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Abstract Nanoparticles, the building blocks of many
engineered nanomaterials, can make their way into
the environment or into organisms, either accidentally
or purposefully. The intent of this study is to pro-
vide some insight into the complex environmental,
health, and safety issues associated with engineered
nanomaterials. In particular, here the state of commer-
cially manufactured silver nanoparticles—i.e., will
silver nanoparticles be present as isolated particles,
agglomerates, or dissolved ions—in two simulated
biological media is explored. Two different commer-
cially manufactured silver nanoparticle samples, one
that has been surface modified with a thick polymer
coating to render them more water-soluble and the
other, with a sub-nanometer surface layer, are studied.
The experimental results and the extended DLVO
model calculations show that silver nanoparticles
have a propensity to settle out in high ionic strength
media independent of surface modification. Further-
more, single nanoparticles as well as aggregates/
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agglomerates are present together in these solutions.
Silver ion release in these simulated biological buffers
with pHs of 4.5 and 7.4 is negligible after 96 h.
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Dissolution - Sedimentation - Artificial biological
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Introduction

Metal oxide and metal-based nanomaterials can be
considered one of the fastest growing types of manu-
factured materials in the nanotechnology industry. The
fate and impact of nanoparticles in aqueous environ-
ments and in the human body will depend to a large
extent on the physical and chemical state of the
nanoparticles. For metal and metal oxide materials,
these nanoparticles can dissolve, aggregate, or remain
suspended as single particles in aqueous solutions.
These transitions will depend on the detailed nature of
the surfaces of metal nanoparticles and the manufac-
ture’s preparation. The state of the nanoparticles, i.e.,
whether they are present as isolated particles, aggre-
gate, or dissolve will also vary depending on the
environmental conditions (pH, ionic strength, presence
of organic matter, etc.). Thus, characterization of
physical and chemical properties of nanomaterials
under different conditions is essential for understanding
their behavior and potential effect on the environment
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and human health. Furthermore, it is important to study
any toxic effects that metal nanoparticles can poten-
tially have on biological organisms. Toxic effects can
potentially be stronger for nanoscale materials since
they can get into cells and deliver soluble metals or
metal ions at higher rates due to their large surface area,
thus causing more effective metal-bio-organisms inter-
actions (Lok et al. 2007).

Silver nanoparticles in particular are used in many
consumer products due to their antibacterial properties.
Some examples of consumer products, which contain
silver nanoparticles, include laundry detergents, food
storage containers, textile, and shoes. The exposure to
silver nanoparticles can occur from drinking contam-
inated water, inhalation, or through direct skin or organ
contact (Luoma 2008). Therefore, silver nanoparticles
can make their way into the environment or human
body either accidentally or purposefully. There are
only a few of in vivo toxicity studies of silver
nanoparticles (Ji et al. 2007; Kim et al. 2008; Takenaka
et al. 2001; Sung et al. 2008), and there are still many
gaps in understanding silver nanoparticle toxicity.

Nanosilver, i.e., silver produced on the nanoscale,
safety is a highly debated topic in the Environmental
Protection Agency (EPA) because of its wide applica-
tions. EPA Scientific Advisory Panel released a report
in January 2010 on the evaluation of the hazard and
exposure associated with nanosilver and other nano-
metal pesticide products (SAP Minutes No. 2010-01).
From this report, it was suggested that overall
additional data are needed to evaluate nanosilver and
its potential to induce toxicity. Thus, research in this
area remains important in order to fully understand an
effect of nanosilver on the human health and the
environment (Damm et al. 2008; Vallopil et al. 2007,
Lee et al. 2007; Ashrani et al. 2008; Wijnhoven et al.
2009). Well-designed in vitro and in vivo studies have
to be performed to characterize human exposure to
nanoparticles in terms of physicochemical nature,
concentration, aggregation state of engineered nanom-
aterials (Grassian et al. 2007a, b; Pettibone et al. 2008a,
b, c), and, most importantly, whether silver, in
nanoparticle form, intensifies its toxic effect and poses
greater risks to humans and animals.

One important step toward understanding nanoma-
terial behavior is to investigate the physical and
chemical transformations nanoparticles undergo in
aqueous environments. There are only a few studies
directed toward understanding the environmental fate
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of nanoparticles and the potential transformation of
nanoparticles in the environment (Scheckel et al. 2010;
Klaine 2009; Darlington et al. 2009; Guzman et al.
2006; Lecoanet et al. 2004). From these studies, it is
becoming clear that size, charge, and aggregation of
nanoparticles in the transport medium are predictive of
nanoparticle behavior in the environment (Darlington
et al. 2009; Chen and Elimelech 2006; Vikesland et al.
2007; Skebo et al. 2007). Surface modifications, such
as functionalization of the nanoparticle surface with a
surfactant, for example, may reduce nanoparticle
aggregation (Huang et al. 2007; Li et al. 2003).
Surfactants alter nanoparticle interactions, and their
presence should be taken into consideration when
predicting nanoparticle behavior in the environment.
Modifications to the nanoparticles size, surface, and
charge either intentionally or due to the processing in
the environment can influence their toxic behavior
toward living organisms. Nanoparticles weakly bound
together can potentially de-agglomerate and provide
smaller size particles with larger surface area, which
can also be excreted more easily from the body. The
extent of particle aggregation can also influence their
translocation to other organs. It is clear that there needs
to be further systematic studies that integrate nano-
particle characterization in different environments,
which includes the physical and chemical character-
ization of bulk and surface properties, with studies
on the environmental and human health impact of
manufactured nanomaterials in order to understand the
molecular basis for toxicity and nanoparticle-biolog-
ical interactions (Borm et al. 2006; Oberdorster et al.
2005; Powers et al. 2006).

In this study, an investigation of the fate of silver
nanoparticles, including aggregation, sedimentation,
and dissolution, in simulated biological fluids repre-
sentative of the fluids present in the lungs is
conducted to understand nanoparticles behavior once
inhaled. Two different types of silver nanoparticles in
two fluids, artificial interstitial fluid and artificial
lysosomal fluid, are compared. The experimental data
on aggregation and sedimentation is compared to the
theoretical calculations based on the extended DLVO
theory. This study brings insights on the processing of
silver nanoparticles in high ionic fluids and demon-
strates how thick polymer coatings might influence
nanoparticles aggregation and dissolution. This study
provides additional information on the behavior of
silver nanoparticles in aqueous media.
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Materials and methods

Silver nanoparticles (referred to herein as Type I Ag
nanoparticles) were purchased from Nanostructured
and Amorphous Materials, Inc (Houston, TX) as a
powder sample. The manufacturer’s specified particle
diameter was given as 10 nm. Polymer-modified
silver nanoparticles (referred to here as Type II Ag
nanoparticles) were purchased from Vive Nano,
formerly known as Northern Nanotechnologies
(Toronto, Canada) in powder and suspended forms.
Powder samples were resuspended in water and
sonicated for at least 90 min. Resuspended samples
demonstrated similar characteristics as the purchased
suspensions of these nanoparticles. The manufac-
turer’s specified particle diameter for coated Ag
nanoparticles is 10 nm. Type II Ag nanoparticles were
stabilized by polyacrylate sodium during the synthesis,
and their surface coating consists of a polyacrylic acid
polymer derivative.

Scanning mobility particle sizer (SMPS) (TSI Inc.,
Shoreview, MN) was used to measure particles
diameters in the solutions. This method has been
previously described by Elzey and Grassian (2010).
In brief, SMPS spectrometer consists of three major
components: an aerosol generator, a mobility classi-
fier, and a particle counter. The electrospray aerosol
generator (TSI Inc., Model 3480) produces high
concentrations of monodisperse particles from 2 to
100 nm. A charged liquid solution or suspension is
pushed through a capillary tube forming individual
droplets. Air and CO, mixed with the droplets
evaporate the liquid, and an ionizer neutralizes the
remaining particles. Electrostatic classifier (TSI Inc.,
Model 3080) equipped with nano differential mobil-
ity analyzer (nano-DMA) (TSI Inc., Model 3085) is
used to separate aerosols into very narrow predictable

sizes based on the principle of electrical mobility.
Condensation particle counter (TSI Inc., model 3775)
detects airborne particles down to 2 nm. It provides
highly accurate measurements over a wide concen-
tration range from 0 to 107 particles/cm®.

Transmission electron microscope (TEM) (JEOL
Ltd. JEM-1230) was used to measure the primary
particle sizes in dry state and monitor aggregation
state of the nanoparticles exposed to different envi-
ronments. Nanoparticles and agglomerates/aggre-
gates from the solutions were deposited on TEM
cooper grids using the electrospray aerosol generator
(TSI Inc., Model 3480) by electrostatically driving
the solution of nanoparticles through a capillary tube
with a diameter of 40 um.

Sedimentation of the nanoparticles was monitored
by detecting a decrease in the intensity of the
surface plasmon resonance (SPR) absorbance peak
at around 400 nm using UV-Vis spectrometer
(Perkin Elmer, Lambda 20). The stability of nano-
particles in different media was further determined
by measuring zeta potentials of the particles using
dynamic light scattering (DLS) (Malvern Instru-
ments, Zetasizer Nano-ZS). DLS was also used to
measure hydrodynamic diameter of silver nanopar-
ticles in water.

Dissolution studies were conducted in two differ-
ent types of artificial fluids using inductively coupled
plasma optical emission spectrometer (ICP-OES)
(Varian Inc. 720-ES). Ag nanoparticles were incu-
bated in artificial interstitial fluid (Gamble’s solution)
and artificial lysosomal fluid (ALF solution) for up to
96 h at 38 °C at concentrations of 0.2-2 mg/mL. The
simulated fluids were prepared using the procedures
described by Stopford et al. (2003). The chemical
compositions of the solutions are shown in Table 1.
The smaller concentration of 0.2 mg/mL was used for

Table 1 Chemical compositions of Gamble’s and ALF solutions (Stopford et al. 2003)

Artificial biological fluid  pH

Composition (per liter DI water)

Gamble’s (artificial 7.4
interstitial fluid)

MgCl,-6H,0 (0.2033 g), NaCl (6.0193 g), KCI (0.2982 g), Na,HPO, (0.1420 g), NaSO,
(0.0710 g), CaCl,-2H,0 (0.3676 g), CH;COONa-3H,0 (0.9526 g), NaHCO; (2.6043 g),

sodium citrate dihydrate (0.0970 g)

ALF (artificial
lysosomal fluid)

4.5-5.0

NaCl (3.210 g), NaOH (6.000 g), citric acid (20.800 g), CaCl, (0.097 g), NaH,PO,-7H,0
(0.179 g), NaSO, (0.039 g), MgCl,-6H,0O (0.106 g), glycerin (0.059 g), sodium citrate

dehydrate (0.077 g), sodium tartrate dehydrate (0.090 g), sodium lactate (0.085 g),
sodium pyruvate (0.086 g), formaldehyde (1.000 mL)
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Type II Ag nanoparticles, and a larger concentration
of 2 mg/mL was used for Type I Ag nanoparticles to
insure that some nanoparticles remain suspended in
the buffer after several days despite sedimentation.
The ALF solution simulates the composition and pH
of alveolar and interstitial macrophages (Stopford
et al. 2003), and the Gamble’s solution simulates
interstitial fluid in the lungs (Moss 1979). The pH of
Gamble’s solution was adjusted to 7.4 by bubbling
CO, gas through the solution, and the pH of ALF
solution was 4.5 as prepared. The nanoparticles were
stirred in these fluids at 38 °C. At certain periods of
time about 4 mL of the nanoparticle-biological fluid
solution was taken and filtered by a syringe through
0.2-um filter and centrifuged for 30 min at
14,000 rpm in order to remove nanoparticles and
aggregates that were not dissolved. The filtered and
centrifuged solutions were analyzed by ICP-OES.

Results and discussion
Ag nanoparticles characterization in water

The characterization of the commercial Ag nanopar-
ticles used in these studies was done previously (Elzey
and Grassian 2010; Schmoll et al. 2009). In summary,
Type I Ag nanoparticles have a thin coating on the
surface detected by X-ray photoelectron spectroscopy
indicating the presence of carbonate species and some
carbon-oxygen functionality, likely due to the use of
polyvinylpyrrolidone (PVP) during synthesis. This
coating, a monolayer in thickness, accounts up to 17%
of the Type I Ag nanoparticles mass, as determined by
ICP analysis, which corresponds to a coating thick-
ness of approximately 0.7 nm. The second type of Ag
nanoparticles studied in this work, Type II Ag

Fig. 1 Size distributions of 12 (a)
Type I (a) and Type 11
(b) silver nanoparticles
measured by DLS in water

Volume, %

2 3 458

Diameter, nm
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nanoparticles have a polymer coating specially syn-
thesized to prevent the nanoparticles from aggregat-
ing. An average hydrodynamic diameter of the Type I
Ag nanoparticles is in the range 11.7 £ 3.5 nm, and a
hydrodynamic diameter of Type I Ag nanoparticles is
6.5 £ 2 nm as measured by DLS in water (Fig. 1).
TEM imaging combined with SMPS results indicates
that the primary particle diameter of Type II Ag
nanoparticles is ca. 4 nm and a coating thickness is ca.
1.5 nm for a total of particle diameter of ca. 7 nm
(TEM analysis is shown in Pettibone et al. 2008a and
SMPS analysis is shown in Schmoll et al. 2009). This
also agrees with the ICP analysis showing that there is
only ca. 25% Ag by mass present in the Type II
nanoparticles. For Type I Ag nanoparticles, the
hydrodynamic diameter distribution is broad and
suggests that some agglomerates as well as large
particles are present in the water (Elzey and Grassian
2010).

Aggregation of Ag nanoparticles in simulated
biological fluids

Changes in size and state of aggregation of both types
of Ag nanoparticles were monitored while they were
incubated in the simulated biological fluids. Figure 2a
shows the diameter distribution for Type I Ag nano-
particles incubated in Gamble’s solution for 72 h
measured using SMPS. An average diameter of these
Ag nanoparticles fluctuates between 8 and 12 nm, not
showing a steady decrease which would indicate silver
dissolution. A count decrease over time in Fig. 2a
could indicate that some of the primary particles form
aggregates that settle out of the solution. Precipitation
in these solutions is also visualized. Ag nanoparticles
from Gamble’s solution were collected on TEM grids
after their diameters were measured by the SMPS.

(b)

2 3 456 2

10 100
Diameter, nm
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Fig. 3 a Diameter
distributions of Type II Ag 3.0x10° - (a) = 1 hour
nanoparticles deposited = 72 hours

from Gamble’s solution.

b TEM image of Type Il Ag
nanoparticles deposited
from Gamble’s solution
after 12 h

Counts

Diameter, nm

Figure 2b—d shows TEM images of Type 1 Ag
nanoparticles deposited from Gamble’s solution after
6, 24, and 72 h. These results are consistent with the
measurements on SMPS: particles counts decrease
slightly after 24 h, and large aggregates are seen in
TEM images after 72 h that cannot be detected by
nano-SMPS and can thus explain the significant
decrease in the number of particles.

Figure 3a shows the diameter distributions for
Type II Ag nanoparticles incubated in Gamble’s

solution. The diameter distribution does not change
significantly after 72 h, indicating that some amount
of Type II Ag nanoparticles remains stable in this
buffer during this period of time. The TEM image
collected after 12 h of incubation of Type II Ag
nanoparticles in Gamble’s solution (Fig. 3b) also
shows single nanoparticles with diameters of ca.
3 + 1 nm. This is most likely representative of the
silver core of the Type II Ag nanoparticles as it is
difficult to detect organic coatings with TEM due to
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the poor contrast. Although the particle count does
not change significantly in Fig. 3a, gray-colored
precipitates were visualized in Type II Ag nanopar-
ticle solutions after a few hours. These precipitates
are Ag nanoparticles that settle out. Since we probe
nanoparticles from the top of the solution for the
SMPS and TEM analysis, we do not account for all
aggregates and agglomerates that settle out. While the
result from Fig. 3a implies that all Type II Ag
nanoparticles remain suspended after 72 h, these
observations along with the UV-Vis measurements
described below indicate that there is significant
settling of the Type II Ag nanoparticles after just a
few hours. SMPS equipped with a nano-DMA detects
nanoparticles in the range 2-70 nm and has a high
sensitivity in this size range; therefore, it is difficult
to predict the amount of precipitated silver from
SMPS data alone.

The dissolved and precipitated Ag nanoparticles in
the biological fluid suspensions were digested sepa-
rately in HNO;. The ICP analysis of the digested
solutions revealed that less than 1% of nanoparticles
remains in the solution and 99% of nanoparticles
settled out 24 h after the suspensions were made.
This leads us to conclude that the initial concentration
strongly affects the stability and sedimentation of
silver nanoparticles. In the case of Ag nanoparticles
protected by a polymer coating from aggregation,
there is still a critical concentration above which
nanoparticles destabilize and settle out. One percent
of the total nanoparticle concentrations used in this
study corresponds to a concentration in the range
2-20 mg/L. This conclusion agrees with observations
from other reports indicating that a toxic effect of Ag
nanoparticles at concentrations higher than 10 mg/L
in aqueous solutions cannot be properly assessed due
to aggregation and precipitation (Bastus et al. 2008).
However, other reports indicate that Ag nanoparticles
can be toxic to cells even at 10 mg/L. (Hussain et al.
2005).

Both types of Ag nanoparticles studied here did
not form stable suspensions in ALF buffer. This
complicated the analysis of these solutions, especially
for the solutions containing Type I Ag nanoparticles.
The reason for this instability could be due to an
increased ionic strength of ALF buffer compared to
water and Gamble’s solution. ALF solution has the
largest percent by weight of citric acid to imitate
protein binding and other ligands such as acetate, to
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represent organic acids present in lysosomal intersti-
tial fluid (Pettibone et al. 2008b). TEM imaging of
the Type II Ag nanoparticles deposited from the ALF
solution after 72 h reveals large clusters with differ-
ent shapes, which most likely are salt clusters
crystallized in this simulated solution. We observed
that ALF buffer salts also produce nanosized parti-
cles, which create a diameter distribution centered
around 11 nm without any Ag nanoparticles added.
Therefore, we could not dissociate between silver
nanoparticles and the particles produced by the buffer
salts in the SMPS distribution data. It should be noted
that we did not observe any distributions in the SMPS
analysis of Gamble’s solution and water before an
addition of Ag nanoparticles.

Sedimentation and stability of Ag nanoparticles

UV-Vis spectroscopy can be used to quantify sedi-
mentation rate of nanoparticles in solution (Pettibone
et al. 2008c). Surface plasmons produce a strong
resonance peak centered between 400 and 450 nm in
the absorption spectrum of Ag nanoparticles (Eng-
lebienne et al. 2003; Smitha et al. 2008; Heath 1989;
Lee et al. 2008). In this study, UV-Vis spectroscopy
was used to monitor changes to the SPR peak
intensity as a function of time in order to measure
sedimentation rate in the nanoparticles suspensions.
As shown in Fig. 4a, an SPR peak is centered at
423 nm for Type II Ag nanoparticles suspended in
water. The peak position shifts to ~400 nm for the
same nanoparticles suspended in Gamble’s solution.
SPR can be influenced by a number of factors, such
as solvent dielectric constant, nanoparticle size, and
surface functionalization (Smitha et al. 2008). Here,
both the solutions and the nanoparticles can change
their optical properties due to interactions which
could affect the dielectric constants and shift the
resonance peak position. The SPR peak almost
disappears after 24 h in Gamble’s buffer. This
observation coincides with the discoloration of the
nanoparticle suspension, and an appearance of silver
precipitates. Figure 4b shows UV-Vis spectra col-
lected from Type II Ag nanoparticles suspended in
ALF simulated biological buffer. The SPR peak
disappeared before 1 h; the nanoparticle solution
changed its color from brown to white/transparent
immediately after mixing with ALF buffer, and the
precipitates appeared almost immediately. A large
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Fig. 4 UV-Vis spectra of Type II Ag nanoparticles suspended
in Gamble’s (a) and ALF (b) solutions. The nanoparticles
aggregated and settled out very quickly in ALF buffer, thus no

background signal in Fig. 4b could indicate a
scattering light from large agglomerates formed in
the ALF solution. Some of the agglomerates settled
out after 24 h; hence, smaller background signal is
observed. Figure 4c shows sedimentation plots in
ALF and Gamble’s solutions. The nanoparticles settle
out faster in ALF buffer where half of the nanopar-
ticles settled out in less than 1 h.

The stabilities of Ag nanoparticles in the solutions
were tested using DLS (Nallathamby et al. 2008).
Zeta potentials of Ag nanoparticles measured in
simulated biological buffers and water are shown in
Table 2. The measurements were taken 1 h after the
nanoparticles were added to the buffers. An increase
in absolute value in zeta potential indicates an
increase in the surface charge and consequently
higher stability of Ag nanoparticles in the solution.
As can be seen from Table 2, the nanoparticles have
higher absolute value zeta potentials in water; hence,
they are more stable in water than in the simulated
biological fluids. And, Type II Ag nanoparticles are
more stable in both biological fluids than Type I Ag
nanoparticles, which do not have protective coating,
due to higher surface charges. Nevertheless, zeta
potential of Type II Ag nanoparticles decreases
significantly in ALF buffer, which also indicates a
decrease in stability.

Table 2 Zeta potentials of Ag nanoparticles suspended in
different media

Buffer/sample Water Gamble’s ALF
Type I Ag —-33 mV —14 mV -5 mV
Type I Ag —60 mV —-31 mV —21 mV

Wavelength, nm

Time, hrs

SPR peak was observed. ¢ Sedimentation plots collected in
ALF and Gamble’s buffers around 400 nm for 24 h

DLVO theory

According to classic Dejaguin-Landau—Verwey—
Overbeek (DLVO) theory, the stability of particles
is determined by the net electrostatic surface inter-
actions of the particles. The total interaction energy
between nanoparticles consists of van der Waals
attraction (Eq. 1) and electrostatic repulsion (Eq. 2)

(Lee et al. 1998):
d> — 4R?
T

(1)

Vew = — Ak 2R 2R
W T 2 — 4R T 2

Velee = 2n£r80¢SRkBT In[1 + exp(—kd)]
(in the case of kd > 5),

2 1/2
where k — 1000e*Nx (21) .
&60kg T

(2)

where A is a Hamaker constant, kg is the Boltzmann
constant, 7 = 311 K is the body temperature, R is the
radius of the particles, assuming that all nanoparticles
have the same radius, d is the separation distance
between the particles, ¢ is a relative dielectric
constant of the liquid, & is the permittivity of the
vacuum, 1, is the surface potential of the particles,
k is the inverse Debye length, e is the elementary
charge, N, is the Avogadro number, and / is the ionic
strength of the solution.

The extended DLVO theory takes into account
non-electrostatic ion-specific forces (Bostrom et al.
2006). In case of the ligand-coated nanoparticles, the
interactions between the solvent molecules and the
ligand tails can be responsible for the steric stabil-
ization of the nanoparticles (Shah et al. 2002). The
nanoparticles can experience significant steric repul-
sion due to the osmotic and elastic contributions.
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Osmotic contribution (Eq. 3) depends on the molec-
ular volume of solvent v, volume fraction of polymer
within the coating layer ®,, the Flory-Huggins
interaction parameter y, particle radius R, polymer
layer thickness w, and the separation distance
between the particles cores d (Shah et al. 2002):

Vosm =0 2w <d

4nRkgT (1 d\?
Vosm = kB dbi(z—x)(w—i) w<d<2w

Vi
4nRksT (1 \ o(d 1 _ (d
V()sm = i ¢p <2 ){)W w4 In w
d<w (3)

Elastic repulsive energy V., originates from the
entropy loss that occurs upon compression of the
coating layer and might give a significant contribu-
tion to the total interaction energy when the separa-
tion distance does not exceed total particle diameter
(Shah et al. 2002). The total interaction energy
consists of Vigw, Veiee» Vosm» and Vipas:

Vtot = VVdW + Velec + Vosm + Velas (4)

The interaction energy between Ag nanoparticles was
calculated using Eqgs. 1-4. Figure 5a shows the total
interaction energy calculated using classic DLVO
theory for Type I Ag nanoparticles in different
solvents. We used the following parameters: Ha-
maker constant A = 0.997 eV calculated for Ag-
water interaction (Shah et al. 2002), particle radius
R = 5.8 nm, dielectric constant of water ¢ = 80.1,
zeta potentials Y, were obtained using DLS in
different solvents (Table 2). It was assumed that the
surface potentials were the same for both particles
and remained unchanged as particles approached
each other. The ionic strengths Igampie's = 175 mol/m*
and Iz g = 340 mol/m> were calculated based on the
salt concentrations provided in Table 1. The ionic
strength of 1 mol/m® was used to represent a low
ionic strength solution or water. Considering only van
der Waals attractive and electrostatic repulsive forces
for Type I nanoparticles in simulated biological
fluids, the attraction dominates the interaction energy,
and there is no energy barrier to resist aggregation
(Fig. 5a). In the low ionic strength solvent, a small
energy barrier (~2.7 kT) (Fig. 5a) can keep particles
from immediate collapse. This is in good agreement
with the faster aggregation observed experimentally
in ALF and Gamble’s solutions compared to water.
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Figure 5b represents total interaction energy
between Type II Ag nanoparticles calculated using
classic DLVO theory. The particle radius used in
Egs. 1 and 2 is 2 nm, which represents the Type I Ag
nanoparticle core radius. Here we observe that an
energy barrier of ~ 10 kT needs to be overcome
before particles aggregate and sediment in all of the
solutions studied. Classic DLVO theory does not take
into account the steric interaction between the solvent
molecules and polymer ligands from the nanoparticle
coating. The osmotic repulsion was calculated using
Eq. 3 and added to the total interaction energy of
Type II Ag nanoparticles, which have polymer
coating thickness comparable with the nanoparticle
diameter, in Gamble’s buffer and water (Fig. 5S¢, d,
correspondingly). In our calculations we used
vy =299 x 107%° m® as a volume of water mole-
cule, the polymer volume fraction @, = 0.01, which
was adapted from Phenrat et al. (2008) and the Flory—
Huggins interaction parameter y = 0.45 (Phenrat
et al. 2008; Shah et al. 2002). The polymer layer
thickness w = 1.5 nm was determined experimen-
tally using SMPS and TEM techniques. We disre-
garded the elastic repulsion energy that is a part of the
steric interaction in these calculations because it is
negligible compared to the osmotic energy at the
separation distances smaller than 4 nm. In Fig. 5c we
see that the osmotic repulsion dominates all the
forces at distances less than 2w = 3 nm at which the
coating layers from two interacting particles are in
physical contact. Once the particles loose physical
contact, the electrostatic repulsion keeps them apart
until the energy barrier is less than 3/2 kT, which
represents the energy of the Brownian motion. As can
be seen from Fig. 5c, the repulsive energy becomes
smaller than the energy of the Brownian motion at the
separation distances >3.5 nm in Gamble’s buffer.
This means that the nanoparticle suspension in the
simulated biological fluid is mostly unstable. The
electrostatic repulsion extends for distances up to
24 nm in the low ionic strength fluid (Fig. 5d); hence,
the nanoparticle suspension is more stable. We
observed experimentally that polymer-coated Type
IT Ag nanoparticles are stable in water, and precip-
itate in the simulated biological fluids after 1 h
where faster sedimentation of Type Il Ag nanopar-
ticles in ALF buffer is detected. The experimental
observations agree with the extended DLVO theory
results.
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Fig. 5 Potential energy of
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The DLVO calculations for Ag nanoparticles-
simulated biological fluids systems described above
are conducted for the non-specific polymer coating
due to absence of sufficient information about the
Type II Ag nanoparticle coating. For Type I Ag
nanoparticles we disregarded the sub-nanometer
surface layer in these calculations and assume the
nanoparticles were bare for comparison to Type Il Ag
nanoparticles. We also did not take into account the
changes in the polymer chain conformations in
different solvents and interactions of the ions present
in the simulated biological fluids with the nanopar-
ticles. Moreover, it is shown that ion-specific forces
(such as ionic dispersion potentials and ionic solva-
tion energy changes) can change the nanoparticle fate
in the solutions, especially at typical biological salt
concentrations. Lee et al. (1998) showed that the
solvation energy can make a significant contribution
to the total interaction energy and the stability of the
nanoparticles. Hence, the aggregation and sedimen-
tation of nanoparticles will also depend on the type
and amount of ions present in the solutions. Further-
more, the polymer coating might become unstable
and dissolve in the high ionic strength fluid. This will
change the chemistry of the solution and interaction
properties between the particles and the buffers.
Figure 6 shows in cartoon representation that nano-
particles readily form aggregates in high ionic
strength solutions. This cartoon representation also
shows that although these aggregates represent a
great deal of the mass of nanoparticles, there is still

&0

Separation Distance, Angstrom

B0 100

Interaction Energy / kT
o

-10 4

small amount of single nanoparticles that can be
detected in the solution on the order of 10 mg/L.

Dissolution of Ag nanoparticles in simulated
biological fluids

The dissolution of Type I and Type II Ag nanopar-
ticles into Ag ions in ALF and Gamble’s simulated
fluids was studied using ICP-OES. The bioavailabi-
lity and toxicity of metal nanoparticles are often
linked to the ability of the nanoparticles to deliver
soluble metal ions to the specific biological orga-
nisms. Smaller particles because of their larger
surface areas could deliver ions faster (Lok et al.
2007); hence, they provide greater bioavailability
than larger particles. Nanosilver can be introduced to
the human body in many ways, but it is unclear which
form it takes when introduced to organs and other
functional areas of an organism. Gamble’s and ALF
solutions are simulated to represent dissolution in the
airway surface liquid or in the microphage phagoly-
sosome. We did not observe any dissolution of Ag
nanoparticles into Ag ions in both simulated biolog-
ical fluids. Very small percentages (0.03-0.07%) of
the initial Ag concentration are detected and poten-
tially coming from a small amount of nanoparticles
left in the solution after filtration and centrifugation.
Since the percentages of dissolved Ag do not change
after 96 h, we conclude that Ag nanoparticles do not
dissolve into ions in these simulated biological fluids.
Therefore, we conclude that Ag nanoparticles coexist
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Ag nanoparticles in water

Increase
solution ionic
strength

Fig. 6 Nanoparticle stability in different ionic strength solu-
tions. This figure shows in cartoon representation that
nanoparticles readily form aggregates in high ionic strength
solutions. Furthermore, this cartoon representation also shows

in the form of agglomerates/aggregates and dissolved
single nanoparticles in these artificial biological
buffers. Furthermore, we estimated that up to 1% or
ca. 2-20 mg/L of Ag nanoparticles remain suspended
in simulated biological fluids after 24 h and most
likely exist in a single nanoparticle form which can
also be observed from SMPS distributions in Gam-
ble’s solution (Figs. 2a, 3a). While the concentration
of silver may vary from 0.1 to 327 ng/L in oceans and
rivers (Luoma 2008), research has shown that with a
concentration of only 1-5 pg/L some aquatic organ-
isms can be killed (Wijnhoven et al. 2009). We have
found that Ag nanoparticles might become bioavail-
able in a single nanoparticle form at these and higher
concentrations. These experiments were conducted in
artificial biological fluids, which simulate interstitial
and lysosomal lung fluids. Due to the complexity of
fluid compositions, the results are influenced by the
ions present in these fluids. The results presented in
this article are specific to the systems used in this
study. In vivo studies would be more accurate to
describe the processes which occur with Ag nano-
particles in biological systems.

Conclusions

From the results of this study, we conclude that Ag
nanoparticles form aggregates and agglomerates
when introduced to high ionic strength biological
fluids and remain as single nanoparticles, where less
than 10 mg/L. of Ag nanoparticles remains sus-
pended, and the rest forms aggregates and settle
out. Ag nanoparticles precipitate faster in artificial
lysosomal fluid as observed from UV-Vis spectra,

@ Springer

Ag nanoparticles in Gamble’s

Ag nanoparticles in ALF

Increase
solution ionic|
strength

that although these aggregates represent a great deal of the
mass of nanoparticles, there is some small amount of
nanoparticles, which can be detected in the solution on the
order of 10 mg/L

due to the higher ionic strength of the buffer.
Protective coatings designed to prevent nanoparticles
from aggregation do not protect Ag nanoparticles
against settling out in these simulated biological
fluids. DLVO theory calculations support our obser-
vations that Ag nanoparticles independent of surface
modification form unstable suspensions in simulated
biological fluids. The release of Ag ions into inter-
stitial or lysosomal fluids appears to be negligible as
determined by ICP analysis in these simulated fluids.
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