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Abstract
Aggregation of metal oxide nanoparticles in aqueous media complicates interpretation of in vitro
studies of nanoparticle–cell interactions. We used dynamic light scattering to investigate the
aggregation dynamics of iron oxide and zinc oxide nanoparticles. Our results show that iron oxide
particles aggregate more readily than zinc oxide particles. Pretreatment with serum stabilises iron
oxide and zinc oxide nanoparticles against aggregation. Serum-treated iron oxide is stable only in
pure water, while zinc oxide is stable in water or cell culture media. These findings, combined
with zeta potential measurements and quantification of proteins adsorbed on particle surface,
suggest that serum stabilisation of iron oxide particles occurs primarily through protein adsorption
and resulting net surface charge. Zinc oxide stabilisation, however, also involves steric hindrance
of particle aggregation. Fluid shear at levels used in flow experiments breaks up iron oxide
particle aggregates. These results enhance our understanding of nanoparticle aggregation and its
consequences for research on the biological effects of nanomaterials.
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Introduction
Metal oxide nanoparticles have come under scrutiny as an environmental and occupational
health hazard. These particles are ubiquitous in the urban environment, generated by sources
such as internal combustion engines, industrial furnaces and welding and fabrication
processes. Unlike larger particles, inhaled nanoparticles can reach the alveoli and may enter
the systemic circulation (Nemmar et al. 2001; Oberdörster et al. 2002). This could account
for extrapulmonary effects of particle inhalation, including the widely observed relationship
between episodes of elevated particulate air pollution and sudden cardiac death (Dockery
2001).

In vitro studies of nanoparticle–cell interactions play an essential role in understanding the
pathology of nanoparticle exposure. Several injurious effects have been demonstrated,
including expression of inflammatory cytokines (Gojova et al. 2007), DNA damage
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(Karlsson et al. 2008), membrane leakage and loss of mitochondrial function (Jeng &
Swanson 2006).One mechanism commonly invoked to explain these effects is catalytic free
radical production, with iron and other transition metals acting as electron carriers (Gilmour
et al. 1996; Lin et al. 2009).

One significant limitation of in vitro studies is that metal oxide particles aggregate rapidly
when suspended in aqueous media. While nanoparticles produced for industrial or medical
use (such as paint pigments and magnetic resonance imaging (MRI) contrast agents) are
usually stabilised with surfactants or hydrophilic coatings, flame-generated ambient particles
are not. Aggregation changes the effective particle size, which may alter the particle/cell
interaction by means such as promoting or inhibiting endocytosis (Pratten & Lloyd 1986) or
limiting the surface area available to catalyse reactions such as free radical production
(Thomassen et al. 2010). Aggregation also affects particle transport in fluid environments
and hence the dose of material delivered to the cells.

Accordingly, research in nanotoxicology increasingly recognises the importance of
measuring the extent of particle aggregation in the test system (Meißner et al. 2009; Schulze
et al. 2008). A recent study characterised the effect of ionic strength, pH and particle surface
chemistry on aggregation of titania nanoparticles and quantum dots in deionised (DI) water
(Jiang et al. 2009).

It is expected that aggregation rates of nanoparticles can be altered by surface adsorption of
biomolecules. To address more biologically relevant conditions, we investigated the
aggregation and sedimentation behaviour of flame-generated iron oxide and zinc oxide
nanoparticles suspended in cell culture media. Additional factors considered were the
presence of serum proteins and exposure to fluid shear stress at a typical physiological level.

Materials and methods
Nanoparticle synthesis

Nanoparticles were produced as described previously (Gojova et al. 2007). Briefly, a
hydrogen diffusion flame was seeded with the vapour of either iron pentacarbonyl (99.5%;
Alfa Aesar, Ward Hill, MA, USA) or elemental zinc (99.999%; Alfa Aesar). Particles of γ-
Fe2O3 (maghemite) or zinc oxide were collected on a cold finger. The nanoparticle
morphologies were investigated using a Phillips CM-12 transmission electron microscope
operated at 120 kV. Nanoparticles were suspended in DI water and deposited on a 400 mesh
copper TEM (transmission electron microscopy) grid with a carbon/formvar film (Ted Pella
Inc., Redding, CA, USA, Prod # 01754-F); excess liquid was wicked away.

Dynamic light scattering
Particle size measurements were performed using a BIC 90Plus dynamic light scattering
(DLS) instrument (Brookhaven Instruments, Holtsville, NY, USA). For each measurement,
data were collected for 30 min and a single autocorrelation curve was analysed. The baseline
for autocorrelation was set by identification of a zero-slope region of the curve. The
following properties were calculated by the 90Plus software:

• Effective diameter: The particle diameter corresponding to the first cumulant of the
correlation curve. This is equivalent to the size of uniform particles that would best
approximate the observed correlation behaviour. For multimodal distributions, it is
weighted roughly by scattering intensity.

• Count rate: The average number of photon detection events per second during the
measurement interval.
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• Number-weighted particle size distribution: The histogram of particle diameters
determined by the 90Plus software to approximate the correlation curve. The bins
of the histogram are logarithmically spaced, and the particle counts in each bin are
normalised to give the largest bin a count of 100. We denote this diameter as
“peak”. The number-weighted average (“NWA”) diameter was calculated from the
distribution using a Perl script.

We expected count rate to function as an indicator of particle density in the beam path. This
was validated using serial dilutions of a nearly monodisperse polystyrene particle standard
(“Nanosphere”, Duke Scientific Corp, Palo Alto, CA, USA) as shown in Figure 1. Over this
range, the count rate was found to vary with particle concentration to the power of 0.91. This
model correlates extremely well with the data (r2 > 0.999).

Dispersion and recovery in deionised water
Particles were suspended in DI water at concentrations of 10 μg/ml (iron oxide) or 50 μg/ml
(zinc oxide). These concentrations were chosen to achieve an initial signal intensity above
200,000 counts per second and no visible “halo” around the laser beam. Each sample was
measured by DLS at three times: after diluting and gently mixing the suspension in the
cuvette; after direct-contact sonication for 60 s using a Branson Sonifier 250 with micro tip
and 24 h after sonication (with the sample kept at room temperature). Six independent
samples were measured for each particle type, and the results (effective diameter and NWA
diameter) were averaged.

Serum treatment
Iron oxide or zinc oxide particles were suspended at 200 μg/ml in foetal calf serum (Gemini
Bio-Products, West Sacramento, CA, USA) and mildly sonicated by immersion in a Cole-
Parmer 8891 ultrasound bath for 10 min. The particles were then centrifuged at 10,000 rpm
for 10 min (iron oxide) or 30 min (zinc oxide). The supernatant was removed and replaced
with a diluent. The particles were re-suspended, sonicated and centrifuged two more times to
remove free serum proteins, then re-suspended in the same diluent at 20 μg/ml. Serum-free
controls were processed by the same procedure but with initial suspension in diluent instead
of serum.

Zinc oxide particles proved resistant to centrifugation, despite having nearly the same bulk
density as iron oxide, and some material was invariably lost during the washes. To ensure
consistent particle concentration, the final suspension was placed into the instrument and its
count rate was measured. This suspension was then diluted according to the ratio between its
count rate and that of a reference suspension of 20 μg/ml zinc oxide in water.

Short-term aging time course
Particles were treated with serum as above using four diluents: DI water, Dulbecco's
phosphate buffered saline (PBS) without calcium or magnesium (Invitrogen, Carlsbad, CA,
USA), endothelial cell basal medium-2 (EBM-2, Lonza, Basel, Switzerland) or complete
endothelial cell growth medium-2 (EGM-2, Lonza) including 2% foetal calf serum. Serum-
treated and serum-free samples were prepared using each diluent except EGM-2; particles
were suspended in EGM-2 without serum treatment.

Within one day of preparation, each sample was dispersed with 60 s of direct-contact
sonication. Particle size (effective diameter) and count rate were measured by DLS over
intervals of 1 h for 12 h, with the first measurement starting immediately after sonication.
During this time, the sample was left in the instrument to avoid mixing by external forces.
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Surface adsorbed protein quantification
Surface adsorbed proteins were quantified using the bicinchoninic acid (BCA) assay with
bovine serum albumin as a calibration standard. Iron oxide and zinc oxide samples with and
without serum pretreatment were prepared in four diluents (DI water, PBS, EBM-2 and
EGM-2) as described above. In the case of complete media, the particles were not pretreated
with serum. The particle concentrations were at 200 μg/ml. The absorption measurements (λ
= 560 nm) were performed on a SpectraMax M2 cuvette/microplate reader (Molecular
Devices Inc., Sunnyvale, CA, USA) using the SOFTmax PRO software. Samples were
probe sonicated before measurements and the measurements were made in triplicate. The
adsorbed protein concentration was determined by subtracting the signal of uncoated bare
particles from protein-coated particles in each of the diluents studied. Measurements of
protein desorption were done on serum-pretreated iron oxide particles suspended in 0.5 M
KCl solution using the BCA protein assay. The particles were centrifuged as described
above and the concentration of protein in the supernatant was determined.

Zeta potential
Zeta potential was measured by light scattering using a BIC ZetaPlus instrument
(Brookhaven Instruments Corp., Holtsville, NY, USA). Particles were treated with and
without serum as above using four diluents (DI water, PBS, EBM-2 and EGM-2). In the
case of EGM-2 the particles were not pretreated with serum. The suspensions were
dispersed with 60 s of probe sonication and immediately measured with the ZetaPlus
instrument. At least three measurements were made in each case and the data were averaged.

Fluid shear
Iron oxide particles were dispersed in water at 2 mg/ml by sonication then diluted to 50 μg/
ml with complete EGM-2. An aliquot of this suspension (the static control) was placed in
the DLS instrument and measured over intervals of 30 min for 4 h. The remaining
suspension was circulated at 70 ml/min through a recirculating flow loop of tubing (ID = 3.1
mm) using a peristaltic pump. The estimated maximum shear stress in the tubing was 3.1
dyne/cm2. At the end of this period, another aliquot was taken from the flow loop and
measured by DLS for one 30-min interval.

In a variation on this experiment, the static control sample was measured once at the
beginning of flow. After each hour of flow, a 1-ml aliquot was taken from the flow loop and
measured for 30 min. After 4 h, the static control was measured again.

Results
Particle dispersion and recovery

Preliminary measurements with iron oxide and zinc oxide particles showed a highly
polydisperse distribution, while TEM images (Figure 2) showed aggregates of 50–100 nm
particles (after dehydration of the material). It is possible that the aggregation occurs during
the drying of sample on the TEM grid and indeed DLS measurements show that the primary
particle size is recovered after probe sonication as discussed below.

DLS was used to measure the aggregation state of the particles in suspension and to assess
the effectiveness of sonic dispersion. Particle sizes before and after sonication for both iron
oxide (10 μg/ml) and zinc oxide (50 μg/ml) are shown in Figure 3. The effective, peak and
NWA diameters are shown. Effective diameter is inherently weighted by the scattering
intensity of each particle, and therefore indicates the size of the largest objects present. Peak
and NWA correspond more closely to the size of a “typical” particle.
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Short-term particle aging
Particles used in cell culture studies are necessarily submerged for several hours in culture
medium containing salts, various small molecules and serum proteins or other
macromolecules. The time-course experiment was designed to investigate the kinetics of
aggregation and the influence of medium components.

Time courses were run with the particles suspended in water, PBS or EBM-2 (with and
without serum pretreatment of the particles), and in complete endothelial cell medium with
serum. Number-averaged diameter showed no significant trends. This is consistent with the
dispersion/recovery results (showing very little change over the 24-h recovery period) and
with the theory of particle aggregation which predicts catastrophic growth of the largest
clusters by capturing primary particles. Therefore, only two measures are shown for the time
courses: effective diameter and the average photon count rate reported by the instrument.
Count rate was normalised to the count rate for the first hour.

The results for iron oxide are shown in Figure 4 where the bars represent consecutive 1-h
time steps. All treatment conditions show a large increase in effective diameter and a
decrease in scattering intensity, except for serum-treated particles in water. Figure 5 shows
the same results for zinc oxide. Unlike iron oxide, these particles resisted aggregation in all
serum-treatment conditions, as well as complete medium. For comparison, Table I shows
average results at the final time point (12 h).

Zeta potential
Zeta potential was measured in order to gain some insight into the mechanism of
nanoparticle size stabilisation. A widely cited empirical rule holds that electrostatic
stabilisation requires zeta potentials of at least ±30 mV (Berg et al. 2009; Bergman et al.
2008). Exceptions to this rule exist: Hang et al. (2009) reported electrostatic stabilisation of
barite at ±15 mV. However, stability at low zeta potential more commonly implies some
degree of steric stabilisation.

Zeta potential measurements in various diluents are shown in Figure 6. The isoelectric point
for maghemite is 5.5 and that for zinc oxide is 8.8–9.8 (Kosmulski 2001). Consequently, in
neutral pH solution, the zeta potential for iron oxide is negative and that for zinc oxide is
positive. The potential of iron oxide in DI water was affected very little by serum treatment
(change of −4.0 mV, less than the combined standard deviation of the two groups). On the
other hand, zinc oxide in DI water showed a strong negative shift (−39.2 mV) consistent
with the potent effect of serum in stabilising this material. The zeta potential for both iron
oxide and zinc oxide in PBS, EBM-2 and EGM-2 (complete medium) is close to zero,
indicating that the stability of the particles is not dominated by surface charge effects. The
same is seen for particles pretreated with serum.

Fluid shear
The fluid shear experiment was intended to simulate our system for exposing cells to
physiologic levels of shear stress. We conjectured that the combination of shear stress
(potentially breaking up soft aggregates) and continuous mixing (altering the dynamics of
particle collisions) would affect the kinetics of aggregation. The conditions for this test were
chosen to match our ongoing work on nanoparticle interaction with endothelial cells under
flow.

Figure 7A shows the effective diameter measured by DLS for the static control in
consecutive 30-min period and for the suspension circulated in the flow loop. The difference
is readily apparent. The static samples reached an average effective diameter of 830 nm
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during the first 30 min, increasing to 1550 nm over 4 h. Fluid shear completely negated the
increase in diameter over this period, yielding an effective diameter of 620 nm at the end of
the 4-h treatment. We attribute this effect to shear-induced breakup of aggregates. A detailed
microscopic study by Tolpekin et al. (2004) showed that dispersions of weakly aggregating
particles under shear flow reach a steady-state maximum size. The size limit is determined
by the balance between aggregation and breakup events, and is highly sensitive to both
particle concentration and shear rate.

This experiment does not indicate the time scale for shearing of aggregates. Therefore, we
performed a complementary experiment in which effective diameter was measured over the
duration of flow (Figure 7B). The results are approximated well by an exponential decay
with a time constant of 1.1 h (dashed curve). Based on these results, we believe that the
particles used in our cell culture system are probably minimally aggregated for most of the
duration of a 6–24 h flow experiment.

Surface proteins
A dynamic layer of protein or a corona is known to form around particles that are suspended
in cell cultures (Lynch & Dwason 2008). The adsorbed proteins on a particle surface are
expected to influence the interaction with living systems as well as the stability of the
particles in solution. In order to quantify the amount of protein, if any, that gets adsorbed on
iron oxide and zinc oxide nanoparticles, the BCA protein quantification assay was used.
Figure 8 shows the concentration of protein adsorbed on iron oxide and zinc oxide in DI
water and PBS. The concentrations are normalised by particle surface area values that were
measured using the BET method in our previous work (81 ± 1 and 20.8 ± 0.2 m2/g for iron
oxide and zinc oxide, respectively; Gojova et al. 2007). There is a fourfold increase in
protein concentration adsorbed on zinc oxide as compared with iron oxide suspended in DI
water and PBS. In a study on protein adsorption on ceria nanoparticles, Patil et al. (2007)
showed that particles having positive zeta potential adsorbed more protein than particles
with negative zeta potential. Therefore, the stronger affinity of protein to zinc oxide can be
attributed to the positive charge on the surface and explains the large shift in zinc oxide zeta
potential on treatment with serum (Figure 6). Protein concentrations were also measured for
particles suspended in cell culture media (EBM-2 and EGM-2), but the high background
signal from protein in the media masked any signal that would have come from proteins
adsorbed on particles and the data are not shown here.

Discussion
Dispersion and recovery behaviour

Iron oxide generally displayed a stronger tendency towards aggregation than zinc oxide.
Sonication greatly reduced the effective, peak and NWA diameters for iron oxide, indicating
that a large fraction of the primary particles were bound in aggregates. For zinc oxide,
effective diameter decreased while peak and NWA were nearly unchanged. This suggests a
relatively small fraction of aggregates mixed with a large population of primary particles.
Particle size measurements one day after sonication suggested a partial return to the original
state.

Stabilisation by serum adsorption
A major finding of this study was that serum treatment of iron and zinc oxide particles
stabilised them against aggregation and sedimentation. This was consistent with the
behaviour of diverse inorganic materials such as titanium dioxide (Allouni et al. 2009;
Vamanu et al. 2008; Meißner et al. 2009), tungsten carbide (Meißner et al. 2009) and
fullerene (Deguchi et al. 2007). One possible stabilising agent in serum is albumin, which
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carries a negative charge (around −20 elementary charges per molecule) at physiologic pH
and therefore may stabilise the particles by imparting a net surface charge (Rezwan et al.
2004). Consistent with this, our serum-treated iron oxide particles were highly stable in DI
water; however, we found that in an electrolyte solution, iron oxide was poorly stabilised
and tended to aggregate. Zeta potential measurements showed virtually no change in the
surface charge of these particles in PBS, EBM-2 and EGM-2. However, high salt
concentrations can modify the structure of serum proteins adsorbed on the particle surface
(Norde & Giacomelli 2000) and possibly influence the protein packing on the surface,
diminishing their stabilising effect. It should be noted that due to the lot-to-lot variability in
composition of serum used in cell culture studies, we confined our conclusions here to the
effect of serum proteins in general rather than to particular proteins that may be present in
serum.

Proteins that were desorbed in high salt solution were measured by separating particles from
the solution by ultra-centrifugation. The protein concentration was 6 ± 0.1 mg/ml. By
comparison, we measured 30 μg/ml of proteins in the particles suspended in DI water. It is
therefore apparent that some proteins remained attached to the nanoparticles. Aggregation of
iron oxide nanoparticles in PBS, EBM-2 and EGM-2 can result in diminished protein
coating and reduced stability. An additional complicating factor is the experimental
evidence that extracellular proteins may limit the dispersal of biogenic zinc sulfide
nanoparticles (Moreau et al. 2007). A similar effect on nanoparticles used in the present
study cannot be excluded.

DLS data showed that serum-treated zinc oxide remained stable even in electrolyte
solutions. Figure 8 shows clearly that zinc oxide adsorbs significantly more protein than iron
oxide due to the positive surface charge at physiologic pH (Patil el al. 2007). We propose
that the zinc oxide particles are stabilised not only by surface charge, but by steric
interference between their dense protein coats. From the results of Horie et al. (2009) who
used 10 mg/ml of nanoparticles suspended in DMEM (Dulbecco's Modified Eagle Medium)
with serum, the amount of adsorbed protein was approximately 0.05 mg/mg (protein/
particles) for iron oxide and 0.12 mg/mg for zinc oxide. These equate to surface densities of
1.1 and 2.4 mg/m2, or (for a 70 kDa protein) mean centreto-centre distance between protein
molecules of 11 nm on iron oxide and 7.8 nm on zinc oxide. Since an albumin molecule has
a hydrodynamic diameter of ~6 nm at physiologic pH (Luik et al. 1998), steric protection by
albumin at this density is plausible.

Consequences for cell culture studies
Uncoated metal oxide particles will aggregate within the time scale of a typical cell culture
experiment. Aggregation may influence the nanoparticle–cell interaction in several ways.
For example, effects dependent on the particle's free surface (such as free radical
production) will likely diminish as particles aggregate. Conversely, phagocytosis appears to
be more efficient for aggregates than for single particles (Geiser et al. 2008). Consistent with
this, our previous study using endothelial cells (Gojova et al. 2007) showed large masses of
iron oxide in intracellular vesicles. If desired, the effects of particle aggregation could be
readily observed by allowing a pre-aging period between sonication and introduction to the
cells.

Another area of concern is the effect of sedimentation on particle delivery to the cells. In the
iron oxide/complete medium case, more than 75% of the suspended material was removed
by sedimentation within 12 h. In a typical adherent cell culture system with the cells facing
upward, all of this material will be deposited on the cell surface. Consequently, a bulk
concentration of, for example, 1 μg/ml does not imply that 1 μg/ml of material will be
available to the cells by diffusion. The local concentration may be significantly higher.
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Finally, the effect of fluid shear on particle aggregation may act as a confounding factor in
studies combining nanoparticle exposure with fluid flow. In a cell culture experiment,
simply comparing flow with static conditions ignores the dramatic effect of flow on cluster
size. A more exact control might involve, for example, externally circulating the particle
suspension and slowly exchanging it with the media in contact with the cells.

Implications for nanoparticle toxicology
Lynch & Dwason (2008) proposed that adsorption of a normally water-soluble protein, such
as albumin, to a hydrophobic surface may unfold the protein. For example, Norde &
Giacomelli (2000) found that adsorption to, and release from, polystyrene nanospheres
altered the secondary structure of bovine serum albumin, while hydrophilic silica particles
had no effect. We conjecture that protein misfolding in this manner may inactivate
enzymatic or signalling functions of the protein, provoke an immune response against the
altered structure or promote aggregation of the protein. To our knowledge, no specific
pathology by this mechanism has been shown. There are a handful of reports of
nanoparticle-induced protein aggregation in artificial environments (Linse et al. 2007; Wu et
al. 2008), but as yet no demonstration of the effect in vivo.

Zinc oxide nanoparticles are known to be cytotoxic in culture and systemically toxic by
inhalation. Whether the mechanism of toxicity is free radical production, soluble zinc
release or some other process, the high specific surface area of these particles is likely to
play a role. Additionally, their small size and high protein-binding capacity may enable them
to avoid pulmonary macrophages and pass through the epithelium, entering the interstitial
space or even the bloodstream. The comparison with titanium oxide is suggestive: inhaled
titanium oxide provokes relatively little macrophage activity in the lungs (Driscoll et al.
1991) but alters microvascular signalling in skeletal muscle (Nurkiewicz et al. 2009),
implying escape into the systemic circulation. A study by Deng et al. (2009) found that the
specific serum proteins adsorbed by zinc and titanium oxides differ greatly. Notably, zinc
oxide adsorbs abundant IgM and IgA, which the authors suggest may provoke cytokine
release and neutrophil recruitment. Silica, by contrast, binds relatively little immunoglobulin
of any type and causes lung injury through an unrelated mechanism.

Conclusions
In conclusion, the present results indicate that iron oxide nanoparticles aggregate more
readily than zinc oxide particles and that pretreatment with serum stabilises both types of
particles against aggregation. Serum stabilisation of iron oxide particles occurs primarily
through the effect of protein adsorption on surface charge whereas zinc oxide stabilisation
also involves steric hindrance. These findings enhance our understanding of nanoparticle
aggregation and its consequences for research on the effects of nanomaterials on cells.
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Figure 1.
Validation of the count rate method. Count rate variation with particle concentration to the
power of 0.91 correlates extremely well with the data (r2 > 0.999).
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Figure 2.
TEM images of iron oxide (right) and zinc oxide (left) nanoparticle aggregates.
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Figure 3.
Dispersion and recovery of metal oxide nanoparticles. Each measure was calculated
independently for each of six trials and then averaged. Data are mean ± SEM. (A) Iron oxide
(10 μg/ml). (B) Zinc oxide (50 μg/ml).
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Figure 4.
Short-term aging of iron oxide nanoparticles. (A) Particle size. (B) Scattering intensity.
Measured values from three replicates were averaged at each 1-h time step. Data are mean ±
SEM.
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Figure 5.
Short-term aging of zinc oxide nanoparticles. (A) Particle size. (B) Scattering intensity.
Measured values from three replicates were averaged at each 1-h time step. Data are mean ±
SEM.
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Figure 6.
Effect of serum on zeta potential in various diluents for iron oxide and zinc oxide
nanoparticles. Each data point is the average of three experiments. Data are mean ± SEM.
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Figure 7.
Effect of flow on aggregation of iron oxide nanoparticles in complete medium. (A)
Evolution of particle diameter over 4 h under static conditions. Also shown is particle
diameter under flow conditions at the end of the 4-h period. Data are mean ± SEM with n =
4. (B) Evolution of particle diameter over 4 h under flow conditions. Also shown are particle
diameters under static conditions at the beginning and end of the 4-h period. Data are mean
± SEM with n = 2.
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Figure 8.
Concentration of protein, normalised by specific surface area, adsorbed on iron oxide and
zinc oxide nanoparticles in DI water and PBS diluents. Data are mean ± SEM with n = 3.
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Table I

Aging results at 12 h.

Water PBS EBM

Serum – + – + – + Complete medium

Fe2O3 ED (nm) 1866 180 2282 1495 2444 1783 1054

CR% 26.9% 87.9% 7.2% 22.3% 8.0% 22.9% 23.9%

ZnO ED (nm) 1759 307 1956 285 2679 470 329

CR% 2.8% 67.4% 9.0% 63.6% 22.5% 60.2% 83.0%

CR%: count rate as a percentage of the value measured in the first hour; EBM: endothelial cell basal medium-2; ED: effective diameter (nm); PBS:
phosphate buffered saline; ZnO: zinc oxide.
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