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Abstract

Understanding of nanoparticle (NP) cytotoxicity is challenging because of incomplete information
about physicochemical changes particles undergo once they come into contact with biological
fluids. It is therefore essential to characterize changes in NP properties to better understand their
biological fate and effects in mammalian cells. In this paper, we present a study on particle surface
oxidation and dissolution rate of Cu NPs. Particle dissolution, cell-associated Cu doses, and
oxidative stress responses in A549 luciferase reporter cells were examined for Cu NPs modified
with mercaptocarboxylic acids with different carbon chain lengths and thiotic acid appended-PEG
ligand (TA). We found that these Cu NPs released ionic species together with small particles upon
oxidation and that surface chemistry influenced the morphology and dissolution rate. Dissolution
rate was also shown to impact both the cellular Cu dosimetry and associated oxidative stress
responses. The convergent results from dissolution and dosimetry measurements demonstrate that
both intracellular and extracellular (/.e., NP uptake-independent) release of ionic species from Cu
NPs greatly affect the cytotoxicity.
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The combined information from dissolution and dosimetry measurements show that both
intracellular and extracellular (i.e., NP uptake-independent) release of ionic Cu from Cu NPs
contributes to changes in cell health.

Introduction

Nanomaterials have been studied for use in many applications, such as electronics,12
medicine,3- and cosmetics.” Some of these nanomaterials are intended for use in humans,
while exposures to others may follow incidental or accidental release into the environment
or workplace. The possibility of exposure to nanoparticles (NPs) has resulted in increasing
research interests in understanding the detrimental effects on human health and the
environment.8-10 While /n7 vitro studies have often been performed in assessing toxicity, the
properties of NPs used are often not well defined, which results in inconsistent conclusions.
Furthermore, understanding the behaviour of NPs in complex biological fluids is often
challenging due to physicochemical changes, such as formation of protein corona,
dissolution, oxidation of surfaces, agglomeration and aggregation. The full impact of these
changes has not been evaluated properly for an in-depth understanding of the origins of
toxicological responses. For example, surface chemistry changes dynamically for those NPs
that are active in air or under physiological media, such as copper. Herein, we present a
study of the effects of surface chemistry of Cu NPs with well-characterized size and
morphology on their dissolution, agglomeration, cellular disposition and corresponding
cytotoxicity using A549 luciferase reporter cells (A549luc).

Both /n vitroand in vivo studies have shown that Cu NPs can produce reactive oxygen
species (ROS) inside and outside cells.}2-15 As compared to some other metals and metal
oxides, Cu can undergo rapid oxidation in biological media,16-1° |eading to the dissolution
of NPs. It is unclear, however, as to whether cellular oxidative stress derives from particles
themselves or ionic species that are released due to dissolution and whether the uptake of
NPs by cells is required. For example, soluble Cu species or ions that were released from the
original NPs were claimed not to contribute significantly to cellular toxicity.2%-22 Significant
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increases in intracellular ROS generation was not observed following exposure to Cu2*
species.23 Other groups argued, however, while particulate CuO contributed to early NP-
induced adverse effects, Cu ionic species became important after 24 h of exposure.?* In this
case, ionic species derived from the Cu NPs were thought to lead to the observed toxicity.2°
These studies, however, did not take into account the kinetics of ionic species release or the
effect of the cellular compartment in which dissolution occurred. A lack of understanding of
NP dose to the cells and dissolution rates contribute to the uncertainty associated with such
studies.

Herewith, we present a study of particle dissolution kinetics and partitioning of dose over
time using Cu NPs with controlled surface chemistry. 8-Mercaptooctanoic acid (MOA), 12-
mercaptododecanoic acid (MDA), and 16-mercaptohexadecanoic acid (MHA) were used to
modify the surface chemistry of 15-nm Cu NPs.1” Thiotic acid appended-polyethylene
glycol (PEG) was also used as a new ligand to further control the hydrophilicity of these Cu
NPs.26 Besides surface hydrophobicity, these ligands also affect the surface oxidation!” and
the associated dissolution rates of Cu NPs.

The A549luc cell line was selected as the cellular model for this study. It is a human type Il
alveolar epithelial carcinoma cell line transfected with a luciferase reporter linked to the
interleukin (IL)-8 gene promoter. When cells respond to inflammatory or oxidative stress
stimuli, luciferase activity increases.2’ Relatively high concentrations of NP suspensions
were chosen for this proof-of-principle study to facilitate examination of cytotoxicity with
the increasing NP concentrations and to ensure the delivery of detectable levels of Cu around
and inside the cells.

Experimental

Procedures for surface modification

The Cu NPs were prepared under argon using a previously published method.1” Ligand
exchange was performed by adding 7 mL of ethanolic solutions of MOA, MDA, and MHA,
respectively, into the Cu-NP suspension in a 16-mL glass vial in an argon-filled glove box.1”
For thiotic acid appended-PEG (TA-PEG750-OCHs, TA for short),2® a modified procedure
was used for the ligand exchange.?® Typically, 1.5 mL of ethanol was added to 5 to 7 mg of
Cu NPs in a 16-mL vial, followed by the addition of 50 uL of TA. The vial was sealed and
stirred in 65 °C water bath for 4 h. The Cu NPs were then washed by adding hexane
(Vethano!: Vhexane =1:7), and centrifuged at 7000 rpm for 5 min. The washing process was
repeated three times. Finally, the Cu NPs were dispersed in 3-mL of ethanol.

Procedures for cell culture

The A549luc cells harbour a reporter that is under the control of the human IL-8 gene and
contains binding sites for Nuclear Factor kappa-light-chain-enhancer of activated B cells
(NF-xB) and activator protein 1 (AP-1). It was used as an indicator of the activation of
oxidative stress and inflammatory response pathways in cells.2” The culture medium was
composed of L-glutamine-supplemented RPMI 1640 (Gibco), which contained 10% heat-
inactivated fetal bovine serum (FBS; HyClone), 0.4 uL/mL gentamicin, and 1% geneticin.
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The A549luc cells were grown under 5% of CO5 at 37 °C. The Gibco and HyClone cell
culture reagents were obtained from Thermo Fisher Scientific (Waltham, MA) or GE
Healthcare Life Sciences (Pittsburgh, PA), respectively.

Dispersion of NPs in culture medium

Surface-modified Cu NPs were dispersed in ethanol. The concentrations of Cu NPs were
determined by atomic absorption (AA) spectroscopy (Perkin EImer AAnalyst 600). In a
standard procedure, Cu NPs were pelleted by centrifugation, collected and dried under
argon. Culture medium was added to the Cu NPs, followed by mixing using a water bath
sonicator for 2.5 min before their exposure to the cells.

Oxidation study of Cu NPs in phosphate buffered saline

In a standard procedure, 500 pL/mL of surface ligand modified Cu NPs (i.e., Cu-TA, Cu-
MOA, Cu-MDA or Cu-MHA) was dispersed in 3-mL phosphate-buffered saline (PBS) using
a similar procedure as described above. The Cu NPs were then exposed to ambient air at
room temperature for up to 48 h to study the surface oxidation. Photographs were taken at
20 h and 48 h, respectively.

Dissolution study of NPs

A static system was used to model the dissolution of Cu NPs in the /n vitro exposures. To be
specific, the particles were suspended in culture medium and 1 mL of each sample was
placed inside dialysis bags with a nominal pore size of 2-3 nm (regenerated cellulose 3500
MW cut-off; Spectrum Laboratories, Inc., Rancho Dominquez, CA). The bag was sealed
tightly with clamps and placed in 25 mL of culture medium in conical tubes, which were
placed inside an incubator (5% CO,, 37 °C). The content released into the culture medium
was collected after 1, 4, 8, and 24 h and analysed by AA spectroscopy. These experiments
were repeated at least three times. The results are expressed as cumulative fractional
dissolution.

Characterizations of NPs

Transmission electron microscopy (TEM) and high resolution TEM (HR-TEM) were used to
characterize the morphology of Cu NPs. The micrographs were taken on an FEI TECNAI
F-20 field emission TEM microscope at an accelerating voltage of 200 keV. Attenuated total
reflectance infrared (ATR-IR) spectroscopy data were collected on a Shimadzu FTIR-8400S
spectrophotometer with a MIRacle ATR accessory. The amount of Cu in the surface-
modified NPs was determined by AA spectroscopy. In a typical procedure, the solid samples
were dried, dissolved in concentrated nitric acid, and then diluted in 2% nitric acid to
quantify the Cu content. Hydrodynamic diameters of Cu NPs in water, PBS or cell culture
medium were measured using a nano-Zetasizer (Malvern Instruments, Inc.).

Cellular dosimetry study

Ab49luc cells were seeded into 12 well plates with 350,000 cells/well and grown to 80%
confluence. Cu NPs were dispersed as described above and added to the wells (1 mL of NP
suspension/well). The plates were then incubated under 5% CO» at 37 °C. After 4 h or 24 h,
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the NP supernatant in each well was carefully collected. The cells were washed twice with
500 uL of Hank’s balanced salt solution (HBSS) to remove the particles that did not attach
to the cells. After this washing step, the HBSS was collected from the same wells to
determine NP content. To lyse the cells, 500 uL of 0.1% trypsin were added to each well and
the plates were incubated for 15 min. The pellet fractions were collected in separate tubes.
The wells were vigorously washed with HBSS and the washes were combined with the cell
lysates. The Cu content in both supernatant and pellet fractions were analysed using AA
spectroscopy. Data are expressed as cell-associated fractions out of total Cu content (sum of
portions in both pellet and supernatant).

3-(4, 5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

(MTS) assay

Ab49luc cells were seeded into 96 well plates with 20,000 cells/well and grown for 24 h to
80% confluence. Cu NPs were dispersed in cell culture medium, sonicated for 2.5 min in a
water bath, and then further diluted in culture medium to a predetermined concentration of
1,5, 10, 25, 50, and 100 pg/mL, respectively, before adding to the wells at the amount of
100 mL of NP suspension/well. The Cu NP suspensions were vortexed for 5 s before being
added to the cells. After incubation for 4 h or 24 h, cell viability was measured using the
MTS assay (Promega Corp.; Madison, WI). In brief, the NP-containing medium was
aspirated, after which 120 pL of MTS reagent was added to each well. The plate was
incubated for 50 min under 5% CO5 at 37 °C, followed by centrifugation (2000 xg, 10 min).
100 pL of the supernatant was transferred to another 96-well plate. The absorbance in each
well at 490 nm was recorded using a Spectramax M5 plate reader. These experiments were
repeated at least three times. The centrifugation was incorporated, as suggested previously,30
to mitigate possible artefact due to the interaction between NPs and the formazan end
product.31

Study of luciferase reporter activity

Ab49luc cells were seeded into 96-well plates at 20,000 cells/well and grown to 80%
confluency for 24 h under 5% of CO, gas at 37 °C. Cu NPs were dispersed in culture
medium at the same concentrations as described above and added to the cell layers. TNFa
solution at 5 ng/mL was used as a positive control to ensure that the assay was properly
carried out (data not shown). After incubation for 4 h or 24 h, the luciferase activity was
measured according to standard instructions (Promega). In brief, the cells were washed twice
with PBS, followed by adding 20 pL of lysis buffer per well. The plates were further
incubated at room temperature on a rocking platform for 15 min. Luciferase substrate
solution was added to each well and the resulting luminescence was read immediately using
a Spectramax M5 plate reader. These experiments were repeated at least three times.

Uptake study of copper NPs

TEM was used to further characterize the uptake and distribution of Cu NPs in A549luc
cells. The cells were seeded in 4 well chamber slides at 180,000 cells/well and grown for 24
h to 80% confluency. Cu-MOA and Cu-MHA were dispersed in culture medium using
procedures described above and diluted to 10 or 25 pg/mL (0.6 mL of NP suspension/well).
The cells were incubated with the NPs for 0.5, 4, or 24 h under 5% CO» at 37 °C, after
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which the wells were washed twice with culture medium and then fixed overnight in 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer at 4 °C. The cells were rinsed in buffer and
post-fixed in 1.0% buffered osmium tetroxide for 30 min. The slides were transitioned
through a graded series of ethanol to 100% and infiltrated with Spurr’s epoxy resin
overnight. The capsules of resin entrapped cells were removed from the glass slides using
the “pop off” technique32 and then cut into 70 nm sections using an ultramicrotome with a
diamond knife. These thin sections were placed onto 200 mesh carbon-coated nickel grids
and stained with aqueous uranyl acetate and lead citrate. The cells on grids were examined
using TEM (Hitachi 7650). Digital micrographs were captured electronically using a Gatan
Erlangshen 11-megapixel digital camera.

Statistical analyses

All experiments were repeated at least three times, each with triplicate wells, unless
otherwise noted. Data from the MTS and luciferase assays were evaluated for the effects of
exposure time and suspension concentration, and for the interactions between these variables
via two-factor analyses of variance (ANOVA) within each particle type. Data
transformations were applied as needed, following an analysis of residuals to meet the
requirements of ANOVA.

Results and discussion

Surface modification and characterization of Cu NPs

The Cu NPs were modified by the appropriate mercapto-carboxylic acids following the
procedures reported previously.1” TA-PEG75,-OCHj3 (TA)-modified Cu (TA-Cu) NPs were
prepared using a similar protocol. Fig. 1(a) shows a representative TEM micrograph of as-
synthesized Cu NPs, which were uniform in size and had an average diameter of 15 nm. Fig.
1(b) shows the TEM micrograph of TA-Cu NPs, which did not aggregate in close-packed
structures after ligand exchange. The change in packing structure suggests that the ligand
exchange occurred, resulting in the dramatic change in surface chemistry. After this surface
treatment, the overall size and size distribution largely remained the same.

Fig. S1 shows the ATR-IR spectra of pure TA-PEG755-OCH3 and Cu NPs after ligand
exchange with TA-PEG750-OCHg (Cu-TA). The two characteristic peaks at 1549 cm™1 and
1661 cm™1 represent the C=0 stretch and N-H bending modes from the amide bond
connecting the thiotic acid to MPEG group. The IR pattern of ligand-coated Cu NPs was
similar to those for TA-PEG750-OCHy in the fingerprint range,2® confirming the existence of
TA ligand on the particle surface. The Cu-TA suspension in oxygen-free ethanol was stable
for weeks without precipitation when stored in an argon-filled glove box, indicating that the
TA ligand could provide Cu NPs with highly hydrophilic surfaces and colloidal stability.

Four types of Cu NPs, namely, Cu-MOA, Cu-MDA, Cu-MHA and Cu-TA were used in this
study. Table 1 summarizes the results of size and size distribution measurements of these
NPs, obtained by TEM and nano-sizer (hydrodynamic diameter: HD). All four Cu NPs had
similar primary size based on the TEM study. In suspensions, Cu-TA had a much smaller
hydrodynamic size in both water and PBS than the rest, while Cu NPs with other capping
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ligands had much larger diameter than their corresponding dry forms, indicating different
degrees of agglomeration. The hydrophilicity appeared to increase in the following order:
Cu-MHA < Cu-MDA < Cu-MOA << Cu-TA NPs. Other properties of Cu-MOA, Cu-MDA,
and Cu-MHA NP were reported elsewhere.1” These NPs were also shown to have a metallic
Cu core that readily forms Cu,0 shell under ambient conditions in air.

Dissolution and DLS study

Particle oxidation and dissolution often take place in biological systems for reactive species,
such as Cu metal or metal oxides. Dissolution was studied in cell culture medium to better
understand the dynamic nature of Cu NPs that were delivered to cells. Unlike the non-
equilibrium dissolution for /7 vivo study,33: 34 the system used here is static, which
resembles well the conditions of an /n vitro model. Tangential flow filtration was utilized
recently to separate solvated ions from NPs, which offers improvements due to the
agglomeration of reduced particles.3> However, this method depicts the dynamic system that
may not be suited for the behaviour under static conditions of an /n vitro system. Fig. 2
shows the dissolution kinetics for the Cu NPs over a range of concentrations. At a
concentration between 1 and 5 pg/mL, there is no distinguishable difference in dissolution
between the NP suspensions and the cell culture medium itself (15 ng/mL). Thus, only the
four highest concentrations were included in the rate calculations. In general, dissolution
decreased slightly when the concentration increased, possibly due to the agglomeration of
nanoparticles over time during dialysis. Among the four types of Cu NPs, Cu-TA dissolved
the fastest, reaching the maximum dissolution between 4 h and 8 h. This was followed by
the samples of Cu-MOA, Cu-MDA and Cu-MHA NPs, respectively. This dissolution took
place in culture medium around neutral pH, thus, could provide insight about events
occurring both outside and inside the cells, but not within lysosomes. It appears that the rates
are higher at lower pH values, as has been demonstrated previously.36: 37

To study the dissolution kinetics, we considered the reaction as n-th order and used the
following general equation to analyse the kinetics, considering that oxygen was in excess:38

This equation can be rearranged and plotted linearly using the In-In scale:38
In (&) =In(k)+n = In[ A] 1)

where [A] is the concentration of Cu, tis the time, and ks the rate constant. The data at
each concentration for all four Cu NP samples were analysed using Equation 1. The
resulting slope is the reaction order, 7, and the intercept value is In(k).

Fig. 3 and Fig. S2 show the kinetic fitting at the four initial concentrations for Cu-MDA and
Cu-MHA NPs, respectively, in which satisfactory R? values (=0.9) were obtained. On the
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other hand, R? values for Cu-TA and Cu-MOA NPs were in the range between 0.6 and 0.8 in
the kinetic analyses using the same general equation. The results appear to be in agreement
with the rapid dissolution of these two Cu NPs, especially in the case of Cu-TA (Fig. 2),
suggesting that there exist complex reaction kinetics for Cu-MOA and Cu-TA that cannot be
modeled via curve-fitting. Table 2 and Table S1 summarize the values of reaction order, 7,
and In(4) obtained for all Cu samples. The reaction order for Cu-MDA and Cu-MHA NP
systems was close to first order (between 15t and 2" orders), while no simple rate order
could be derived for Cu-MOA and Cu-TA NP systems. The value of rate constant increased
in the order of Cu-MHA<Cu-MDA<Cu-MOA<Cu-TA, although the quantitative
interpretation of the values requires additional experiments and reaction kinetic analysis,
especially in the case of Cu-MOA and Cu-TA NPs.

DLS measurements were carried out to determine the hydrodynamic diameter (HD) of the
Cu NPs in the cell culture medium. The results show that the HD depended on both the
particle type and concentration (Fig. 4). At the concentration of 1 pg/mL, no obvious
difference was observable between NPs and the cell culture medium. However, at
concentrations of 5, 10, 25, 50, and 100 pg/mL, the difference in hydrodynamic diameters
became pronounced. The Cu-TA had a much smaller hydrodynamic size in cell culture
medium, i.e., had a smaller agglomerate size, than the Cu-MOA, Cu-MDA, and Cu-MHA
NPs. This observation further indicates that the hydrophilic TA ligand could effectively
reduce the degree of agglomeration in cell culture medium.

All Cu NPs showed a similar trend in that the agglomerate size increased slightly with the
increase in concentration. These DLS results could explain the slight change in dissolution
rate at different concentrations (Fig. 2). We could not rule out the effect of NP dissolution on
the observed reduced size, because both Cu-TA and Cu-MOA NPs dissolved in such
medium. Nevertheless, since the measurements were completed within 1 min after sample
preparation, any contribution due to dissolution should be limited. As a result of the NP
agglomeration, the sedimentation rate of the NPs through the column of culture medium
could increase and, thus, the kinetics of dose delivery.

Cellular dosimetry

In order to better understand the cellular dose of Cu, we examined the partition of Cu NPs in
the A549luc cell phase and in the supernatant phase at NP concentrations of 1, 50 and 100
ug/mL after 4 and 24 h exposure to cells (Fig. 5). The amounts of Cu species measured in
the pellet and supernatant fractions for all four NP types is presented in Fig. S3. In general,
more than 90% of the Cu species from Cu-TA and Cu-MOA was found in the supernatant
for all three concentrations and for both durations of exposure. No more than 10% of the
total Cu species was associated with the A549luc cells (Fig. 5 and Fig. S3). For the Cu-
MDA and Cu-MHA NPs, greater fractions of the Cu species appeared in the cell-associated
phase. The amount of Cu species in cell-associated phase was similar for MDA and MHA
after 4 h of exposure. After exposure for 24 h, however, the amount of Cu species from Cu-
MHA remained high in the cell-associated phase, while the amount for Cu-MDA became
lower than that at 4 h. This difference likely stems from the higher dissolution rate of Cu-
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MDA as compared to Cu-MHA (Fig. 2). In general, the amounts of cell-associated Cu NPs
follow the order: Cu-TA < Cu-MOA < Cu-MDA < Cu-MHA.

MTS and luciferase reporter studies

The different dissolution behaviours of the Cu NPs in culture media and cells should result
in varied cytotoxicity. The MTS assay, which measures the activity of a mitochondrial
reductase, was used in this study to examine cell viability upon exposure. While it is not an
absolute measure of cell death, the MTS assay is often used as a general indicator of cell
health.

Fig. 6 shows the MTS responses of A549luc cells following exposures to Cu NPs for 4 h and
24 h. A two-factor statistical analysis was used to evaluate the results, which showed that the
effect of NP suspension concentration on cytotoxicity is dependent on exposure time.
Specifically, no obvious cytotoxicity was observed at the earlier time point (4 h) for
concentrations up to 50 pg/mL for Cu-MDA, Cu-MHA and Cu-TA, while the sample with
Cu-MOA showed a 30% reduction in MTS activity. When the concentration of NPs
increased to 100 pg/mL, both Cu-MOA and Cu-TA NPs showed statistically significant
reductions in mitochondrial reductase activity, indicating a change in overall cell health. By
24 h of exposure, all four types of Cu NPs showed significant concentration-dependent
cytotoxicity.

To obtain effective concentration 50 values (ECsgg, at which concentration 50% of the cell
population dies), the normalized MTS data and log (concentration) were fitted to the
following equation 3°:

— 100
1+ 10[(0gEC50—D) X h] (2)

where Vis the viability, Dis the log [concentration], and / is the Hill slope. Fig. 6 shows the
curves that were fitted with the above model for the MTS assay; the obtained ECsg values
for all four Cu NP types are presented in Table 3. The Cu-MOA NPs had a much lower ECsq
value than the others after 4-h exposure, indicating higher cytotoxicity. The ECsg values for
Cu-MDA and Cu-MHA at this exposure time had higher standard deviations than the other o
NPs. The large standard deviations suggest that the overall cytotoxicity was low at this time
point, thus broad variation in measured values. The data obtained after 4 h of exposure to
Cu-MHA could not be fit by Equation (2) (R% =0.1285), due to the weak response at this
time point. At the exposure time of 24-h, the ECsq values were similar for Cu-MOA and Cu-
TA NPs and were lower than at 4 hrs. Among the four samples, the Cu-MHA NPs had the
highest ECsq value at the later time point. The results on distribution of Cu species in
Ab549luc cells (Fig. 5) and the findings from the MTS assay show that the two particle types
with the lowest cell-associated doses and highest dissolution rates were more rapidly
cytotoxic than the others.

The luciferase reporter assay was used to study intracellular oxidative stress that was
induced by the Cu NPs (Fig. 7). No increase in response was observed after 4 h of exposure
of A549luc cells to the four types of Cu NPs, which indicates that oxidative stress (IL-8
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gene induction) was not extant even when the particles were taken up by the cells (Fig. 5a).
The drop in reporter activity for Cu-MOA at 100 pg/mL is likely due to the cytotoxicity that
was found at this time point (Fig. 6a). At 24 h, the response profiles became similar in that,
at low concentrations, the Cu NPs increased luciferase activity, whereas at higher NP
concentrations, activity decreased. Cu-MOA and Cu-TA showed the highest 24-h increases
in luciferase response at the dose level of 10 pg/mL, while Cu-MDA and Cu-MHA showed
maxima at 25 and 50 pg/mL, respectively. The concentrations at which there was a loss in
luciferase activity were close to the ECs values that were found in the MTS assay. Even
though changes in overall A549luc cell health were not observed via the MTS assay at
concentrations lower than 25 mg/mL for any particle type, luciferase reporter activity was
significantly elevated at these concentrations. These results suggest that cells underwent
oxidative stress, but this did not result in a pronounced decrease in cell health at these
concentrations.

All four Cu NP types generated oxidative stress within 24 h of exposure, with the greatest
responses being induced by Cu-MOA and Cu-TA. The maximum slopes (S;4) of the
concentration-response curves were calculated to compare intracellular oxidative stress
induced by these four types of NP. In this analysis, the steeper the slope, the higher the
potency.39 At relatively high concentrations, the systems showed cytotoxicity, judging by the
loss of luciferase activity. Thus, the response values in this concentration range were not
included in the analyses since they did not contribute to the understanding of onset of
response. The luciferase response curves were fitted to the following equation 3°:

I,—1,

I:Ib+ 1+10[(10gEC507D)><h] (3)

where /is the response in terms of intensity, which increases with concentration; /s the
bottom value of intensity (vehicle-treated control); and /;is the top value of intensity. Thus,
the expression of maximum slope (S;;2,) Was obtained based on the following equation 3%

(Ii—Ip) x (h—1)37 %) x (ht1)(+n)
4 x h x ECx 4)

Smax:

In cases where few data points were attainable before the maximum intensity, errors tend to
be large in the calculated S;.x as shown in Table S2. The highest point for the luciferase
response could however be obtained from the complete curves, in which case a value equal
to the highest point plus two standard deviations was used as the limit of /;(Fig. S4). The
obtained /; limit values were 4600 for Cu- MOA, 2700 for Cu-MDA, 1300 for Cu-MHA and
3700 for Cu-TA. Table 4 summarizes the S, 0btained for the four Cu NP types using a
defined limit for /. The use of a defined limit reduced the errors in calculation. These results
show that Cu-MOA has the steepest concentration-response curve, that is, the highest Sy«
value, while Cu-MHA has the shallowest.
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TEM characterization of NP-uptake

Morphologies of Cu NPs after uptake by A549luc cells were studied by TEM (Fig. 8). To
facilitate the TEM characterization, we chose Cu-MHA NPs at a concentration of 25 mg/mL
for this study. Cu-MHA is the least soluble particle among the four and the selected
concentration was similar to that where the onset of oxidative stress occurred, but below that
of the 24-h MTS ECgq. After 30 min of exposure, most of the Cu-MHA NPs were outside
the A549luc cells (data not shown). After incubation for 4 h, however, Cu-MHA NPs were
readily observed inside the cells, consistent with the findings shown in Fig. 5. Fig. 8a
displaying a cluster of NPs that were about to be taken up by a cell. NPs were found in both
cytoplasm and putative vacuoles and lysosomes (Figs. 8a, b). A TEM micrograph at higher
magnification shows that the Cu-MHA NPs in the cytoplasm were oxidized and partially
dissolved intracellularly (Fig. 8c). The formation of hollow structures from metal NPs
occurred due to the uneven counter diffusion rates between metal and oxygen atoms during
oxidation,*0 where Cu diffuses faster from the core to outside layer of the particle than
oxygen diffuses into the Cu metal core. NPs were also observed inside a putative lysosome.
These NPs became much smaller in size and formed aggregates, suggesting that extensive
digestion occurred (Fig. 8d). This observation agreed with a previous report that NP
oxidation and dissolution rates increase inside lysosomes, where the pH is low.#! According
to the MTS assay results (Fig. 6), the A549luc cells were healthy at 4 h and also did not
undergo appreciable oxidative stress at any concentration of Cu-MHA NPs. These
observations suggest that uptake and initial intracellular dissolution of poorly soluble Cu
NPs precedes the initiation of the cellular oxidative stress response and subsequent
cytotoxicity and that these processes are linked to intracellular release of Cu ionic species.

Cu-MDA NPs were expected to behave in a similar fashion to the Cu-MHA NPs uptake,
followed by the intracellular dissolution because of their similarity in physical and chemical
behaviors in cell environments. The more rapidly-dissolvable Cu-MOA NPs, however, were
not found outside or inside the A549luc cells as intact NPs. Only small clusters, similar to
the fragments in Fig. 8d, were observed (shown in Fig. S5). Thus, it is likely that the cellular
responses to this particle type were initiated by extracellular ionic species due to the
oxidation of Cu (Fig. 2 and Fig. 3).

Morphological changes in NPs during controlled oxidation

In order to better understand the oxidation process of Cu NPs, we performed controlled
studies of these four Cu NP types in PBS over 48 h at room temperature and observed their
morphologies (Fig. S6). After 20 h oxidation in buffer, Cu-TA NPs became a green solution,
and the other three NPs precipitated out of solution. TEM micrographs showed that Cu-
MOA, Cu-MDA and Cu-MHA did not change appreciably comparing to the original
morphology. However, Cu-TA NPs became hollow structures and turned into even smaller
particles, which resembles the morphology change of NPs due to the Kirkendall effect.40
Similar changes were observed for Cu-MHA NPs in the cytoplasmic environment inside the
cells (Fig. 8a). After 48 h, all dispersions of Cu NPs had colourless supernatants and
precipitates of different colours. Cu-MOA became particles with sizes in the range of 5 nm
with some in the range of 1-2 nm. Most of Cu-MDA and Cu-MHA samples remained at
their original size, though smaller particles were also observed. The Cu-TA NPs became
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mostly small particles. Fig. 9 shows that these hollow structures and the size-reduced NPs,
both of which have a lattice spacing of 0.24 nm, which can be assigned as the (111) plane of
Cu,0. These results show that both hollow and small Cu,O NPs form during the oxidation
process. When further exposed to oxygen or air, the hollow structures may all become small
Cu,0 NPs and eventually dissolve completely to become Cu ions. Organic capping ligands,
which help to retard the surface oxidation, could not completely protect the metallic Cu from
reacting with oxygen, especially for those with short chains which could not form densely
packed structures on the surface.#2 Cu,O is stable at room temperature because further
oxidation to CuO or other Cu2* species is extremely slow.43 Thus, Cu ions could form only
after the NPs were exposed to an acidic environment, such as within a lysosome.

Our combined data show that Cu-MOA and Cu-TA NPs, which were oxidized into smaller
NPs outside the cells, did not effectively deliver an intracellular dose of Cu. They
nevertheless induced adverse changes in A549luc cell health and oxidative stress (Fig. 6 and
Fig. 7). Cu-MDA and Cu-MHA NPs, however, were oxidized more slowly (Fig. 2 and 3),
and to be taken up as solid particles and gradually dissolved intracellularly (Fig. 8), which
preceded noticeable oxidative stress-related cytotoxicity. It was found previously that for
NPs with limited solubility, rat lung inflammation depended on the ions that were produced
during dissolution of NP inside the phagolysosomes following /17 vivo exposure.*4 More
specific to Cu NPs, Studer et al. proposed a “Trojan horse mechanism” whereby NPs were
taken up by cells and then dissolved into Cu ions inside the cells, causing cytotoxicity.4°
Wongrakpanich et al. stated that the difference in CuO NPs size might have affected the rate
of entry of NPs into the cell, potentially influencing the amount of intracellular dissolution
of Cu2* and causing a differential impact on cytotoxicity.*6 Our results support this
mechanism for more slowly-dissolving Cu-based NPs, but show that detrimental effects on
cell health could be particle uptake-independent. Specifically, a change in NP surface
chemistry results in different mechanisms of dissolution and, thus, interactions with cells.

The impact of intracellular Cu NP disposition on response has also been studied. Semisch et
al. studied the effects of size on dissolution and uptake of nanoscale and micron-sized CuO
particles. The particles used in their study were more slowly dissolved in cell culture
medium than the NPs used in the present study.3” Although the micron-sized CuO particles
were taken up by cells, their predicted intracellular and extracellular dissolution was slow,
leading to far less severe outcomes as compared to CuO NPs, which were more rapidly
dissolved due to high surface area. Karlsson et al. demonstrated that extracellular ionic
release and corrosion of Cu NPs were responsible for direct cell membrane damage,
however, cell-associated doses were not determined.31: 47 When considering these findings,
we hypothesized that extracellular Cu ionic species should initiate the early response. Our
present results agree with this general conclusion, but also further elucidated the importance
of careful quantification of NP uptake and dissolution.

Previously, Wittmaack proposed that because of rapid gravitational settling of
nanostructured particles, cell interactions with NPs could be greater than what would be
inferred from the suspension concentration, resulting in higher toxicity.*8 Computational
models have been developed to better understand the /n vitro dosimetry of engineered
nanomaterials.#%-51 These studies indicate that the transport of particles in cell culture
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medium is controlled by diffusion and sedimentation processes, which are themselves
influenced by agglomerate size and density.>2 According to the computational models,
sedimentation is dominant when particle (agglomerate) size is above 100 nm, whereas
diffusion dominates when particle (agglomerate) size is below 10 nm. Between 10 and 100
nm, both mechanisms contribute to the reduced rate of total transport. Based on these
models®3: 24 and our measured hydrodynamic sizes of the NPs (Fig. 4), the Cu-MOA, Cu-
MDA, and Cu-MHA NPs should be transported to the cell surface via sedimentation,
whereas Cu-TA NP transport is likely to be the combination of diffusion and sedimentation,
particularly prior to extensive dissolution. Any interference in NP transport due to high
suspension concentrations did not significantly impact our findings, as the temporal and
dose-related changes in the MTS response and in luciferase activity converged very well.
Moreover, our directly measured dosimetry data demonstrate that in addition to transport
and settling of NPs, dissolution, location of dissolution, and dynamics in particle size are
other critical factors that need to be taken into consideration for understanding /n7 vitro
dosimetry and cytotoxicity of NPs. Specifically, the dissolution rate of Cu ionic species
inside or outside the cells is an important determinant of cellular response.

Conclusions

This study shows that surface chemistry — the dissolution kinetics of Cu NPs, in particular —
is critical in determining their uptake and cytotoxicity in a lung cell line (A549luc). Surface
chemistry affects the physicochemical properties of NPs in biological media, resulting in
different agglomeration, oxidation, and dissolution rates. In addition to particle
agglomeration, size-dependent sedimentation and diffusion, the dissolution rate needs to be
taken into consideration regarding the delivered dose when using /n vitro models. If NPs are
not dissolved within the time frame of an /in vitro study, the delivered dose to the cells may
be predicted through the balance of sedimentation and diffusional transport, which may be
estimated by mathematical models. However, if dissolution occurs over the time scale of
experiments, dissolution rate, biodistribution and the formed ionic species (inside or outside
the cells) are all important parameters to be considered.
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Fig. 1.
TEM micrographs of Cu NPs: (a) as-synthesized, and (b) after ligand exchange with TA-
PEG750-OCHG.
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Fig. 2.

Dissolution profiles of the four types of Cu NPs at the concentration of (a) 10, (b) 25, (c) 50
and (d) 100 pg/mL, respectively. The cumulative dissolved fraction was calculated by using
the equation (1-[A]/[Ag])-
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Fig. 3.
Analysis of dissolution kinetics for Cu-MDA at the concentrations of (a) 10, (b) 25, (c) 50

and (d) 100 pg/mL, respectively.
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Fig. 4.
Analysis of hydrodynamic diameter (HD) of various Cu NPs at different concentrations in

cell culture medium.
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Fraction of Cu species associated with A549luc cells at (a) 4 h and (b) 24 h. P represents the
amount of Cu (in ng) in cell pellet and T is the total Cu added (in ng).
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Fig. 6.
MTS analysis (% of control vs. log concentration) at the exposure time of (a) 4 and (b) 24 h.

Insets are corresponding bar charts for normalized MTS results (*: p<0.05 versus untreated
controls).
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Luciferase response of A549luc cells after incubating with Cu NP suspensions at different
concentrations for exposure at (a) 4 h and (b) 24 h. Note difference in scaling of intensity in
(a) and (b). (*, p<0.05 versus untreated controls).
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Fig. 8.
TEM micrographs of Cu-MHA NPs (25 pg/mL) incubated with A549luc cells for 4 h: (a)

and (b) cellular uptake observed at low magnifications; oxidized Cu NPs inside (c)
cytoplasm and (d) lysosomes.
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HR-TEM micrographs of (a) hollow and (b) size-reduced Cu-TA NPs after oxidation for 20

h in PBS at room temperature

Fig. 9.
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Table 1

Primary and hydrodynamic sizes of copper NPs.
Size (nm) Cu-MOA | Cu-MDA | Cu-MHA | Cu-TA
TEM size 145212 | 14.4£11 | 148209 | 14515

HD inwater ¥ | 243456 198450 278+31 33+2
HDinPBS™ | 30278 | 352+84 | 40322 6322

The concentration of these Cu NP suspensions was 10 pg/mL.
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Table 3

ECsxq values of Cu NPs at different exposure times™

ECsy | Cu-MOA Cu-MDA Cu-MHA Cu-TA

Time

4 64.9+6 279.4+139 | 1084 +200 | 169.4 +40

24 23.8+3 416+2 88.9+2 26.9+5

*
ECs50 values are mean + SD in mg/mL, calculated from three independent measurements. The unit for time is h.
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Table 4

Result of luciferase reporter activity in response to Cu NPs at 24 h with £ defined.
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Sample

Cu-MOA

Cu-MDA

Cu-MHA

Cu-TA

Smax " (mg/mL)

467+117

90+17

36+3

389+125

*
mean values + SD calculated from three independent experiments
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