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Abstract

Agglomeration and sedimentation of nanoparticles (NPs) within biological solutions is a major limitation in their use

in many downstream applications. It has been proposed that serum proteins associate with the NP surface to form

a protein corona that limits agglomeration and sedimentation. Here, we investigate the effect of fetal bovine serum

(FBS) proteins on the dispersion stability, dosimetry, and NP-induced cytotoxicity of cationic zinc oxide nanoparticles

(nZnO) synthesized via forced hydrolysis with a core size of 10 nm. Two different in vitro cell culture models,

suspension and adherent, were evaluated by comparing a phosphate buffered saline (PBS) nZnO dispersion

(nZnO/PBS) and an FBS-stabilized PBS nZnO dispersion (nZnO – FBS/PBS). Surface interactions of FBS on nZnO

were analyzed via spectroscopic and optical techniques. Fourier transformed infrared spectroscopy (FTIR)

confirmed the adsorption of negatively charged protein components on the cationic nZnO surface through the

disappearance of surfaced-adsorbed carboxyl functional groups and the subsequent detection of vibrational modes

associated with the protein backbone of FBS-associated proteins. Further confirmation of these interactions was noted

in the isoelectric point shift of the nZnO from the characteristic pH of 9.5 to a pH of 6.1. In nZnO – FBS/PBS dispersions,

the FBS reduced agglomeration and sedimentation behaviors to impart long-term improvements (>24 h) to the nZnO

dispersion stability. Furthermore, mathematical dosimetry models indicate that nZnO – FBS/PBS dispersions had

consistent NP deposition patterns over time unlike unstable nZnO/PBS dispersions. In suspension cell models, the

stable nZnO – FBS/PBS dispersion resulted in a ~33 % increase in the NP-induced cytotoxicity for both Jurkat

leukemic and Hut-78 lymphoma cancer cells. In contrast, the nZnO – FBS/PBS dispersion resulted in 49 and 71 %

reductions in the cytotoxicity observed towards the adherent breast (T-47D) and prostate (LNCaP) cancer cell

lines, respectively. Presence of FBS in the NP dispersions also increased the reactive oxygen species generation.

These observations indicate that the improved dispersion stability leads to increased NP bioavailability for

suspension cell models and reduced NP sedimentation onto adherent cell layers resulting in more accurate in

vitro toxicity assessments.
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Background

When prepared in nanostructured form, many materials
develop novel and unique physicochemical properties
leading to their use in nanotechnology applications such
as quantum dots and MRI contrast agents for imaging
[1], biosensors that use surface plasmon resonance [2],
and nanomedicinal approaches that employ hyperther-
mia and photothermal therapy [3]. Efficient use of NPs
and nanocarriers in biomedical applications, such as
delivery of therapeutic and imaging agents into tumor
sites and genetic materials into cells, has been success-
fully demonstrated in recent years [4–6]. Interestingly,
cytotoxicity is a property that is inherent in many of
these commonly used materials when they are synthe-
sized with their crystallite size in the nanoscale range
[7–9]. This has raised significant scientific and public
concerns on the environmental and health effects of
every nanomaterial before employing them in nanotech-
nology applications. It is therefore necessary to evaluate
the cytotoxic response of nanomaterials and the under-
lying mechanisms of nanomaterial toxicity to accurately
address the growing concerns about the impact of the
unwanted cytotoxicity of nanomaterials.
Numerous studies reported in the literature have shown

that NP-induced toxicity depends on the nanomaterial
properties such as crystallite size [10, 11], shape [12],
charge [13], and chemical phase [14]. Some studies have
also shown that the toxic response of a given nanomaterial
might vary with the specific cell/organism type such as
prokaryotes versus eukaryotes [15], gram-positive bacteria
versus gram-negative bacteria, and normal cells versus
cancerous cells [16]. These observations suggest that the
role of organism-specific factors such as surface structure
of cells [17, 18] and the proliferation status [10, 16] also
influence the toxic response. Although the cytotoxicity of
nanomaterials is an unfavorable feature for many applica-
tions, it could become very useful for certain therapeutic
applications, if the toxicity is cell- or organism-specific.
The cytotoxicity reported for most nanomaterials does
not display a cell-specific or organism-specific behavior.
However, many groups [16, 19, 20], including the authors,
have demonstrated that certain ZnO NP formulations
show a strong preferential cytotoxicity to cancer cells of
identical lineage. For example, while resting primary
human immune cells (T lymphocytes) showed no appre-
ciable effect when treated with ≤5 mM concentrations of
ZnO NPs, cancer cells of the same lineage showed signifi-
cantly increased NP-induced toxicity resulting in approxi-
mately 28–35-fold increases in NP sensitivity [10, 16].
Thus, toxicity studies are extremely important both to as-
sess the environmental and health impacts of NPs and to
modify the nanomaterial design to make them safer, as
well as to develop novel nanomedicinal approaches utiliz-
ing cell-specific cytotoxicity.

Considering the large number and types of new nano-
materials being developed and coming to the market, in
vitro studies are essential in assessing the toxicity in high-
throughput systems as they provide rapid and cost-
effective screening. In most in vitro cytotoxicity experi-
ments, cells are cultured in a culture medium to which a
prepared dispersion of the NPs in a suitable solution is
introduced. In contrast, in vivo toxicology studies fre-
quently employ NPs dispersed in a suitable medium that
are subsequently injected into the blood vessels or tissues
of the animal model. If successful, the dispersed NPs will
reach tumor sites and achieve deep penetration and
entrapment in the cancerous tissue by means of the
enhanced permeability and retention (EPR) effect, charac-
terized by increased vascular permeability and compressed
lymphatic networks in solid tumors [21]. However, mak-
ing highly stable and efficient dispersions of nanoparticles
to achieve efficient nanoparticle delivery for both in vitro
and in vivo applications has been a challenging task. A
major difference that NPs possess compared to the well-
studied conventional toxic chemicals (which are well sol-
uble molecules and ions) is the difficulty in dispersing
them in suitable solutions and culture media and to main-
tain them as stable dispersions for sufficient durations
[22]. For most in vitro studies, NP suspensions should
remain stable at least for 24 h while in vivo studies require
stability for much longer durations [23]. Formation of
large agglomerates and their sedimentation over longer
periods often prevents a significant fraction of the NPs
from participating in efficient interactions with the test
cells and the resulting cytotoxic response.
Nanoparticle dispersion stability is a complex interplay

between the agglomerate size of NP complexes in dis-
persion (hydrodynamic size) and their sedimentation
behavior over time [24]. Factors that affect NP stability
include NP size [25, 26], surface structure [18, 27], cap-
ping agents [28], pH [29], ionic strength [29], organic
and protein components [26, 27, 30], and free ions in
the solution system [31]. Although it is now known that
the physicochemical properties of the nanomaterial, the
specific cell/organism type, and the membrane proper-
ties [10, 17, 18] of the test organism play a crucial role
in the resulting cytotoxic response, very few studies have
focused on the important role of NP dispersion charac-
teristics and dispersion stability and the effects of NP
agglomeration and sedimentation in the resulting tox-
icity [32, 33]. Furthermore, Cho et al. [34] have recently
shown that the cellular uptake of gold NP in breast can-
cer cells measured using conventional upright in vitro
cell culture configuration was significantly higher than
that obtained when an inverted setup was used, suggest-
ing the effect of NP sedimentation and diffusion in the
media play a significant role in the NP-cell interaction.
In addition, suspension stability has been shown to
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directly influence effective administered dose of NPs to
adherent cells grown in vitro [22, 32, 33].
When NPs are introduced to biological fluids such as

human plasma, a biomolecular corona consisting of pro-
teins and small molecules rapidly forms on the NP sur-
face [27, 35–37]. Since the blood circulatory system is
the most probable treatment administration option for
NPs into the human body, it is important to investigate
how adsorption of blood proteins on NPs will affect the
cellular response, and more importantly, the differential
cytotoxicity of ZnO NPs between cancerous and normal
cells. The effect of having serum in culture medium
and/or adsorption of the serum proteins on some NP
systems such as silica [38], carbon nanotubes [39], gra-
phene oxide [40], and ZnO [41, 42] has been studied
recently. In all these cases, the primary effects of serum
addition included improved dispersion stability and a
clear reduction of the NP-induced cytotoxicity. Interest-
ingly, the abovementioned studies were conducted using
adherent cell models; therefore, comprehensive studies are
needed to determine if similar responses are present for
suspension cell models as well. Hypothetically, increases
in the NP-induced toxicity in suspension cell models
would be observed as NP sedimentation decreases,
thereby improving the bioavailability of the NPs to the
cells.
In this study, we investigated the use of FBS as a ZnO

NP coating agent and the effects of this FBS coating the
surface structure of the uncoated NPs, the dispersive sta-
bility of the NPs in solution, and the effective dosimetry of
the NPs in cellular toxicity assays. Since NP dispersion
stability and dosimetry is highly dependent upon a balance
of NP diffusion and sedimentation velocities within a solu-
tion [32–34, 43, 44], the use of multiple suspension and
adherent cell models was necessary to fully characterize
any observations attributable to the addition of the FBS. A
complete NP characterization profile was employed to
fully interrogate NP surface changes as a result of the FBS
coating. In addition, we examined the agglomeration and
sedimentation behavior of the FBS-coated ZnO NPs
(nZnO – FBS) compared to uncoated ZnO NP (nZnO)
in biologically relevant solutions. Finally, we investi-
gated the effects that FBS coating would have on the
solubility of the nZnO, the NP-induced toxicity, and
nZnO-induced reactive oxygen species production. As a
whole, this work provides a comprehensive look at effects
of FBS as a dispersion stabilizing agent in nanotoxicology
studies.

Methods

Synthesis and Characterization of nZnO

The nZnO sample used in this study was produced using
the forced hydrolysis of Zn acetate dehydrate precursor
in diethylene glycol (DEG). The solution was held at

150 °C for 90 min. Nanopure water was added to the so-
lution at 80 °C to obtain the desired crystallite size. This
synthesis method allows for excellent control of the
crystallite size by carefully regulating the temperature
parameters and the hydrolysis ratio of the reaction
media [10]. Once cooled to room temperature, the
nZnO were separated from solution via centrifuging at
20,000 rpm and subsequent washings with ethanol. A
dried FBS-coated (nZnO – FBSdried) sample was pre-
pared by sonicating the nZnO with FBS for 10 min. The
resulting suspension was then centrifuged, and the
resulting pellet rinsed several times with nanopure water
to remove any unbound FBS. The pellet was dried over-
night at 60 °C to create a powdered nZnO – FBSdried

form for material characterization. Both NP samples
were thoroughly characterized and investigated in detail
using X-ray diffraction (XRD), transmission electron mi-
croscopy (TEM), zeta potential measurements, UV-vis
spectrophotometry, and Fourier transformed infrared
spectroscopy (FTIR). X-ray diffraction (XRD) spectra
were recorded at room temperature on a Philips X’Pert
X-ray diffractometer with a Cu Kα source (λ = 1.5418 Å)
in Bragg-Brentano geometry. The loose powder samples
were leveled in the sample holder to ensure a smooth
surface and mounted on a fixed horizontal sample plane.
Lattice parameters and crystal size were analyzed with
Rietveld refinement using Materials Analysis Using Dif-
fraction (MAUD) software, corrected for instrumental
broadening [45]. TEM and high-resolution TEM analysis
was carried out using an FEI Tecnai and FEI Titan,
respectively. The operating voltage of the Tecnai micro-
scope was 120 and 300 kV on the Titan. Image processing
was carried out using the Digital Micrograph software
from Gatan (Pleasant, CA, USA). Room-temperature
optical spectra in the ultraviolet and visible light wave-
length ranges were collected using a CARY 5000 spectro-
photometer. Zeta potentials of the powdered samples of
nZnO were measured in nanopure water as a function of
pH with a Malvern Zetasizer NanoZS. The temperature
was equilibrated to 25 °C, and the pH was varied in the 6
to 12 range using 1.0 N HCl and 1.0 N NaOH prior to col-
lecting the data. At least six data collections per run were
performed on three separate aliquots of the ZnO suspen-
sion for each sample. The Zetasizer unit was also used to
measure the hydrodynamic size of nZnO aggregates dis-
persed in selected media. Several solution systems were
used for NP stock preparation and analyzed during this
experiment.

NP Stock Preparation

To achieve the most stable dispersion for each solution,
the critical material-specific delivered sonication energy
(DSEcr) for the ZnO NPs was predetermined for the ca-
lorimetrically calibrated JSP Super-sonic bath sonication
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device employed for this study. A DSEcr of 181 J/ml was
established through established protocols outlined by Taur-
ozzi et al. (2011) [46] and employed in multiple dosimetry
studies [33, 47]. To achieve the needed DSEcr, ZnO NPs
were suspended at concentrations of 25 mM and sonicated
in the bath sonicator delivering a power of 1.05 W for a
total 30 min. Several biologically relevant solutions were
prepared per manufacturer’s instructions unless otherwise
defined. They include nanopure water, PBS, FBS, Roswell
Park Memorial Institute (RPMI) medium (RPMI 1640
buffered with sodium bicarbonate and Hepes, pH adjusted
to 7.3), RPMI-based cellular medium (RPMI 1640 medium
supplemented with 10 % FBS and 2 mM L-glutamine,
1.5 g/l sodium bicarbonate, 4.5 g/l glucose, 10 mM HEPES,
1.0 mM sodium pyruvate and penicillin-streptomycin), and
DMEM-based cellular medium.
In addition to single solution NP dispersions, several NP

stock dispersions were prepared with FBS. Based on most
of the reported protocols found in the literature and our
own preliminary data, 10 % FBS addition was found to
provide optimal results and was used to prepare these
stock dispersions. The stock dispersions involved first sus-
pending the desired quantity of NPs in a volume of FBS
equivalent to 10 % of the final solution volume and sonic-
ating at 1.05 W for 10 min. After sonication, the FBS sus-
pension was diluted to the calculated volume with the
desired medium (90 % of the total volume) and re-
sonicated at 1.05 W for an additional 20 min. These stock
dispersions are referred to as either nZnO – FBS/water or
nZnO – FBS/PBS for stocks prepared in nanopure water
or PBS, respectively. Additionally, two nZnO – FBS for-
mulations were created by removing the excess FBS prior
to re-suspension and sonication in the appropriate solu-
tion. One formulation involved centrifuging the nZnO/
FBS suspension after the initial sonication period followed
by several washes with nanopure water to remove any un-
bound FBS. The remaining pellet was then re-suspended
in the desired solution to the appropriate concentration to
create nZnO – FBSwashed/water or nZnO – FBSwashed/PBS
for nanopure water and PBS dispersions, respectively.
Finally, stock dispersions for the dried sample, described
in the previous section, are designated as nZnO –

FBSdried/water and nZnO – FBSdried/PBS for nanopure
and PBS dispersions, respectively.

Extracellular Dissolution

For extracellular dissolution experiments, nZnO stock
dispersions were prepared as previously described at
6 mM concentrations. To simulate cellular assay condi-
tions, an aliquot of each stock dispersion was added to
cellular media at a final nZnO concentration of 0.6 mM.
All dispersions were stirred continuously to prevent
nZnO sedimentation. At desired time points, an aliquot
of the sample was removed and centrifuged at 5000×g

for 20 min using an Amicon™ Ultra-4 Centrifugal Filter
Unit with a 3-kD molecular weight cutoff (0.1 nm pore
size) to remove any undissolved nZnO while allowing
free zinc ions to pass through. Quantitative analysis of
the dissolved Zn2+ ions was conducted on a Thermo X
Series 2 quadrupole inductively coupled plasma mass
spectrometer (ICP-MS) under normal operating condi-
tions (i.e., no CCT) with the Xt cone set. Instrument
performance was evaluated and optimized for each run.
The instrument was calibrated using multi-element cali-
bration standards containing Zn, Cr, Mn, Fe, Co, and Ni
in 2 % HNO3 at concentrations of approximately 1, 10,
100, and 1000 ppb. Instrument drift was monitored and
corrected using 20 ppb indium as an internal standard
introduced online.

Dosimetry Analysis and Empirical Deposition Fractions

Since NPs suspended in solution often form loosely
packed agglomerates consisting of NP clusters and
entrapped media, two empirical methods, the Harvard
Volume Centrifugation Method (VCM) [32, 33] and the
in vitro sedimentation, diffusion, and dosimetry (ISDD)
computational model [43], were employed to determine
the effective NP density of the agglomerates (ρe, g/cm

3),
agglomerate porosity parameter (εagg, unitless), diffusion
rate (D, m2/s), sedimentation velocity (V, m/s), depos-
ition factor, (α, h−1), and the deposition fraction curve
[fD(t)]. Harvard VCM, which utilizes experimental
methods to measure the effective volume of NP pellets
(Vpellet), was employed to estimate the ρe of the NP
agglomerates. To measure the Vpellet, NP suspensions
were prepared at a concentration of 100 μg/ml in nano-
pure water and sonicated with 1.05 W of power for
30 min. The resulting stock dispersions were introduced
to RPMI-based cellular media at a concentration of
1.25 mM and then centrifuged at 2000×g for 1 h in TPP
(Techno Plastic Products, Trasadingen, Switzerland)
packed cell volume tubes, and the resulting NP pellets
were measured utilizing the TPP “easy read” measuring
device by the same manufacturer.
Once the Vpellet for a NP dispersion was measured, the

ρe of the NP agglomerates was then calculated using the
following equation (DeLoid et al.) [32]:

ρe ¼ ρmedia þ
MZnO− MZnOSol

V pelletSF

� �

1−
ρmedia

ρZnO

� �� �

ð1Þ

This calculation represents the ρe as a function of the
media density (ρmedia) and density represented by the
NP material. Since ZnO is partially soluble in nanopure
water, the mass of solubilized ZnO (MZnOSol) determined
by ICP-MS as outlined above was subtracted from the
original mass of ZnO (MZnO). A theoretical stacking fac-
tor (SF) of 0.634 to approximate random close stacking
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employed by many dosimetry models [32, 33] was uti-
lized. The density value for ZnO NPs (ρZnO) of 5.606 g/
cm−3 was used. The deposition factor, (α) [43], a func-
tion of the sedimentation velocity (V), diffusion rate (D),
and height of the media in the cell well (L)

α ¼
D

VL
ð2Þ

was then utilized to generate deposition fraction curves
[fD(t)]:

f D tð Þ ¼ 1− e−∝t ð3Þ

and time values needed to observe 90 % deposition of
suspended NPs in solution (t90) [47]:

t ¼
− ln 1−f D tð Þð Þ

∝

ð4Þ

To model dosimetry kinetics for suspension cell
models, the curves representing the fraction of available
NPs [fA(t)] were created using the following equation:

f A tð Þ ¼ e−∝t ð5Þ

To determine the effective density, the in vitro sedi-
mentation, diffusion, and dosimetry (ISDD) computa-
tional model employs the unitless agglomerate porosity
parameter (εagg)

εagg ¼ 1−
dH

dXRD

� �DF−3

ð6Þ

where dH represents the hydrodynamic size, dXRD refers
to the NP crystalline size measured by XRD, and DF is
the specific fractal dimension. A DF value of 2.3, often
employed to model metal oxide suspensions [47], was
used in this study. Once εagg had been calculated, the ρe
was calculated utilizing Eq. 7

ρe ¼ 1−εagg
� �

ρZnO þ εaggρmedia ð7Þ

The ρe value was then employed to calculate the sedi-
mentation velocity (V, m/s) via Eq. 8

V ¼
g ρZnO − ρmedia

� �

dH

18μ
ð8Þ

with g = 9.8 m/s2 and μ defined as the media viscosity
(Pa · s). Finally, the diffusion rate (D, m2/s) was deter-
mined by

D ¼
RT

3NAπμdH
ð9Þ

where R is the gas constant (L · kPa/K/mol), NA is
Avogadro’s number, and T (K) is the temperature.

Cell Culture and Cytotoxicity Studies

For cell cytotoxicity assays, Jurkat T cell leukemia, Hut-
78 T cell lymphoma, T-47D epithelial mammary gland
carcinoma, and the LNCaP epithelial prostate cancer cell
line (ATCC, Rockville, MD) were cultured in cellular
medium. Additionally, the T-47D media was supple-
mented with 0.2 units/ml bovine insulin. Cells were main-
tained in log phase at 37 °C and 5 % CO2 and seeded at a
concentration of 5 × 105 cells/well in 96-well plates for
Jurkat and Hut-78 cells. For the T-47D and LNCaP cells,
the cells were first trypsinized using 0.25 % trypsin/
0.53 mM EDTA (MP Biomedicals, LLC; Santa Ana, CA),
re-suspended in fresh media, and then seeded at a concen-
tration of 2.5 × 105 cells/well in 24-well plates. The cells
were then incubated overnight to allow the cells to re-
adhere to the plate. Prior to treatment, the growth
medium was gently aspirated from each well and replaced
with 400 μL of fresh medium. Cells were subsequently
treated with freshly sonicated (30-min) NPs reconstituted
in the desired solution. Jurkat cells and Hut-78 cells were
treated with NPs immediately after plating. For example,
for a 2 mg/ml ZnO NP stock dispersion, 3.2 mg of NP
was re-suspended in 1.58 ml of solution medium and son-
icated at 50 W for 30 min. Then working dilutions were
prepared from the NP stock dispersion and added to
200 μl of cell suspensions in 96-well plates or 400 μl of cell
suspensions in 24-well plates and cultured for 24 h. After
24 h, the effects of the various NP stock dispersions on
cell viability were determined using two different viability
assays, alamar blue and flow cytometry. The alamar blue
metabolic assay was employed to assess viability based on
the fluorogenic redox indicator dye resazurin being con-
verted to the fluorescent resofurin upon reduction by
mitochondrial enzymes in metabolically active cells. In
this assay, cell populations were seeded into the desired
plate at the concentrations indicated above, treated with
NPs for 20 h, and then incubated with alamar blue (10 %
of total volume) for an additional 4 h. Changes in fluores-
cence were evaluated spectrophotometrically using excita-
tion/emission at 530/590 nm in a Biotek Synergy MX®
plate reader (Winooski, VT).
Flow cytometry was employed as an alternate viability

assay to verify experimental results. NP-treated cells were
dually stained with a fluorescein isothiocyanate-labeled
anti-HLA ABC antibody and 50 μg/ml propidium iodide
(PI) to monitor losses in membrane integrity. Fluorescent
CountBright counting beads (Invitrogen, Carlsbad, CA)
were added to samples to enable determinations of abso-
lute cell numbers, and changes in PI staining were used to
quantify cell death. Nanoparticles were excluded from
analysis based on the absence of fluorescence signal
and light forward scatter (FS) and side scatter (SSC)
characteristics, and samples were analyzed using a BD
FACS Caliber flow cytometer.
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For CD4+ T cell cytotoxicity experiments, written in-
formed consent was obtained from all blood donors and
the University Institutional Review Board approved this
study. Peripheral blood mononuclear cells were obtained
from healthy human blood samples via Ficoll-Hypaque
density centrifugation (Histopaque-1077, Sigma, St. Louis,
MO) and CD4+ T cells isolated by negative immunomag-
netic selection as previously reported [16]. Purified CD4+

T cells (>95 % purity) were cultured in RPMI/10 % FBS
and suspended at a final concentration of 1 × 106 cells/ml.
CD4+ T cells were then incubated for 24 h with increasing
amounts of each of the nZnO suspensions (24–800 μg/
ml) in order to establish an IC50. CD4

+ T cells were then
stained and viability analyzed by flow cytometry.

Reactive Oxygen Species (ROS) Detection

Mitochondrial superoxide levels were determined by flow
cytometry using MitoSOX Red (Invitrogen, Eugene, OR)
staining. MitoSOX Red is a cell permeable fluorescent dye
that becomes oxidized by interacting with mitochondrial
superoxide [48]. The resulting fluorescent signal occurs
upon binding of the oxidized dye to nucleic acids. As a
positive control, samples were treated with 0.2 nM of the
mitochondrial electron transport inhibitor antimycin-A to
ensure that the cells were capable of producing ROS. Jur-
kat cells were incubated with 0.4 mM nZnO or nZnO-
FBS for 6, 18, and 24 h and then dually stained with CD3
antibody and 2.5 μM MitoSOX Red for 30 min. Mito-
chondrial superoxide levels were determined by flow
cytometry.

Statistical Analyses

Statistical analyses were performed using Jump Pro 10
software (SAS; Cary, NC). The cytotoxicity data were an-
alyzed using repeated measures of variance with post
hoc comparisons and significance levels defined as p <
0.05 to determine statistical differences between the
means and allow within-sample variation to be separated
from between-sample variation. Data for Figs. 10, 11,
and 12 were analyzed using a two-way analysis of vari-
ance (ANOVA) to test for statistical significance of the
model, and post hoc comparisons were used to test for
statistically significant effects of treatment on cell viabil-
ity (p < 0.05) with an asterisk denoting statistical signifi-
cance in the indicated figures.

Results and Discussion

ZnO Nanoparticle Synthesis and Characterization

The pure ZnO NPs (nZnO) and the FBS-coated formu-
lation (nZnO – FBSdried) were thoroughly characterized
prior to use. Analysis of the powder X-ray diffraction
spectra of the NPs revealed the expected hexagonal
wurtzite crystal structure (Fig. 1). The MAUD software,
which employs the Rietveld method [49] showed the

particles had an average crystallite size of 10.0 ± 0.74 nm
and lattice parameters a = 3.2580 Å and c = 5.226 Å. The
nZnO – FBSdried sample also showed similar crystallite
size and lattice parameters suggesting that the FBS coat-
ing did not alter the crystalline structure of the nZnO
nanoparticles. Additionally, TEM analysis confirmed that
the NPs in both formulations were primarily spherical in
morphology with similar size distributions (Fig. 1b, c).
Surface charge for nZnO and the nZnO – FBSdried

NP samples, measured in nanopure water using electro-
phoretic measurements, was found to be 43.8 ± 0.55 mV
and −11.8 ± 0.39 mV, respectively. Bovine serum albumin
(BSA), the predominant component of FBS, has an iso-
electric point (IEP) of 5.1 indicating that BSA would be
positively charged at lower pH (<5.1) and negatively
charged at higher pH values (>5.1) [50]. Therefore, the
positive to negative shift in the zeta potential observed for
the nZnO – FBSdried NPs is indicative of the absorption of
negatively charged protein components on the surface of
the nZnO [51]. To determine the IEP of each NP suspen-
sion, the pH was varied from 3 to 12 using 0.1 M HCl or
0.1 M NaOH and the zeta potential was measured at sev-
eral points in three independent trials (Fig. 2a). An IEP of
9.5 was observed for nZnO indicating these NPs would
carry a positive charge below pH 9.5 and a negative charge
at pH >9.5. In contrast, the nZnO – FBSdried formulation
had an IEP of pH 6.1, resulting in positively charged parti-
cles at much lower pH values (below 6.1) and negatively
charged particles at pH >6.1. Below pH 6.5, partial NP
dissolution was observed for nZnO but not for the
nZnO – FBSdried sample. The decreasing zeta potential
trend observed at low pH values for nZnO has been
documented for nZnO prepared using this synthesis
method [28].
The FTIR spectra of nZnO and nZnO – FBSdried are

shown in Fig. 2b. Both samples contain a strong band
characteristic of Zn-O vibrations [52] at 456 cm−1 (nZnO)
and 451 cm−1 (nZnO – FBSdried). The nZnO sample ex-
hibits two bands commonly associated with the carboxyl
functional group, specifically 1412 cm−1 [νs(COO−)] and
1597 cm−1 [νas(COO−)] [53, 54]. Additionally, weaker
bands consistent with τ(CH2) and ν(C–OH) at 903 and
1076 cm−1, respectively, indicate the presence of
surface-adsorbed carboxyl groups originating from the
zinc acetate precursor or the DEG solvent [52–54]. Further-
more, the absence of the ν(C=OOH) band at ~1720 cm−1

suggests that the carboxyl groups are in an expected depro-
tonated form as a result of the alkaline synthesis procedure
[53]. Noticeably absent in the nZnO – FBSdried samples are
the strong symmetric and asymmetric stretching modes of
the carboxyl group with new bands appearing in the
spectrum at 1646 and 1533 cm−1 representing the amide I
and amide II regions that arise from vibrations of the pep-
tide bonds of the protein backbone [55, 56]. The amide I
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region, often used for secondary structure prediction,
exhibits a maximum at 1650–1656 cm−1 when α-helices
predominate in the protein secondary structure [56]. At
1646 cm−1, the amide I band of the nZnO – FBSdried parti-
cles is close to this wavenumber maximum and suggestive
of the presence of a protein with the α-helical structure
components found in BSA. The slight shift of this max-
imum is consistent with a more random secondary struc-
ture (1644–1648 cm−1) and has been observed in protein
adsorption and binding studies with albumin [57]. Taken
together, these findings clearly establish the displacement of
adsorbed carboxyl groups and strong binding of the FBS
protein components [58, 59] on the nanoparticle surface.

Agglomeration and Sedimentation Profiles

As previously discussed, determining the best media com-
ponents and dispersion conditions for the preparation of
stable nZnO dispersions was a major goal of this study. Re-
ported cellular toxicity studies using Jurkat and Hut-78
cells have frequently employed a variety of different bio-
logical solutions used to disperse NP powder samples prior
to treatment. Considerations in choosing stock solution
components include maintaining a viable environment for
the cells as well as creating a stable NP dispersion for treat-
ment conditions. Commonly used stock solutions consist
of nanopure water, PBS, or un-supplemented cellular
media. In addition, various capping agents [60] or protein
components are often utilized to reduce steric attractions
between charged particles and solution components and
reduce NP agglomeration [51, 60, 61]. Solutions such as
PBS or un-supplemented media are generally preferred as
they do not result in unwanted pH changes during the tox-
icity study or affect cellular osmolality. Likewise, media
proteins such as BSA and FBS are frequently used as stabil-
izing agents.
The average hydrodynamic size of the nZnO sample in

six different 25 mM stock dispersions was measured

Fig. 1 Crystal phase composition, size, and morphology characterization for nZnO and nZnO – FBSdried NPs. a XRD spectra and TEM images for

b nZnO and c nZnO – FBSdried

Fig. 2 Surface property analysis for nZnO and nZnO – FBSdried.

a Zeta potentials measured as a function of pH and b FTIR spectra

with the wavenumbers of the main peaks marked
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every 10 min for a 24-h time period using dynamic light
scattering (DLS) technique (Fig. 3a). From this data,
inferences can be made about the agglomeration tenden-
cies of the NPs over time in different biological solution
systems. Two of the solutions, RPMI and PBS, exhibited
unstable average hydrodynamic size profiles over time
evidenced by the immediate formation of very large
agglomerates of 2031 and 3578 nm, respectively. The ag-
glomerate sizes in PBS increased over time from 3578 to
5811 nm and eventually stabilized to a variable range of
2500–4200 nm over the remaining test period. In RPMI,
the nZnO agglomerate size increased dramatically over
time from 2031 nm to sizes exceeding the limits of the
Zetasizer (~10,000 nm) by the end of the time period.
These data indicate that agglomeration behavior of NP
systems increases with increasing ionic strength of the
dispersion solution (nanopure water < PBS < RPMI). All
other test dispersions exhibit stable average hydrodynamic
size profiles over time with average size profiles of 306 nm
(nanopure water), 150–200 nm (DMEM-based cellular
media), 263 nm (RPMI-based cellular media), and 78 nm
(FBS). To evaluate the effect of FBS on dispersion stability,
all three nZnO/FBS formulations, nZnO – FBSdried (dried
FBS-coated nZnO), nZnO – FBSwashed (FBS-coated nZnO
with excess FBS removed), and nZnO – FBS (nZnO
coated with 10 % FBS per volume of desired solution),
were dispersed in both PBS and nanopure water at con-
centrations of 25 mM. For PBS stock dispersions, the FBS
coating provided long-term hydrodynamic size stability
(up to ~15 h) regardless of the formulation employed
when compared to the nZnO/PBS dispersion (Fig. 3b).
Beyond 15 h, the nZnO – FBSdried/PBS dispersions dem-
onstrated some instability in agglomeration behavior with
average agglomerate sizes increasing from approximately
400 to 800 nm. The addition of FBS in nanopure water
dispersions did not appreciably change the agglomerate
stability of the NP suspensions. Relatively stable agglomer-
ation profiles were observed between ~200 and 350 nm
for all dispersions (Fig. 3c). Interestingly, the nZnO –

FBSdried formulation also displayed a mild degree of dis-
persion instability at ~13 h. These findings, along with
those for the PBS-based suspension, suggest that the
nZnO – FBSdried formulation is not the most ideal prepar-
ation for downstream applications which require long-
term dispersion stability.
Although average size profiles highlight the agglomer-

ation tendencies of NP dispersions, they fail to depict how
agglomerate formation affects NP sedimentation, changes
in the net nZnO concentration in the solution over time,
and the ever-changing size distribution of a complex NP
dispersion. To address these shortcomings, experiments
evaluating the sedimentation behavior of nZnO disper-
sions were performed by measuring changes in the optical
absorbance intensity at λmax (~378 nm corresponding to

Fig. 3 Aggregation profile evaluation for NP stock dispersions.

Average hydrodynamic size profiles of 25 mM ZnO stock dispersions

(pH = 7.3) for a 24-h time period. a nZnO in various biologically

relevant solutions. b nZnO, nZnO – FBSdried, nZnO – FBSwashed, and

nZnO – FBS stock dispersions in PBS and c nZnO, nZnO – FBSdried,

nZnO – FBSwashed, and nZnO – FBS stock dispersions in nanopure water
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the band gap energy of nZnO) relative to the initial
absorbance intensity. Decreases in the relative absorbance
intensity at λmax as a function of time have been correlated
to decreasing NP concentrations in the solution as a result
of NP sedimentation [23, 62]. The sedimentation tenden-
cies over a 2-h time period for various stock dispersions
are depicted in Fig. 4a. As expected, nZnO in RPMI rap-
idly settles out of the solution with 100 % sedimentation
noted by the 1-h time point. Other dispersions that dis-
played sedimentation behavior were nZnO dispersions in
both RPMI-based cellular media (29 % at 2 h) and PBS
(49 % at 2 h). None of the nZnO – FBS formulations
(nZnO – FBSdried, nZnO – FBSwashed, or nZnO – FBS)
showed any appreciable sedimentation behavior over the
2-h time period in PBS or nanopure water (Fig. 4a, b).
Further evidence of NP dispersion stability can be

observed in the hydrodynamic size distribution profiles at
various time intervals (Figs. 5, 6, and 7). Stable dispersions,
such as those observed for the nanopure water (Fig. 5a),
demonstrate similar size distribution trends across the
evaluated time period. Strong agglomeration and sedi-
mentation tendencies result in broader distributions ini-
tially as a result of immediate agglomerate formation,
followed by narrower distributions as large agglomerates
settle out of the dispersion. This trend is readily apparent
for the PBS dispersion (Fig. 5b) and present to a lesser de-
gree for the cellular media stock (Fig. 5c) which reflects
the improved stability of the nZnO in RPMI-based cellular
media, containing 10 % FBS, compared to the PBS stock.
The size distribution trends observed for the nZnO –

FBSdried, nZnO – FBSwashed, and nZnO – FBS dispersions
in PBS (Fig. 6) and water (Fig. 7) affirm the findings previ-
ously observed. Both the nZnO – FBSdried/PBS (Fig. 6a)
and nZnO – FBSdried/water (Fig. 7a) dispersions begin to
show dispersion instability at ~12 h which is readily
apparent by 24 h. Taken together, the agglomeration pro-
files obtained from DLS and the sedimentation trends
observed by UV-Vis spectrophotometry provide an accur-
ate qualitative assessment of the NP dispersion stability.
After evaluating several stock dispersions independ-

ently, the behavior of the NPs was assessed under condi-
tions used for cellular toxicity assays. In short, aliquots
of the 25 mM nZnO/PBS and nZnO – FBS/PBS stock
dispersions were introduced to RPMI-based cellular
media at concentrations of 0.6 mM and the agglomer-
ation and sedimentation tendencies of the NPs were
observed for 24 h (Fig. 8). Analysis of the data collected
under in vitro experimental conditions reveal that NPs
dispersed in nZnO/PBS display strong agglomeration
potential in the cellular media compared to those pre-
pared using the nZnO – FBS/PBS stock. NPs in the
dispersion prepared using the PBS stock formed large
agglomerates immediately (>500 nm) (Fig. 8a, c), which
precipitated rapidly from the cellular media (Fig. 8b),

reducing the percent intensity and changing the max-
imum in the agglomerate size distribution (Fig. 8c). At
the 12-h time point, the hydrodynamic size profile
revealed a large distribution of NP sizes present within
the solution with a 54 % decrease in the nZnO absorb-
ance. Significant decreases in the hydrodynamic size dis-
tribution can be seen by the 24-h time point suggesting
that large agglomerates had precipitated from the cellu-
lar media (Fig. 8a, c). The sedimentation profile (Fig. 8b)
confirms that by 24 h nearly 60 % of the nZnO was no
longer present in the cellular media. Comparatively, the
experimental dispersion (0.6 mM) prepared from the
nZnO – FBS/PBS stock exhibited considerably more size
stability over time (Fig. 8a, d) resulting in less sedimen-
tation behavior (39 %) by 24 h (Fig. 8b). In the context
of in vitro cytotoxicity studies, these results imply that

Fig. 4 Sedimentation profile evaluation for NP stock dispersions.

Sedimentation profiles of 25 mM ZnO stock dispersions (pH = 7.3)

for a 2-h time period. a nZnO, nZnO – FBSdried, nZnO – FBSwashed,

and nZnO – FBS stock dispersions in various biologically relevant

solutions. b Sedimentation histograms for 0, 0.5, 1.0, 1.5, and 2.0-h

time points for nZnO – FBSdried, nZnO – FBSwashed, and nZnO – FBS

stock dispersions in PBS and nanopure water
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using FBS as a NP stabilizing agent prior to solution dis-
persion results in more NPs being bioavailable to interact
with cells cultured in suspension. Although most of the
ZnO NPs are in the 100–250 nm range at the 24-h time
point, there are some significantly large agglomerates
(3000–6000 nm) in the hydrodynamic size profiles (inset
in Fig. 8d) of nZnO – FBS samples. However, their percent
abundance is <5 % of the total number of observed aggre-
gates at 24 h.

Dissolution Studies

Experiments were conducted to investigate if Zn2+ ions
are released from the ZnO NP, when dispersed in stock
solutions prepared at concentrations typically employed
for downstream biological assays (6 mM of nZnO). Zn2+

dissolution was measured using a PBS stock dispersion
and compared to the same after adding 10 % FBS to
improve dispersion stability. Figure 9 shows the Zn2+

dissolution data (displayed as percentage of the total

Fig. 5 Hydrodynamic size distribution profiles at 0, 12, and 24 h. Histograms represent 25 mM stock dispersions prepared in a nanopure water,

b PBS, and c RPMI-based cellular media

Fig. 6 Hydrodynamic size distribution profiles at 0, 12, and 24 h. Histograms represent 25 mM stock dispersions prepared in PBS for a nZnO – FBSdried,

b nZnO – FBSwashed, and c nZnO – FBS
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nZnO concentration in each solution as a function of
time). Among these, the nZnO – FBS/PBS stock disper-
sion showed the highest Zn2+ dissolution (0.151 ±
0.029 % at 24 h) while the nZnO/PBS stock (0.033 ±
0.004 % at 24 h) showed significantly less Zn2+ ion
release. These dissolution studies were then extended to
samples prepared under actual experimental conditions
(0.6 mM nZnO) used for the in vitro toxicity assay stud-
ies as previously described. This lowering of the nZnO
concentration by 10-fold caused significant increases in
percentage Zn2+ dissolution for both dispersion combina-
tions, as shown in Fig. 9. Decreasing nZnO concentration
in solution will decrease NP agglomeration tendencies
and subsequently increase the interaction of the nanopar-
ticles with the medium, resulting in more Zn2+ ion forma-
tion in the dispersion [63]. Interestingly, the FBS/PBS
sample showed lower Zn2+ dissolution (8.668 ± 0.247 % at
24 h) than the pure PBS sample (10.041 ± 2.905 % at
24 h). Since FBS addition increases dispersion stability and
reduces hydrodynamic size, an increase in the Zn2+ dissol-
ution is expected if interaction of the NPs with the dis-
persed medium alone is the most important factor. The
observed lower Zn2+ dissolution of the nZnO – FBS/PBS
sample may be due to the presence of serum proteins
from FBS on the nZnO surface, reducing direct NP-media
interaction and thus protecting them from Zn2+ dissol-
ution. Both FTIR and zeta potential measurements have
shown that 10 % FBS addition produces a surface layer
of serum proteins on the nZnO surface. Thus, the
lower Zn2+ dissolution of nZnO – FBS/PBS dispersion
(0.6 mM) is likely attributed to the serum coating of the

nZnO and the resulting reduction in the NP-medium in-
teractions. Another potential contributing factor in these
systems is the propensity of free zinc ions to form insoluble
zinc carbonate (ZnCO3) or zinc phosphate (Zn3(PO4)2)
precipitates in biologically relevant solutions [61, 64]. Pre-
cipitation of these species may explain dissolution potential
differences between the prepared nZnO/PBS and nZnO –

FBS/PBS stock dispersions given the assumption that the
FBS present in suspension may provide a protective func-
tion against nZnO and Zn2+/media interactions, thus redu-
cing the amount of insoluble complexes formed and
increasing the concentration of ionic Zn2+ [65]. However,
if this were the sole contributing factor, the same dissol-
ution pattern would be expected when the stock disper-
sions were introduced into the cellular media. The reversal
of the dissolution potential trend going into the cellular
media underscores the complex nature of nZnO dissol-
ution in biologically relevant solutions. While our results
appear to contradict a recent study by Hsiao and Huang
[41] in which a much larger Zn2+ dissolution was observed
when FBS-coated ZnO NPs were dispersed in DMEM
media, these apparent discrepancies may be attributable to
solution-related dissolution differences. Additional studies
conducted in our laboratory have shown that nZnO dis-
persed in the RPMI-based cellular media employed in this
study exhibit significantly less dissolution potential than
nZnO dispersed in the DMEM used by Hsiao and Huang
(data not shown). The decrease in ionic zinc in the RPMI-
based media compared to DMEM could be attributed to
increased precipitation of insoluble Zn3(PO4)2 in the
phosphate-rich RPMI system [61, 65]. Furthermore, NP

Fig. 7 Hydrodynamic size distribution profiles at 0, 12, and 24 h. Histograms represent 25 mM stock dispersions prepared in water for a nZnO – FBSdried,

b nZnO – FBSwashed, and c nZnO – FBS
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dissolution in the presence of serum proteins appears
to be a competition between two processes. Serum pro-
teins reduce agglomerate size allowing more interaction
between NP surface and the dispersing medium. How-
ever, serum proteins will also attach to the nanocrystal
surface effectively reducing the interaction of surface
bound Zn ions and the medium.

Reactive Oxygen Species

The potential role of intracellular reactive oxygen species
(ROS) generation in the cytotoxicity of nZnO was dem-
onstrated in our earlier reports [10, 15, 16] and through
several other studies for a variety of cells types [66–68]
by using fluorescent dyes to directly detect ROS. Since
redox reactions at the NP surface are a primary driver in

Fig. 8 Dispersion stability analysis for nZnO/PBS and nZnO – FBS/PBS stock solutions introduced to RPMI-based cellular media at a concentration of

0.6 mM. a Average hydrodynamic size profiles for a 24-h time period. b Sedimentation profiles for a 24-h time period. Hydrodynamic size distribution

profiles at 0, 12, and 24 h for c nZnO/PBS stock dispersion in RPMI-based cellular media and d nZnO – FBS/PBS stock dispersion in RPMI-based

cellular media
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extracellular and intracellular ROS production, changes
in the NP surface structure as a result of protein coating
could change ROS generation and, in turn, also influ-
ence the cytotoxicity. To evaluate the amount of ROS
produced by nZnO and nZnO – FBS, Jurkat cells were
exposed to 0.4 mM ZnO for 6, 18, and 24 h and subse-
quently stained with MitoSOX Red. As Fig. 10 illus-
trates, appreciable differences exist between the amounts
of ROS produced at 6 h (Fig. 10a, b), as measured by
the mean MitoSOX fluorescence intensity (MFI), be-
tween the nZnO dispersion (PBS stock; 33.9 ± 2.66
MFI) versus the nZnO – FBS dispersion (FBS/PBS
stock; 49.9 ± 4.98 MFI) representing a 47.2 % increase
in the amount of NP-induced ROS present in cells
treated with the nZnO – FBS dispersion. As the ex-
posure time increases, the differences in the ROS pro-
duction increase significantly. The greatest disparity,
noted at 24 h (Fig. 10a, d), represents an 88.2 % in-
crease in the amount of ROS induced by the nZnO –

FBS over the nZnO dispersion. Given that the ag-
glomerates present in the nZnO – FBS dispersion are
significantly smaller and more bioavailable than those
in the nZnO dispersion, more surface area to volume
interactions are possible in the more stable nZnO-
FBS which could result in the significant differences
observed in the ROS induction. While many surface
modifications, such as SiO2 coating, have demon-
strated protective benefits such as less cytotoxicity
and cellular stress-inducing ROS production [42, 66],
FBS coating does not appear to impart protective
benefits against ROS generation.

Cellular Toxicity Studies

It has been previously shown in our laboratory that
these nZnO synthesized in DEG media demonstrate
strong cytotoxic effects against Jurkat leukemic and Hut-
78 lymphoma T cell cancer lines [16]. Experiments were
performed to determine if FBS coating and the resulting
improvements in NP stability and bioavailability influ-
ence the cytotoxicity of NPs in these suspension cell
models. Cells were exposed to increasing concentrations
of freshly prepared nZnO/PBS or nZnO – FBS/PBS
stock dispersions for 24 h. NP-induced toxicity was then
determined using an alamar blue assay or through flow
cytometry utilizing a T cell-specific fluorescent antibody
and propidium iodide (PI) dye uptake [16]. As shown in
Fig. 11, both types of cancer cells showed a significant
increase in the NP-induced cytotoxicity (p = 0.0022 and
p = 0.0488 for Jurkat and Hut-78 cells, respectively)
when nZnO – FBS/PBS stock-treated cultures were
employed, thus confirming the favorable role of 10 %
FBS addition in the stock dispersion preparation. The
IC50 values for Jurkat cells decreased from 0.39 ±
0.03 mM for nZnO/PBS dispersions to 0.27 ± 0.02 mM
for the nZnO – FBS/PBS dispersion using alamar blue
staining (Fig. 11a) and from 0.38 ± 0.03 mM for
uncoated nZnO to 0.25 ± 0.004 mM for nZnO – FBS
using flow cytometry and PI uptake (Fig. 11b). Similarly,
the IC50 value for the Hut cells (Fig. 11c) also showed a
decrease from 0.21 ± 0.03 mM when treated with the
nZnO/PBS dispersion to 0.14 ± 0.02 mM when treated
with the nZnO – FBS/PBS dispersion. These results
clearly demonstrate that coating nZnO with FBS pro-
teins and the resulting improved dispersion stability
increases their toxic response to cancer cells by ~33 %
for both cell types. Additionally, FBS coatings may also
provide a potential approach to reduce the IC50 values
of nZnO against cancer cells from their current millimo-
lar range to more suitable ranges appropriate for thera-
peutic applications.
Our previous work has shown that ZnO NPs display

some selectivity in their toxic response against cancerous
T cells as the IC50 values observed for primary quiescent
T cells under similar conditions are considerably higher.
Similar toxicity studies using nZnO – FBS/PBS disper-
sions also showed stronger toxic responses (p = 0.0303) to
resting CD4+ T lymphocytes (Fig. 11d). Here, the IC50

values decreased from 4.69 ± 0.85 mM when treated with
nZnO/PBS dispersion to 2.43 ± 0.0.24 mM when nZnO –

FBS/PBS dispersions were used. Thus, the effect of coating
NP with serum proteins is evident in primary cells as well.
While these results are consistent with our previously re-
ported preferential cytotoxicity of nZnO to cancer cells,
the therapeutic index of Hut cancer cells decreased from
22.6 for nZnO/PBS dispersions to 17.0 for the nZnO –

FBS/PBS dispersion. Even with the modest decrease noted

Fig. 9 Extracellular dissolution of 6 mM nZnO/PBS and nZnO – FBS/

PBS stock dispersions and 0.6 mM of those respective nZnO stock

dispersions in RPMI-based cellular media. Zn2+ concentration is expressed

as % Zn2+ (total dissolved Zn2+ measured by ICP-MS/total Zn2+ in

sample) to normalize for concentration

Anders et al. Nanoscale Research Letters  (2015) 10:448 Page 13 of 22



in the therapeutic index for the nZnO – FBS/PBS disper-
sion, the resulting therapeutic efficiency of the nZnO ap-
pears better than some commonly recognized traditional
chemotherapeutic agents using comparable in vitro assays
[16]. Thus, the protein interaction with nZnO increases
their cytotoxicity in the suspension cell models evaluated,
yet maintains some of the cancer cell selectivity previously
observed.
Some published studies have reported that coating

nZnO with organic molecules or media protein compo-
nents results in decreased cytotoxicity and ROS accumu-
lation compared to uncoated nZnO [25, 38, 40–42, 69].
While these studies appear to contradict our findings, it
should be noted that most of these reports evaluated
adherent cells while the primary T cells and cancerous

counterparts employed here are all grow as suspension
cultures. In adherent cell cultures, poor dispersion sta-
bility results in faster sedimentation of NP agglomerates
onto the cell monolayer. This rapid sedimentation may
artificially lead to higher increases in NP-cell interactions
[34] and the observed increased toxicity [39, 41, 42].
When the dispersion stability improves and sedimentation
decreases with the addition of suitable molecules such as
FBS, adherent cells will be exposed to lesser amounts of
deposited NPs resulting in more accurate dosimetry
kinetics, measured effective administered doses, and
observed toxicity values, as reported by many recent
studies [25, 38, 40–42, 69]. This possibility was con-
firmed by comparing the effects of nZnO/PBS and
nZnO – FBS/PBS dispersions in two different adherent

Fig. 10 Cellular production of ROS following ZnO NP exposure. ROS generation was evaluated in Jurkat cells at 6, 18, and 24 h following treatment with

nZnO/PBS (PBS) and nZnO – FBS/PBS (FBS/PBS) stock dispersions using MitoSOX red and flow cytometry (means ± standard error, minimum of n= 3). Cells

were treated with 0.4 mM nZnO and stained with MitoSOX red and CD3 antibody after the desired time. a Mean MitoSOX fluorescence intensity for a

non-treated control (NT) and nZnO and nZnO – FBS exposure. To assess relative increases in ROS following NP treatment, a marker (M1) was set so that

background fluorescent in control samples (MitoSOX loaded/no NP) was between 1 and 3.5 %. Histograms represent b 6 h, c 18 h, and d 24 h
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epithelial cancer cell lines, T-47D mammary gland car-
cinoma and LNCaP prostate cancer cell lines (Fig. 12).
For both adherent cell lines, the nZnO – FBS/PBS-
treated cells exhibited less toxicity when compared to
the nZnO/PBS-treated cells (p = 0.0020 and p = 0.0008
for the T-47D and LNCaP cells, respectively). For the
T-47D (Fig. 12a) cells, a 48.7 % increase in the IC50 was
observed for the nZnO – FBS/PBS dispersions over the
nZnO/PBS-treated cells (from 0.39 ± 0.02 mM for
nZnO/PBS to 0.58 ± 0.01 mM for nZnO – FBS). Com-
paratively, the IC50 for the LNCaP cells (Fig. 12b)
increased from 0.35 ± 0.02 mM nZnO/PBS-treated cells
to 0.60 ± 0.06 mM for nZnO – FBS/PBS-treated cells
representing a 71.4 % decrease in the toxic response.

In comparison to the suspension cell models, FBS
coating leads to opposite effects in adherent cells. Sus-
pension cells interact with fewer NPs in experimental
conditions consisting of even minimally unstable disper-
sions since a portion of the original NP concentration
sediments and may not be bioavailable for cellular inter-
actions. This will skew toxicity assay results to suggest
lower toxicity for suspension cells than expected. When
the stability of the NP dispersion is improved by suitable
molecular additives such as 10 % FBS (Fig. 11), the cyto-
toxicity increases significantly for both Jurkat and Hut
cancer cells as well as for the primary T cell lympho-
cytes. More ZnO NPs are freely available in the stable
NP dispersions to interact with more cells, thus resulting

Fig. 11 ZnO NP toxicity using nZnO/PBS and nZnO – FBS/PBS stock dispersions for 24 h on various suspension cell types. Cultures were treated

concurrently with varying concentrations of ZnO NP for 24 h and cell viability was evaluated (means ± standard error, minimum of n = 3).

Statistical analysis was performed using repeated measures analysis of variance and model-based means post hoc test (p < 0.05) with an asterisk

denoting statistical significance. Jurkat cell viability was assessed using both a alamar blue staining or b flow cytometry and PI uptake to evaluate

between assay variability and repeatability. c Hut-78 cell viability using alamar blue staining and d CD4+ T cell viability using flow cytometry and

PI uptake
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in the higher cytotoxicity observed in suspension cell
models. The stability-induced differences between sus-
pension and adherent cells underscore the importance
of this work. The results from suspension cell studies
alone would seem surprising considering other reports
employing similar serum coatings describe decreases in
NP-induced cytotoxicity in adherent cell lines suggesting
that NP coating could be a potential means to control
unwanted cytotoxicity [39]. One such study, Hsiao and
Huang [41], demonstrated that 5–10 % FBS coating on
ZnO NPs increased dispersion stability and Zn2+ ion
release, and decreased the NP-induced cytotoxicity. They
hypothesized that this reduction in cytotoxicity in the
serum-coated NPs was a result of serum-induced in-
creases in cell growth and resulting decreases in nZnO

dosage-per-cell ratios. Additionally, these authors [41]
showed larger Zn2+ release in their experiments with
FBS-coated ZnO thus negating Zn2+ release as a primary
contributing mechanism to nZnO cytotoxicity. In this
present study, FBS coating appears to decrease the Zn2+

release while significantly increasing NP-induced cyto-
toxicity for the suspension cell model when compared to
uncoated nZnO. With the addition of the 10 % FBS to
our phosphate-rich stock dispersion, it is plausible that
decreases in formation of toxic insoluble Zn3(PO4)2 pre-
cipitates [70] could translate to perceptible decreases in
the NP-induced cytotoxicity observed for nZnO – FBS/
PBS treatment. However, decreases in Zn3(PO4)2 forma-
tion would also result in measured increases in Zn2+

release which was not observed. Therefore, extracellular
Zn2+ dissolution is unlikely to be a primary factor for
the increased cytotoxicity noted for our nZnO – FBS
NPs. It is clear from FTIR and zeta potential studies that
FBS molecules bind to the ZnO NP surface. This modifi-
cation of the NP surface influences their interaction with
other NPs (and on agglomerate formation and sedimen-
tation effects) as well as with cells.

Modeling and Dosimetry Studies

Given the toxicity trend differences noted for the differ-
ing cell models, mathematical models were investigated
as a potential method to confirm the observed trends
and to model the dosimetry kinetics for both the investi-
gated stock dispersions (nZnO/PBS versus nZnO – FBS/
PBS) and the different cellular models. All of the investi-
gated experimental parameters of dispersion stability can
be applied to the in vitro sedimentation, diffusion, and
dosimetry (ISDD) computational models, put forth by
Hinderliter et al. (2010), to predict the transport proper-
ties of the NPs in various experimental conditions [43].
The NP and experimental parameters which most influ-
ence the NP transport properties include hydrodynamic
size (dH), agglomeration state, effective particle density
(ρe), and the media height in the cell well (L) [43]. Cen-
tral to the effective dosimetry determination in the ISDD
model is the calculation of a NP deposition factor α (h−1),
Eq. 2 in “Experimental Details”, which interrelates the diffu-
sion rate (D), sedimentation velocity (V), and media height
[32, 33, 43, 44]. While the diffusion rate is primarily
dependent upon the hydrodynamic size, the sedimentation
velocity depends upon both the hydrodynamic size and the
effective particle density occupied by NP agglomerates [43,
44]. The effective particle density (ρe) can be approximated
in the ISDD model (Eq. 7) using the hydrodynamic size-
dependent agglomerate porosity parameter (εagg) [43] or
can be determined experimentally (Eq. 1) as a part of the
Harvard Volume Centrifugation Method (VCM) [33, 43].
The Harvard VCM employs an experimental determination
of NP agglomerate volumes to directly determine effective

Fig. 12 ZnO NP toxicity using varying concentrations of nZnO/PBS

and nZnO – FBS/PBS stock dispersions for 24 h on adherent cell

types. a T-47D epithelial mammary gland carcinoma and b LNCaP

epithelial prostate cancer cells. Cultures were treated concurrently

and cell viability was evaluated (means ± standard error, minimum of

n = 3). Statistical analysis was performed using repeated measures

analysis of variance and model-based means post hoc test (p < 0.05)

with an asterisk denoting statistical significance
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particle density. Furthermore, the VCM has been modified
to incorporate mass lost due to the dissolution of soluble or
partially soluble NPs such as ZnO [32, 33].
To determine dosimetry curves for various experimen-

tal conditions, 25 mM dispersions were prepared and
dispersed in complete cellular media at a concentration
of 1.25 mM and the effective density (ρe) determined
using Harvard VCM (Table 1) [33]. From the calculated
deposition factor, α (h−1), dosimetry curves were con-
structed (Fig. 13) as described in Cohen et al. (2014)
[33]. Originally introduced as a model for adherent cell
culture, the deposition fraction curve [fD(t)] (Eq. 3;
Fig. 13a) depicts the fraction of NPs that are deposited
upon an adherent cell layer as a function of time [32,
33]. However, the same α values may be used to model
the fraction of NPs that remain bioavailable [fA(t)] as a
function of time for suspension cells (Eq. 5; Fig. 13b).
Based on these curves, a t90 value can be calculated to
make accurate determinations of effective NP dose either
deposited on an adherent cell layer or bioavailable to sus-
pension cells at desired time points.
The influence of FBS on the dosimetry kinetics is evi-

dent in an analysis of the experimentally stable water,
FBS/water, and FBS stock dispersions introduced to the
RPMI-based cellular media. Given the dependence of
agglomerate behavior and effective density (ρe) on the
hydrodynamic size of NPs in dispersion, the water
(182.5 nm), FBS/water (185.1 nm), and FBS (185.5 nm)
stock dispersions should exhibit similar dosimetry kinet-
ics. However, the effective density (ρe) of the NPs in the
three dispersions decreased with increasing amounts of
FBS in the stock preparation thus increasing the calcu-
lated deposition factor. These disparities are a direct
result of measured increases in the effective volume of
the NP pellet with increasing amounts of FBS in solu-
tion. So while the similarities in the hydrodynamic diam-
eters of these three dispersions imply consistent NP

diffusion rates (Eq. 9), the differing effective volume
measurements suggest different NP sedimentation
velocities (Eq. 8) [32]. Therefore, even though all three
dispersions demonstrate dispersion stability experimen-
tally, the effective volume occupied by the resulting
protein corona in the NP agglomerates decreases the
sedimentation velocities of the NPs predicted by the
model, thus increasing the deposition factor and shifting
the dosimetry kinetics.
Interestingly, the dose metrics obtained for the unstable

stock dispersions of PBS and RPMI suggest dosimetry
trends opposite to what would be expected considering
the experimentally determined agglomeration and sedi-
mentation profiles. However, the VCM dosimetry model
assumes that the dispersions used to obtain the experi-
mental α values are stable across the time frames defined
by the model. As this is not the case with the PBS and
RPMI stock dispersions, these obtained dosimetry curves
cannot be used to accurately model the dosimetry kinetics
under these conditions. To model potentially unstable
dispersions, it is necessary to calculate α values using
experimentally determined stability parameters such as
hydrodynamic size at multiple time points. For this, we
employed the ISDD model. This model approximates
effective particle density utilizing the hydrodynamic
size-dependent parameter εagg. While the approxima-
tion of the ρe employed in this model lacks the experi-
mental accuracy achieved for ρe measurements afforded
by VCM, the ISDD model does allow for time-resolved
approximation of NP transport parameters within un-
stable dispersions. Employing the ISDD model, α values
were obtained using time-resolved dH values and the
dosimetry curves for both the nZnO/PBS and nZnO –

FBS/PBS stock dispersions in RPMI-based cellular
media were modeled for several time points from 0 to
24 h. These time-resolved points were compiled to gen-
erate ISDD curves which were then fit to both the fD(t)

Table 1 Delivered dose metrics

Stock
dispersion in
complete RPMI

Zeta
potential
(mV)

dH (nm) ρe (g/cm
3) 96-well plate 24-well plate

(L = 6.6 mm) (L = 2.25 mm)

α (h−1) t90 (h) α (h−1) t90 (h)

Water −16.1 ± 1.45 182.5 2.021 0.1453 15.6 0.4261 5.4

FBS/Water −15.1 ± 0.81 185.1 1.692 0.2085 11.1 0.6116 3.8

FBS −13.9 ± 0.40 185.5 1.464 0.3121 7.4 0.9154 2.5

PBS −8.1 ± 1.93 663 1.879 0.0087 264.9 0.0255 90.3

FBS/PBS −9.8 ± 2.08 322 1.743 0.0543 42.4 0.1593 14.5

RPMI −14.7 ± 1.46 770.5 1.623 0.0087 263.8 0.0256 89.9

Complete RPMI −13.6 ± 2.63 244.4 1.682 0.1116 20.6 0.3273 7.1

Delivered dose metrics: ρe is the agglomerate effective density (g/cm3); dH is the hydrodynamic diameter (nm); L is the media height; α is the deposition fraction

(h−1); t90 is the time required for delivery of 90 % of administered dose (h); and α (h−1) and t90 (h) values are designated for each well plate employed (96-well

plate for suspension cells and 24-well plate for adherent cells)

FBS fetal bovine serum, PBS phosphate buffered saline, RPMI Roswell Park Memorial Institute medium
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and fA(t) mathematical models to obtain α values for
each representative graph (Fig. 13c, d).
For the unstable nZnO/PBS stock, the ISDD α values

of 0.290 for adherent cell model conditions and 0.120
for the suspension cell models were significantly higher
(1037 and 1279 % increases for adherent and suspension
cell models, respectively) than those obtained using the
Harvard VCM (Table 1). The ISDD modeled t90 values
of 7.94 (adherent cells) and 19.12 (suspension cells) were
more consistent with the experimental stability data dis-
cussed earlier. Applying the same model to the stable
nZnO – FBS/PBS stock dispersion, yielded α values
(0.331 and 0.107 for adherent and suspension cell
models, respectively) more closely aligned to the VCM
determined values (Table 1) with percent increases of

107 and 97 % for adherent and suspension cell models,
respectively. Surprisingly, the ISDD modeled curves for
the nZnO/PBS (unstable) and nZnO – FBS/PBS (stable)
dispersions imply similar dosimetry kinetics for both cel-
lular models and, if considered without experimentally
derived stability profiles (e.g., average hydrodynamic size
profiles, size distribution histograms, and sedimentation
analysis), would not reflect the true dosimetry for unstable
stock dispersions. While the ISDD-derived fD(t) curve for
the unstable nZnO/PBS stock dispersion (Fig. 13c) at face
value implies stable dosimetry kinetics, the individual
ISDD curves at each time point reflect the unstable nature
of the nZnO/PBS dispersion (Fig. 14a). As a result, using
either mathematical model to predict the effective dose
for this dispersion would not be advisable. For the stable

Fig. 13 Dosimetry curves for various stock dispersions introduced to RPMI-based cellular media at a concentration of 1.25 mM. a Curves constructed

using α values calculated for 24-well plates and representing the fraction of NP deposited [fD(t)] to an adherent cell as a function of time. b Curves

constructed using α values calculated for 96-well plates and representing the fraction of NPs available [fA(t)] to cells grown in suspension as a function

of time. Dosimetry curves constructed using both the Harvard VCM and ISDD models for both the nZnO/PBS and nZnO – FBS/PBS stocks representing

c NP deposition [fD(t)] and d NP availability [fA(t)]
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nZnO – FBS/PBS dispersion, both the VCM and ISDD
models (Figs. 13 and 14b) depict stable dosimetry kinetics
for both suspension and adherent cell models. For adher-
ent cells, the t90 value of 14.5 h (Table 1; VCM) suggests
90 % of the NPs in suspension will come in contact with
and potentially interact with the cell layer by the 24-h time
point indicating that the experimentally observed toxicity
values are an accurate assessment of the in vitro toxicity
for adherent cell types. Mathematical models for stable
dispersions in suspension cells may provide less definitive
information regarding effective dose. While these models
can accurately predict the amount of NPs remaining in
dispersion as a function of time [fA(t)], the models fail to
account for NP-cellular interactions that will occur within
the suspension culture before sedimentation processes
remove NPs from the dispersion. Better mathematical
models are needed to predict the fate and transport of
NPs in suspension cell models that include NP sedimenta-
tion rates as well as time-resolved NP-cellular interactions.
Taken together, these observations underscore the
importance of time-dependent stability studies for NP
stock dispersions prior to the implementation of fate
and transport dosimetry models and downstream ex-
perimental applications.

Conclusions

Studies reported in this work show that ZnO nanoparti-
cles form very large agglomerates with hydrodynamic
sizes in the 300 to 20,000 nm range which and depend
primarily on the solution composition used. Presence of
such agglomerates leads to sedimentation of a significant
portion of the nanoparticles which increases in time. For

adherent cells, this will increase the effective NP concen-
tration interacting with the cells at very early time points
and may cause unusually large and potentially inaccurate
in vitro toxicity measurements. This was demonstrated
using two adherent epithelial cell lines (T-47D and
LNCaP) with both cell types experiencing significant
decreases in NP-mediated cell death with the more
stable NP stock dispersions. Likewise, this sedimentation
process will reduce the effective NP concentration
remaining in the solution medium. Subsequent investiga-
tions using suspension cells showed that this phenomenon
results in an opposite trend due to the reduction in the
number of nanocrystals interacting with the suspension
cells and, consequently, a lower than actual toxic response
is obtained. Using a 10 % FBS/PBS stock to disperse the
same nZnO, the IC50 values for Jurkat (Hut) cancer cells
decreased from 0.39 mM (0.21 mM) for nZnO/PBS-
treated cells to 0.27 mM (0.14 mM) for the nZnO – FBS/
PBS dispersion. Their normal counterparts (CD4+ T lym-
phocytes) also showed a reduction in IC50 with 10 % FBS
addition. Its IC50 decreased from 4.69 mM for nZnO/PBS
dispersions to 2.43 mM when nZnO – FBS/PBS stock was
used. On the other hand, treating the adherent cells T-
47D and LNCaP using the nZnO – FBS/PBS dispersion
resulted in 48.7 and 71.4 % reductions, respectively, in the
NP-induced toxic response compared to nZnO/PBS dis-
persion. Surface modification of these nZnO using serum
proteins seems to be a suitable approach to obtain stable
dispersions and accurate cytotoxicity values, thus improv-
ing their utility in therapeutic applications.
This study has shown the important role of serum pro-

teins in modifying the ZnO nanocrystal surface resulting

Fig. 14 Dosimetry curves constructed using both the Harvard VCM and ISDD models for nZnO/PBS and nZnO – FBS/PBS stock dispersions introduced

to RPMI-based cellular media at a concentration of 1.25 mM. Curves were constructed using α values calculated for 24-well plates at various time points

(ISDD) and Harvard VCM α values (Table 1). These curves represent the fraction of NPs deposited [fD(t)] to an adherent cell layer as a function of time

for a nZnO – PBS stock dispersions and b nZnO – FBS/PBS stock dispersions
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in the formation of considerably smaller agglomerates and
stable NP dispersions. Furthermore, these FBS surface
coatings influenced Zn2+ release from the nanocrystals
and induced changes in the mitochondrial function of the
cells as evidenced by the increased ROS production in the
nZnO – FBS/PBS-treated cells. Given these findings, it is
readily apparent that the addition of serum proteins adds
a level of complexity to our experimental understanding
of NP-cell interactions. Further studies are needed to
examine how FBS coatings change NP-cellular surface in-
teractions, influence cellular uptake mechanisms, and
modify molecular interactions with other extracellular
matrix components. Additionally, these studies should be
extended to include newer 3D cellular culture models
which often employ complex biomolecular solution sys-
tems or molecular scaffolds to better mimic in vivo-like
environments for mechanistic biological assays [71, 72].
These complex culture systems will influence the forma-
tion of the NP biomolecular corona and change the diffu-
sion and sedimentation rates for NP dispersions especially
those containing additional serum proteins. Furthermore,
3D culture systems alter cellular growth patterns, metab-
olism, genetic expression, and phenotype organization
changing NP-induced cellular responses which could be
further influenced by the addition of NP coating materials
[72, 73]. Finally, these studies should be extended into
other cell types. Molecular coatings are often considered
as a means to achieve safer nZnO structures, yet little is
known about how these molecular coatings will influence
NP-cellular interactions with endothelial cells [18, 27, 74]
and other primary immune system cells [10].

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

CBA designed the experiment, synthesized and characterized the NP

samples, and performed the stability measurements and biological assays.

JJC assisted in the nanoparticle synthesis and dispersion stability assays and

performed the TEM measurements. CBA and AP wrote the manuscript. AP

and DGW participated in the experimental design process and coordination

of the study. All authors read and approved the final manuscript.

Acknowledgements

This work was supported in part by NSF CBET 1134468, NSF EAGER

DMR-1137419, ARO W911NF-09-1-0051, and NIH 1R15CA141358 grants.

The authors thank Dr. Marion Lytle and the Biotrace Lab at Boise State

University for the ICP-MS use. Additionally, we thank Prof. Ben McMorran

and CAMCOR for TEM images, CAMCOR’s Titan and Tecnai are supported

by W.M. Keck Foundation, ONAMI, the Air Force Research Laboratory

(agreement number FA8650-05-1-5041), and University of Oregon Office

of Research.

Author details
1Department of Physics, Boise State University, Boise, ID 83725, USA.
2Biomolecular Sciences PhD program, Boise State University, Boise, ID 83725,

USA. 3Department of Biological Sciences, Boise State University, Boise, ID

83725, USA. 4Department of Physics, University of Oregon, Eugen, OR 97403,

USA.

Received: 27 July 2015 Accepted: 5 November 2015

References

1. Guo WS, Yang WT, Wang Y, Sun XL, Liu ZY, Zhang BB et al. (2014) Color-tunable

Gd-Zn-Cu-in-S/ZnS quantum dots for dual modality magnetic resonance and

fluorescence imaging. Nano Res 7(11):1581–91. doi:10.1007/s12274-014-0518-8

2. Pang YF, Rong Z, Wang JF, Xiao R, Wang SQ (2015) A fluorescent

aptasensor for H5N1 influenza virus detection based-on the core-shell

nanoparticles metal-enhanced fluorescence (MEF). Biosens Bioelectron 66:

527–32. doi:10.1016/j.bios.2014.10.052

3. Andreu I, Natividad E, Solozabal L, Roubeau O (2015) Nano-objects for

addressing the control of nanoparticle arrangement and performance in

magnetic hyperthermia. ACS Nano 9(2):1408–19. doi:10.1021/nn505781f

4. Nazli C, Demirer GS, Yar Y, Acar HY, Kizilel S (2014) Targeted delivery of

doxorubicin into tumor cells via MMP-sensitive PEG hydrogel-coated

magnetic iron oxide nanoparticles (MIONPs). Colloids Surf B Biointerfaces

122:674–83. doi:10.1016/j.colsurfb.2014.07.049

5. Luo C, Sun J, Sun BJ, He ZG (2014) Prodrug-based nanoparticulate drug

delivery strategies for cancer therapy. Trends Pharmacol Sci 35(11):12–22.

doi:10.1016/j.tips.2014.09.008

6. Huang X, Wang Z, Dai H, Wang CM, Xia B, Chen L et al. Docetaxel grafted

magnetic nanoparticles as dual-therapeutic agentia for targeting perfusion

therapy of urethral carcinoma. Journal of Nanoparticle Research. 2014;16(12).

doi:10.1007/s11051-014-2756-9.

7. Zhang HY, Ji ZX, Xia T, Meng H, Low-Kam C, Liu R et al. (2012) Use of metal

oxide nanoparticle band gap to develop a predictive paradigm for oxidative

stress and acute pulmonary inflammation. ACS Nano 6(5):4349–68.

doi:10.1021/nn3010087

8. Horie M, Kato H, Fujita K, Endoh S, Iwahashi H (2012) In vitro evaluation of

cellular response induced by manufactured nanoparticles. Chem Res Toxicol

25(3):605–19. doi:10.1021/tx200470e

9. Cronholm P, Karlsson HL, Hedberg J, Lowe TA, Winnberg L, Elihn K et al.

(2013) Intracellular uptake and toxicity of Ag and CuO nanoparticles: a

comparison between nanoparticles and their corresponding metal ions.

Small 9(7):970–82. doi:10.1002/smll.201201069

10. Hanley C, Thurber A, Hanna C, Punnoose A, Zhang JH, Wingett DG (2009)

The influences of cell type and ZnO nanoparticle size on immune cell

cytotoxicity and cytokine induction. Nanoscale Res Lett 4(12):1409–20. doi:

10.1007/s11671-009-9413-8

11. Xu M, Fujita D, Kajiwara S, Minowa T, Li X, Takemura T et al. (2010) Contribution

of physicochemical characteristics of nano-oxides to cytotoxicity. Biomaterials

31(31):8022–31. doi:10.1016/j.biomaterials.2010.06.022

12. Heng BC, Zhao X, Tan EC, Khamis N, Assodani A, Xiong S et al. (2011)

Evaluation of the cytotoxic and inflammatory potential of differentially

shaped zinc oxide nanoparticles. Arch Toxicol 85(12):1517–28.

doi:10.1007/s00204-011-0722-1

13. Zhang JH, Dong GJ, Thurber A, Hou YY, Gu M, Tenne DA et al (2012) Tuning

the properties of ZnO, hematite, and Ag nanoparticles by adjusting the surface

charge. Adv Mater 24(9):1232–7. doi:10.1002/adma.201104535

14. Hsiao IL, Huang YJ (2011) Effects of various physicochemical characteristics on

the toxicities of ZnO and TiO2 nanoparticles toward human lung epithelial

cells. Sci Total Environ 409(7):1219–28. doi:10.1016/j.scitotenv.2010.12.033

15. Reddy KM, Feris K, Bell J, Wingett DG, Hanley C, Punnoose A. Selective

toxicity of zinc oxide nanoparticles to prokaryotic and eukaryotic systems.

Applied Physics Letters. 2007;90(21). doi:10.1063/1.2742324.

16. Hanley C, Layne J, Punnoose A, Reddy KM, Coombs I, Coombs A et al. Preferential

killing of cancer cells and activated human T cells using ZnO nanoparticles.

Nanotechnology. 2008;19(29). doi:10.1088/0957-4484/19/29/295103.

17. Feris K, Otto C, Tinker J, Wingett D, Punnoose A, Thurber A et al. (2010)

Electrostatic interactions affect nanoparticle-mediated toxicity to gram-

negative bacterium pseudomonas aeruginosa PAO1. Langmuir 26(6):4429–36.

doi:10.1021/la903491z

18. Setyawati MI, Tay CY, Chia SL, Goh SL, Fang W, Neo MJ et al. Titanium

dioxide nanomaterials cause endothelial cell leakiness by disrupting the

homophilic interaction of VE-cadherin. Nature Communications. 2013;4.

doi:10.1038/ncomms2655.

19. Sasidharan A, Chandran P, Menon D, Raman S, Nair S, Koyakutty M (2011)

Rapid dissolution of ZnO nanocrystals in acidic cancer microenvironment

leading to preferential apoptosis. Nanoscale Res Lett 3:3657–69

Anders et al. Nanoscale Research Letters  (2015) 10:448 Page 20 of 22

http://dx.doi.org/10.1007/s12274-014-0518-8
http://dx.doi.org/10.1016/j.bios.2014.10.052
http://dx.doi.org/10.1021/nn505781f
http://dx.doi.org/10.1016/j.colsurfb.2014.07.049
http://dx.doi.org/10.1016/j.tips.2014.09.008
http://dx.doi.org/10.1007/s11051-014-2756-9
http://dx.doi.org/10.1021/nn3010087
http://dx.doi.org/10.1021/tx200470e
http://dx.doi.org/10.1002/smll.201201069
http://dx.doi.org/10.1007/s11671-009-9413-8
http://dx.doi.org/10.1016/j.biomaterials.2010.06.022
http://dx.doi.org/10.1007/s00204-011-0722-1
http://dx.doi.org/10.1002/adma.201104535
http://dx.doi.org/10.1016/j.scitotenv.2010.12.033
http://dx.doi.org/10.1063/1.2742324
http://dx.doi.org/10.1088/0957-4484/19/29/295103
http://dx.doi.org/10.1021/la903491z
http://dx.doi.org/10.1038/ncomms2655


20. Akhtar MJ, Ahamed M, Kumar S, Khan MM, Ahmad J, Alrokayan SA (2012)

Zinc oxide nanoparticles selectively induce apoptosis in human cancer

cells through reactive oxygen species. Int J Nanomedicine 7:845–57.

doi:10.2147/IJN.S29129

21. Wong AD, Ye M, Ulmschneider MB, Searson PC. Quantitative Analysis of the

Enhanced Permeation and Retention (EPR) Effect. Plos One. 2015;10(5).

doi:10.1371/journal.pone.0123461.

22. Liu HH, Surawanvijit S, Rallo R, Orkoulas G, Cohen Y (2011) Analysis of

nanoparticle agglomeration in aqueous suspensions via constant-number Monte

Carlo simulation. Environ Sci Technol 45(21):9284–92. doi:10.1021/es202134p

23. Keller AA, Wang H, Zhou D, Lenihan HS, Cherr G, Cardinale BJ et al. (2010)

Stability and aggregation of metal oxide nanoparticles in natural aqueous

matrices. Environ Sci Technol 44(6):1962–7. doi:10.1021/es902987d

24. Jassby D, Farner Budarz J, Wiesner M (2012) Impact of aggregate size and

structure on the photocatalytic properties of TiO2 and ZnO nanoparticles.

Environ Sci Technol 46(13):6934–41. doi:10.1021/es202009h

25. Horie M, Nishio K, Fujita K, Kato H, Endoh S, Suzuki M et al. (2010) Cellular

responses by stable and uniform ultrafine titanium dioxide particles in culture-

medium dispersions when secondary particle size was 100 nm or less. Toxicol

Vitro 24(6):1629–38. doi:10.1016/j.tiv.2010.06.003

26. Maiorano G, Sabella S, Sorce B, Brunetti V, Malvindi MA, Cingolani R et

al. (2010) Effects of cell culture media on the dynamic formation of

protein-nanoparticle complexes and influence on the cellular response.

ACS Nano 4(12):7481–91. doi:10.1021/nn101557e

27. Setyawati MI, Tay CY, Docter D, Stauber RH, Leong DT. Understanding and

exploiting nanoparticles’ intimacy with the blood vessel and blood. Chemical

Society Reviews. 2015. doi:10.1039/C5CS00499C.

28. Brayner R, Dahoumane SA, Yepremian C, Djediat C, Meyer M, Coute A et al.

(2010) ZnO nanoparticles: synthesis, characterization, and ecotoxicological

studies. Langmuir 26(9):6522–8. doi:10.1021/la100293s

29. Sabuncu AC, Grubbs J, Qian SZ, Abdel-Fattah TM, Stacey MW, Beskok A

(2012) Probing nanoparticle interactions in cell culture media. Colloids Surf

B Biointerfaces 95:96–102. doi:10.1016/j.colsurfb.2012.02.022

30. Wells MA, Abid A, Kennedy IM, Barakat AI (2012) Serum proteins prevent

aggregation of Fe2O3 and ZnO nanoparticles. Nanotoxicology 6(8):837–46.

doi:10.3109/17435390.2011.625131

31. Xu M, Li J, Iwai H, Mei Q, Fujita D, Su H et al. (2012) Formation of nano-bio-

complex as nanomaterials dispersed in a biological solution for understanding

nanobiological interactions. Sci Rep 2:406. doi:10.1038/srep00406

32. DeLoid G, Cohen JM, Darrah T, Derk R, Rojanasakul L, Pyrgiotakis G et al.

Estimating the effective density of engineered nanomaterials for in vitro

dosimetry. Nature Communications. 2014;5. doi:10.1038/ncomms4514.

33. Cohen JM, Teeguarden JG, Demokritou P. An integrated approach for

the in vitro dosimetry of engineered nanomaterials. Part Fibre Toxicol.

2014;11. doi:10.1186/1743-8977-11-20.

34. Cho EC, Zhang Q, Xia Y (2011) The effect of sedimentation and diffusion on

cellular uptake of gold nanoparticles. Nat Nanotechnol 6(6):385–91.

doi:10.1038/nnano.2011.58

35. Xia XR, Monteiro-Riviere NA, Riviere JE (2010) An index for characterization

of nanomaterials in biological systems. Nat Nanotechnol 5(9):671–5.

doi:10.1038/nnano.2010.164

36. Monopoli MP, Aberg C, Salvati A, Dawson KA (2012) Biomolecular coronas

provide the biological identity of nanosized materials. Nat Nanotechnol

7(12):779–86. doi:10.1038/nnano.2012.207

37. Tenzer S, Docter D, Kuharev J, Musyanovych A, Fetz V, Hecht R et al. (2013)

Rapid formation of plasma protein corona critically affects nanoparticle

pathophysiology. Nat Nanotechnol 8(10):772–U1000. doi:10.1038/nnano.2013.181

38. Lesniak A, Fenaroli F, Monopoli MR, Aberg C, Dawson KA, Salvati A

(2012) Effects of the presence or absence of a protein corona on

silica nanoparticle uptake and impact on cells. ACS Nano 6(7):5845–57.

doi:10.1021/nn300223w

39. Ge CC, Du JF, Zhao LN, Wang LM, Liu Y, Li DH et al. (2011) Binding of blood

proteins to carbon nanotubes reduces cytotoxicity. Proc Natl Acad Sci U S A

108(41):16968–73. doi:10.1073/pnas.1105270108

40. Hu WB, Peng C, Lv M, Li XM, Zhang YJ, Chen N et al. (2011) Protein

corona-mediated mitigation of cytotoxicity of graphene oxide. ACS Nano

5(5):3693–700. doi:10.1021/nn200021j

41. Hsiao IL, Huang YJ. Effects of serum on cytotoxicity of nano- and

micro-sized ZnO particles. Journal of Nanoparticle Research. 2013;15(9).

doi:10.1007/s11051-013-1829-5.

42. Yin H, Casey PS, McCall MJ, Fenech M (2010) Effects of surface chemistry on

cytotoxicity, genotoxicity, and the generation of reactive oxygen species induced

by ZnO nanoparticles. Langmuir 26(19):15399–408. doi:10.1021/la101033n

43. Hinderliter PM, Minard KR, Orr G, Chrisler WB, Thrall BD, Pounds JG et al.

ISDD: A computational model of particle sedimentation, diffusion and

target cell dosimetry for in vitro toxicity studies. Particle and Fibre

Toxicology. 2010;7. doi:10.1186/1743-8977-7-36.

44. Sterling MC, Bonner JS, Ernest ANS, Page CA, Autenrieth RL (2005) Application

of fractal flocculation and vertical transport model to aquatic sol-sediment

systems. Water Res 39(9):1818–30. doi:10.1016/j.watres.2005.02.007

45. Lutterotti L, Scardi P, Maistrelli P (1992) LS1 - a computer-program for

simultaneous refinement of material structure and microstructure.

J Appl Crystallogr 25:459–62. doi:10.1107/S0021889892001122

46. Taurozzi JS, Hackley VA, Wiesner MR (2011) Ultrasonic dispersion of nanoparticles

for environmental, health and safety assessment - issues and recommendations.

Nanotoxicology 5(4):711–29. doi:10.3109/17435390.2010.528846

47. Cohen J, DeLoid G, Pyrgiotakis G, Demokritou P (2013) Interactions of

engineered nanomaterials in physiological media and implications for in vitro

dosimetry. Nanotoxicology 7(4):417–31. doi:10.3109/17435390.2012.666576

48. Mukhopadhyay P, Rajesh M, Haskó G, Hawkins BJ, Madesh M, Pacher P

(2007) Simultaneous detection of apoptosis and mitochondrial superoxide

production in live cells by flow cytometry and confocal microscopy.

Nat Protoc 2(9):2295–301. doi:10.1038/nprot.2007.327

49. Xie YX, Lutterotti L, Wenk HR, Kovacs F (2004) Texture analysis of ancient coins

with TOF neutron diffraction. J Mater Sci 39(10):3329–37.

doi:10.1023/b:jmsc.0000026933.28906.19

50. Fukuzaki S, Urano H, Nagata K (1996) Adsorption of bovine serum albumin

onto metal oxide surfaces. J Ferment Bioeng 81(2):163–7.

doi:10.1016/0922-338x(96)87596-9

51. Joshi S, Ghosh I, Pokhrel S, Madler L, Nau WM (2012) Interactions of amino

acids and polypeptides with metal oxide nanoparticles probed by

fluorescent indicator adsorption and displacement. ACS Nano 6(6):5668–79.

doi:10.1021/nn301669t

52. Farbun IA, Romanova IV, Terikovskaya TE, Dzanashvili DI, Kirillov SA (2007)

Complex formation in the course of synthesis of zinc oxide from citrate

solutions. Russ J Appl Chem 80(11):1798–803. doi:10.1134/s1070427207110031

53. Max JJ, Chapados C (2004) Infrared spectroscopy of aqueous carboxylic

acids: comparison between different acids and their salts. J Phys Chem A

108(16):3324–37. doi:10.1021/jp036401t

54. Max JJ, Chapados C (2002) Infrared spectroscopy of aqueous carboxylic

acids: malic acid. J Phys Chem A 106(27):6452–61. doi:10.1021/jp014377i

55. Roach P, Farrar D, Perry CC (2005) Interpretation of protein adsorption:

surface-induced conformational changes. J Am Chem Soc 127(22):8168–73.

doi:10.1021/ja042898o

56. Saha B, Das G (2009) Malachite nanoparticle: a New basic hydrophilic

surface for pH-controlled adsorption of bovine serum albumin

with a high loading capacity. J Phys Chem C 113(35):15667–75.

doi:10.1021/jp903082e

57. Chittur KK (1998) FTIR/ATR for protein adsorption to biomaterial surfaces.

Biomaterials 19(4-5):357–69. doi:10.1016/s0142-9612(97)00223-8

58. Bian S-W, Mudunkotuwa IA, Rupasinghe T, Grassian VH (2011) Aggregation

and dissolution of 4 nm ZnO nanoparticles in aqueous environments:

influence of pH, ionic strength, size, and adsorption of humic acid.

Langmuir 27(10):6059–68. doi:10.1021/la200570n

59. Horie M, Nishio K, Fujita K, Endoh S, Miyauchi A, Saito Y et al. (2009)

Protein adsorption of ultrafine metal oxide and its influence on

cytotoxicity toward cultured cells. Chem Res Toxicol 22(3):543–53.

doi:10.1021/tx800289z

60. Chakraborti S, Joshi P, Chakravarty D, Shanker V, Ansari ZA, Singh SP et al.

(2012) Interaction of polyethyleneimine-functionalized ZnO nanoparticles with

bovine serum albumin. Langmuir 28(30):11142–52. doi:10.1021/la3007603

61. Lv JT, Zhang SZ, Luo L, Han W, Zhang J, Yang K et al. (2012) Dissolution and

microstructural transformation of ZnO nanoparticles under the influence of

phosphate. Environ Sci Technol 46(13):7215–21. doi:10.1021/es301027a

62. Tantra R, Jing SH, Pichaimuthu SK, Walker N, Noble J, Hackley VA (2011)

Dispersion stability of nanoparticles in ecotoxicological investigations: the

need for adequate measurement tools. J Nanoparticle Res 13(9):3765–80.

doi:10.1007/s11051-011-0298-y

63. Tripathy N, Hong TK, Ha KT, Jeong HS, Hahn YB (2014) Effect of ZnO

nanoparticles aggregation on the toxicity in RAW 264.7 murine

macrophage. J Hazard Mater 270:110–7. doi:10.1016/j.jhazmat.2014.01.043

Anders et al. Nanoscale Research Letters  (2015) 10:448 Page 21 of 22

http://dx.doi.org/10.2147/IJN.S29129
http://dx.doi.org/10.1371/journal.pone.0123461
http://dx.doi.org/10.1021/es202134p
http://dx.doi.org/10.1021/es902987d
http://dx.doi.org/10.1021/es202009h
http://dx.doi.org/10.1016/j.tiv.2010.06.003
http://dx.doi.org/10.1021/nn101557e
http://dx.doi.org/10.1039/C5CS00499C
http://dx.doi.org/10.1021/la100293s
http://dx.doi.org/10.1016/j.colsurfb.2012.02.022
http://dx.doi.org/10.3109/17435390.2011.625131
http://dx.doi.org/10.1038/srep00406
http://dx.doi.org/10.1038/ncomms4514
http://dx.doi.org/10.1186/1743-8977-11-20
http://dx.doi.org/10.1038/nnano.2011.58
http://dx.doi.org/10.1038/nnano.2010.164
http://dx.doi.org/10.1038/nnano.2012.207
http://dx.doi.org/10.1038/nnano.2013.181
http://dx.doi.org/10.1021/nn300223w
http://dx.doi.org/10.1073/pnas.1105270108
http://dx.doi.org/10.1021/nn200021j
http://dx.doi.org/10.1007/s11051-013-1829-5
http://dx.doi.org/10.1021/la101033n
http://dx.doi.org/10.1186/1743-8977-7-36
http://dx.doi.org/10.1016/j.watres.2005.02.007
http://dx.doi.org/10.1107/S0021889892001122
http://dx.doi.org/10.3109/17435390.2010.528846
http://dx.doi.org/10.3109/17435390.2012.666576
http://dx.doi.org/10.1038/nprot.2007.327
http://dx.doi.org/10.1023/b:jmsc.0000026933.28906.19
http://dx.doi.org/10.1016/0922-338x(96)87596-9
http://dx.doi.org/10.1021/nn301669t
http://dx.doi.org/10.1134/s1070427207110031
http://dx.doi.org/10.1021/jp036401t
http://dx.doi.org/10.1021/jp014377i
http://dx.doi.org/10.1021/ja042898o
http://dx.doi.org/10.1021/jp903082e
http://dx.doi.org/10.1016/s0142-9612(97)00223-8
http://dx.doi.org/10.1021/la200570n
http://dx.doi.org/10.1021/tx800289z
http://dx.doi.org/10.1021/la3007603
http://dx.doi.org/10.1021/es301027a
http://dx.doi.org/10.1007/s11051-011-0298-y
http://dx.doi.org/10.1016/j.jhazmat.2014.01.043


64. Mu Q, David CA, Galceran J, Rey-Castro C, Krzeminski L, Wallace R et al.

(2014) Systematic investigation of the physicochemical factors that

contribute to the toxicity of ZnO nanoparticles. Chem Res Toxicol 27(4):

558–67. doi:10.1021/tx4004243

65. Reed RB, Ladner DA, Higgins CP, Westerhoff P, Ranville JF (2012) Solubility

of nano-zinc oxide in environmentally and biologically important matrices.

Environ Toxicol Chem 31(1):93–9. doi:10.1002/etc.708

66. Ramasamy M, Das M, An SSA, Yi DK (2014) Role of surface modification in

zinc oxide nanoparticles and its toxicity assessment toward human dermal

fibroblast cells. Int J Nanomedicine 9:3707–18. doi:10.2147/ijn.s65086

67. Shen CC, James SA, de Jonge MD, Turney TW, Wright PFA, Feltis BN (2013)

Relating cytotoxicity, zinc ions, and reactive oxygen in ZnO nanoparticle-exposed

human immune cells. Toxicol Sci 136(1):120–30. doi:10.1093/toxsci/kft187

68. Yu KN, Yoon TJ, Minai-Tehrani A, Kim JE, Park SJ, Jeong MS et al. (2013) Zinc

oxide nanoparticle induced autophagic cell death and mitochondrial

damage via reactive oxygen species generation. Toxicol Vitro 27(4):1187–95.

doi:10.1016/j.tiv.2013.02.010

69. Osmond-McLeod MJ, Osmond RIW, Oytam Y, McCall MJ, Feltis B,

Mackay-Sim A et al. Surface coatings of ZnO nanoparticles mitigate

differentially a host of transcriptional, protein and signalling responses

in primary human olfactory cells. Part Fibre Toxicol. 2013;10.

doi:10.1186/1743-8977-10-54

70. Everett WN, Chern C, Sun D, McMahon RE, Zhang X, Chen W-JA et al. (2014)

Phosphate-enhanced cytotoxicity of zinc oxide nanoparticles and

agglomerates. Toxicol Lett 225(1):177–84. doi:10.1016/j.toxlet.2013.12.005

71. Hutmacher DW (2010) Biomaterials offer cancer research the third

dimension. Nat Mater 9(2):90–3. doi:10.1038/nmat2619

72. Leong DT, Ng KW. Probing the relevance of 3D cancer models in

nanomedicine research. Advanced Drug Delivery Reviews.

2014;79-80:95-106. doi:10.1016/j.addr.2014.06.007.

73. Chia SL, Tay CY, Setyawati MI, Leong DT (2015) Biomimicry 3D gastrointestinal

spheroid platform for the assessment of toxicity and inflammatory effects of

zinc oxide nanoparticles. Small 11(6):702–12. doi:10.1002/smll.201401915

74. Tay CY, Setyawati MI, Xie J, Parak WJ, Leong DT (2014) Back to basics:

exploiting the innate physico-chemical characteristics of nanomaterials for

biomedical applications. Adv Funct Mater 24(38):5936–55. doi:10.1002/adfm.

201401664

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Anders et al. Nanoscale Research Letters  (2015) 10:448 Page 22 of 22

http://dx.doi.org/10.1021/tx4004243
http://dx.doi.org/10.1002/etc.708
http://dx.doi.org/10.2147/ijn.s65086
http://dx.doi.org/10.1093/toxsci/kft187
http://dx.doi.org/10.1016/j.tiv.2013.02.010
http://dx.doi.org/10.1186/1743-8977-10-54
http://dx.doi.org/10.1016/j.toxlet.2013.12.005
http://dx.doi.org/10.1038/nmat2619
http://dx.doi.org/10.1016/j.addr.2014.06.007
http://dx.doi.org/10.1002/smll.201401915
http://dx.doi.org/10.1002/adfm.201401664
http://dx.doi.org/10.1002/adfm.201401664

	Abstract
	Background
	Methods
	Synthesis and Characterization of nZnO
	NP Stock Preparation
	Extracellular Dissolution
	Dosimetry Analysis and Empirical Deposition Fractions
	Cell Culture and Cytotoxicity Studies
	Reactive Oxygen Species (ROS) Detection
	Statistical Analyses

	Results and Discussion
	ZnO Nanoparticle Synthesis and Characterization
	Agglomeration and Sedimentation Profiles
	Dissolution Studies
	Reactive Oxygen Species
	Cellular Toxicity Studies
	Modeling and Dosimetry Studies

	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

