized water had attenuance peaks

centered at approximately 390 and 395 nm, respec-

tively. Freshly dispersed suspensions made from silver

nanoparticle stocks (1 mg/mL) stored in the refriger-

ator (4 �C in the dark) had consistent attenuance, as

expected from other studies (Liu and Hurt 2010).

When 10 lg/mL suspensions in deionized water were

stored under cell culture conditions (37 �C in the dark,

5 % CO2), they slowly dissolved (Supplementary

Information, Fig. A.3). Since there was no evidence

for nanoparticle agglomeration, which would be

indicated by red-shifted peaks, the area under the

attenuance curve (Zook et al. 2011a) was used to

compare dissolution of the silver nanoparticles. This
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method indicated that dissolution was 16 % after 24 h

and 37 % after 240 h for C-AgNP suspensions. For

PVP-AgNP suspensions, dissolution was 7 % after

24 h and 43 % after 240 h. In summary, similar

dissolution rates were observed for C-AgNPs and

PVP-AgNPs in deionized water.

Complete differentiation medium contains

1.8 mmol/L of Ca2? and Mg2? as well as

125 mmol/L of NaCl and KCl (Reynolds and Weiss

1996); these concentrations are sufficient to induce

rapid agglomeration of citrate-stabilized particles in

the absence of steric stabilization by bovine serum

albumin (MacCuspie 2011). Freshly dispersed

C-AgNPs were too polydisperse for cumulant anal-

ysis; after 24 h, the Z-average size was greater than

500 nm and values from 500 nm to 600 nm were

measured at subsequent timepoints (data not shown).

Freshly dispersed PVP-AgNPs had a Z-average size

of 110 nm, but after 24 h, the Z-average size was

greater than 400 nm and values from 500 to 800 nm

were measured at subsequent timepoints (data not

shown). To focus on unagglomerated particles, if any,

attenuance spectra were measured with additional

timepoints at 1 h and 4 h.

Fig. 4 Bright field TEM

images of a C-AgNPs

dispersed in 1:10 medium

after 1 day of incubation

(24 h), b C-AgNPs

dispersed in 1:2 medium,

immediately after

preparation (0 h) and after

1 day of incubation (24 h),

and c PVP-AgNPs dispersed
in complete differentiation

medium, immediately after

preparation (0 h). Scale bars

are 100 nm
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Immediately following dispersion in 1:2 medium,

C-AgNPs (Fig. 6a) had an attenuance of approxi-

mately half of that observed in water, as well as a

broader peak, whereas PVP-AgNPs (Fig. 6b) had an

attenuance resembling that observed in water, reflect-

ing the increased stability provided by the adsorbed

polymer. Baseline measurements indicated little

attenuance due to the presence of media alone. Over

time, attenuance decreased slightly for C-AgNPs and

rapidly for PVP-AgNPs and their respective peaks

were similar in magnitude after 4 h. After 24 h, peaks

for both particles had broadened considerably and red-

shifted. This trend continued over time and after

240 h, peaks were centered at approximately 430 nm

for both C-AgNPs and PVP-AgNPs, indicating that

suspended agglomerates were formed during this time

period.

Immediately following dispersion in complete

differentiation medium, C-AgNPs had an attenuance

of approximately one-fourth of that observed in water

(Fig. 7a), whereas PVP-AgNPs again had an attenu-

ance resembling that observed in water (Fig. 7b).

However, the spectrum for PVP-AgNPs changed

dramatically within the first hour, becoming similar

to the spectrum for freshly dispersed C-AgNPs. For

both particles, the diminished peak indicating unag-

glomerated particles measured at 0 h (C-AgNPs) or

1 h (PVP-AgNPs) red-shifted during the next 24 h,

again indicating that suspended agglomerates were

formed. Because the serum protein concentration was

constant, these results show that higher-salt formula-

tions shortened the timescale of transformation.

Although high concentrations of bovine serum albu-

min (approximately 20 mg/mL) rapidly adsorbed to

and stabilized C-AgNPs in other studies (Zook et al.

2011b), the low concentration of bovine serum

albumin here (approximately 0.2 mg/mL) did not

Fig. 5 Transmission-mode SEM image of PVP-AgNPs dis-

persed in complete differentiation medium (0 h) displaying

primarily TEM-like contrast. Silver nanoparticles (arrows) and

silver nanoparticles within a non-crystalline protein matrix

(circles) are indicated; however, nanoparticles cannot be

discerned within every non-crystalline matrix. The darkest

contrast in the image arises primarily from atomic number,

indicating that these regions contain an element that is heavy

relative to carbon. Note that the holey carbon support film

appears lighter than the carbon blanket film due to the small

contribution to the image from secondary electrons generated in

the sample and detected directly. Scale bar is 500 nm

Fig. 6 UV–Vis spectra for 10 lg/mL C-AgNPs (a) and 10 lg/
mL PVP-AgNPs (b) dispersed in 1:2 medium. Suspensions were

incubated at 37 �C/5 % CO2 between measurements. UV–Vis

spectrum due to 1:2 medium is shown for reference
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stabilize C-AgNPs at their original dimensions. It was

recently reported that the addition of 10 mg/mL PVP

to 1 mg/mL C-AgNPs (nominally identical to those

employed here) was insufficient to stabilize the

resulting PVP-AgNPs through lyophilization and

reconstitution (MacCuspie et al. 2013). We conclude

here that a low density of adsorbed polymer did not

stabilize PVP-AgNPs at their original dimensions for

time periods relevant to in vitro neurodevelopmental

assays.

Conclusions

Overall, this work demonstrated that a low density of

adsorbed polyvinylpyrrolidone did not improve silver

nanoparticle stability compared to citrate ligands, for

timescales relevant to neural progenitor cell develop-

ment, in a low-serum culture environment. When

dispersed in complete differentiation medium, a large

fraction of the silver nanoparticles formed agglomer-

ates within the first hour. Nanoparticle clusters were

visualized within a non-crystalline protein matrix and

contributed to the decrease in luminescent intensity

observed for freshly dispersed (0 h) and aged (24 h)

particles. The small fraction of particles which

remained at their original dimensions after 1 h slowly

agglomerated during further incubation. Since large

agglomerates are less likely to interact with cells, slow

release of silver ions is the dominant phenomenon in

this culture environment. Therefore, the culture-level

metabolism of developing neural progenitor cells did

not decrease after 24 h exposure to silver nanoparti-

cles at concentrations up to 10 lg/mL, but did

decrease after 240 h exposure to 1 lg/mL silver

nanoparticle suspensions. Thus low-serum culture

environments do not provide sufficient colloidal

stability for long-term in vitro toxicology studies with

citrate or low-density polyvinylpyrrolidone-stabilized

silver nanoparticles. Instead, the timescale over which

nanoparticle transformation occurs must be simulta-

neously analyzed with the measured cell response,

throughout the duration of in vitro toxicology studies.
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