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espite concerns about the potential
Denvironmental and ecological risks
posed by the many applications of
engineered nanoparticles (NPs),' > such
particles are a promising antibacterial agent
owing to their photoactive bactericidal
effects.* Several metal-oxide NPs, such
as TiO, nanoparicles (nTiO,), have been
reported to possess significant antibacterial
activity, and these have been extensively
studied.”~” Other metal-oxide NPs, includ-
ing nCuO, nSiO,, and nZnO, also exhibit
excellent antibacterial activity against both
Gram-positive and Gram-negative bacteria® 2
Oxidative stress induced by reactive oxy-
gen species (ROS) generation in NP systems
is thought to be the main mechanism of
their antibacterial activity.'*'* In particu-
lar, many previous studies have explored
the photogeneration of ROS on the surfaces
of metal-oxide NPs.>'> The general principle
is that when illuminated by light with
photoenergy greater than the band gap,
the electrons (e™) of NPs are promoted
across the band gap to the conduction
band, which creates a hole (h") in the
valence band.® Electrons in the conduction
band and holes in the valence band exhibit
high reducing and oxidizing power, respec-
tively.'” The electron can react with molec-
ular oxygen to produce superoxide anion
(0,°7) through a reductive process.'® The
hole can abstract electrons from water and/
or hydroxyl ions to generate hydroxyl radi-
cals ("OH) through an oxidative process.'”
Singlet oxygen ('0,) is mostly produced
indirectly from aqueous reactions of O,
*OH is a strong and nonselective oxidant®
that can damage virtually all types of
organic biomolecules, including carbohy-
drates, nucleic acids, lipids, proteins, DNA,

LI ET AL.

ABSTRACT Oxida-
tive stress induced by

0.1
0.0nCe0;

onfidence Limit
0.1 i ‘onfidence Limit

02]1
03],
0.4

reactive oxygen species
(ROS) is one of the
most important anti-

Log (N/N,)

Oxidative stress ™.

. . " _0.7] versus antibacterial .
bacterial mechanisms W o Ctivity
0 100 200 300 400 500
Average concentration of total ROS (M)
Total ROS= [0, ] + [+OH] + ['0,]

+0TiO,

& N
H0 -OH

of engineered nano-
particles (NPs). To elu-
cidate the ROS generation mechanisms, we investigated the ROS production kinetics of seven
selected metal-oxide NPs and their bulk counterparts under UV irradiation (365 nm). The results
show that different metal oxides had distinct photogenerated ROS kinetics. Particularly, Ti0,
nanoparticles and ZnO nanoparticles generated three types of ROS (superoxide radical, hydroxyl
radical, and singlet oxygen), whereas other metal oxides generated only one or two types or did not
generate any type of ROS. Moreover, NPs yielded more ROS than their bulk counterparts likely due
to larger surface areas of NPs providing more absorption sites for UV irradiation. The ROS generation
mechanism was elucidated by comparing the electronic structures (i.e., band edge energy levels) of
the metal oxides with the redox potentials of various ROS generation, which correctly interpreted
the ROS generation of most metal oxides. To develop a quantitative relationship between oxidative
stress and antibacterial activity of NPs, we examined the viability of E. coli cells in aqueous
suspensions of NPs under UV irradiation, and a linear correlation was found between the average
concentration of total R0S and the bacterial survival rates (R* = 0.84). Although some NPs (i.c., Zn0
and CuO0 nanoparticles) released toxic ions that partially contributed to their antibacterial activity,
this correlation quantitatively linked ROS production capability of NPs to their antibacterial activity
as well as shed light on the applications of metal-oxide NPs as potential antibacterial agents.

KEYWORDS: antibacterial activity - nanoparticles - reactive oxygen species -
ion release - UV irradiation
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contribute to the major oxidative stress in biological
systems. Although many previous studies have ex-
plored ROS generation by various metal-oxide NPs, to
the best of our knowledge, little research has examined
the role of the electronic properties (e.g., band energy
edge structures) of metal-oxide NPs in ROS genera-
tion."* A deeper understanding in this aspect would
allow us to interpret the underlying ROS generation
mechanisms, potentially predict the amount of ROS
generation or the antibacterial activity of newly
synthesized metal-oxide NPs, and effectively reduce
experimental testing costs.

A comprehensive literature review on ROS genera-
tion by NPs is summarized in Table S1 of the Support-
ing Information (Sl). Although a consensus on the ROS
production of different NPs was difficult to reach
among various studies, almost all engineered NPs
appear to produce ROS under certain circumstances.
Unfortunately, differences in the sources or synthetic
methods of NPs, experimental conditions (e.g., with
or without light illumination, particle size and concen-
tration), and solution chemistry (e.g., pH and ionic
strength) largely hamper quantitative comparisons
among different studies on ROS production for the
same NPs. For example, some studies detected ROS in
nTiO, suspensions under dark conditions,?*?' whereas
other studies did not.? Furthermore, in one study nTiO,
in microbial growth medium induced the generation
of 05", but in another study under similar biotic
conditions it did not.” Previous studies reported that
nCeO, suppressed ROS production and protected cells
against oxidant injury.'>?? Conversely, nCeQ, inhibited
Escherichia coli (E. coli) owing to oxidative stress.?®
Therefore, to compare the antibacterial activity of
different NPs, distinguishing and quantifying each
type of ROS produced under the same experimental
conditions is essential.

Although ROS production by NPs is closely related to
their antibacterial activity, quantitative relationships
between the ROS production and antibacterial activity
of NPs have not been well established.”?* One success-
ful example is that the mortality rate of E. coli cells was
linearly correlated with the concentration of “OH gen-
erated from nTiO,. Furthermore, the antibacterial
activity of nZnO suspension was linearly proportional
to the concentration of H,0, (a derivative of 0,"7).2*
However, not all ROS (i.e., 'O, and O,"™) were taken into
account when correlating the antibacterial activity of
NPs. Considering the thousands of new NPs that will be
utilized in the near future, it is impossible for every type
of NP to go through antibacterial experiments, which is
costly and labor-intensive. Thus, the development of
quantitative relationships between the ROS production
and antibacterial activity of NPs for rapid toxicological
screening to rank NPs for priority in vivo testing is crucial.

In this study, we selected seven types of metal-oxide
NPs (nTiO,, nCeO,, nZnO, nCuO, nSiO,, nAl,03, and
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nFe,05) as case studies because of their broad applica-
tion in industrial products and their antibacterial
properties.®'%%728 On these NPs we investigated the
generation of three types of ROS ('0,, *OH, and 0,"")
under UV irradiation (365 nm). The ROS generation
mechanism was analyzed by comparing the band
energy structures of the metal oxides with the redox
potentials (Ey) of different ROS. To elucidate the effect
of primary particle size on ROS generation, the bulk
counterparts of these NPs (bTiO,, bCeO,, bZnO, bCuO,
bSiO,, and bFe,03) were also quantified. Furthermore,
we systematically studied the antibacterial activity of
the NPs on E. coli cells as the model bacterium, which
was then correlated with the average concentration of
total ROS of different NPs as an indicator of oxidative
power. Overall, this work is aimed at developing a
theoretical framework for predicting the oxidative
stress of metal-oxide NPs and providing insight into
the application potential of engineered NPs as anti-
bacterial agents.

RESULTS AND DISCUSSION

Generation Kinetics of 0,"~, “OH, and '0,. Figure 1 shows
the changes in the absorption spectrum of the particle
suspension after 48 h UV irradiation. The absorption
peak at 4 = 470 nm indicates the production of O,"".
Clearly, nTiO,, nZnO, nCeO,, nFe,03, and bZnO gener-
ated O, under UV irradiation, whereas none of the
other three types of NPs and their bulk counterparts
produce measurable amount of O," (Figure S3).In the
absence of particles or in dark conditions, no absorp-
tion peaks were detected for all particle suspensions.

Figure 2a,b present the *OH formation kinetics of
different metal-oxide NPs and their bulk counterparts
under UV irradiation. A control test performed in the
absence of metal oxides demonstrated that the con-
centration of p-chlorobenzoic acid (pCBA) decreased
by only 3.2 &+ 0.2% after 48 h UV irradiation, which
indicates that the photolysis of pCBA was negligible.
Figure 2a shows that nTiO, had the highest *OH
generation rate, followed by nZnO and nFe,O3 For
bulk materials, only bZnO and bTiO, produced notice-
able "OH. The generation rate for bZnO was much
faster than that for bTiO, within 8 h UV irradiation;
however, “OH generation by bZnO appeared to cease
after approximately 8 h (Figure 2b). The other NPs and
their bulk counterparts did not produce significant
pCBA degradation under UV irradiation (data not
shown), which indicates that no measurable amount
of *OH was produced. In the dark, none of these metal
oxides produced detectable "OH within the experi-
mental period (48 h).

Figure 2c shows that 'O, generation was observed
only in nTiO,, nSiO,, NAl,O3, and NnZnO suspensions;
other types of NPs and all seven types of bulk materials
did not induce significant degradation of furfuryl
alcohol (FFA) (data not shown). Again, nTiO, had the
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Figure 1. O,"  generation kinetics of various NPs and their bulk counterparts under UV irradiation as indicated by the
reduction of 100 xM XTT (intensity of 0.78 mW/cm?, room temperature of 22.5 °C, initial pH of 5.6, and initial particle

concentration of 5.0 mg/L).

highest 'O, generation rate, followed by nAl,0s, nZnO,
and nSiO,. In the absence of NPs or bulk materials,
approximately 4.1 £+ 0.3% FFA was degraded, which
indicates the photolysis of FFA under UV irradiation
was negligible. In the dark, no 'O, was detected for any
of these metal oxides within the experimental period
(data not shown).

ROS Concentration Generated by Various NPs and Their Bulk
Counterparts. Table 1 summarizes the average molar
concentrations of the three types of ROS (‘OH, '0,,
and O,"") for different metal oxides, which were
computed using eq 1. Bulk particles other than bTiO,
and bZnO did not produce measurable ROS, whereas
NPs other than nCuO generated ROS. At the same mass
concentrations and UV irradiation, NPs generated
more ROS than their bulk counterparts. The average
concentration of total ROS (the sum of the concentra-
tions of three types of ROS) followed the order nTiO, >
nZnO > nAl,O3> nSiO, > nFe,03 > nCeO, > nCuO and
bZnO > bTiO,. It was observed that (1) among NPs,
nZnO generated the most O,°", followed by nFe,03,
nTiO,, and nCeO,, whereas for bulk materials, only
bZnO favors O, generation; (2) nTiO, generated the
most “OH, which was approximately 2-fold and 6-fold
more than that generated by nZnO and nFe,0s. For
bulk materials, bTiO, generated approximately 2.5-fold
more "OH than bZnO did. (3) nTiO, generated the most
'0,, followed by nAl,Os3, nZnO, and nSiO,. The en-
hanced ROS generation power of NPs compared to
their bulk counterpart is likely due to their larger
surface areas, which provide more available reaction
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sites for UV absorption."?® Other potentially size-
dependent properties (e.g., light absorption or scatter-
ing, defect sites, and structural disorder) may also lead
to the difference in photoactivity.°

Electronic Structures of Metal Oxides and Their Relationship
to ROS Generation. Production of a specific type of ROS
(e.g., "OH, '0,, or O,") on metal oxides under UV
illumination could be related to the electronic struc-
tures of the metal oxides as well as the redox potentials
(Ew) of the different ROS generation reactions.>'>* The
electronic structure of metal-oxide NPs is characterized
by the band gap (E,), which is essentially the energy
interval between the valence band (E,) and the con-
duction band (E,), each of which has a high density of
states. Table S4 lists the literature values of Eg, E., and E,
for the seven types of pristine metal oxides. From the
interfacial energy perspective, ROS generation is dic-
tated by the interfacial electron transfer process, which
is driven by photoexcitation in this case. Only the
metal-oxide NPs with Eg less than the incident photon
energy (i.e, approximately 545 x 107" J or 3.4 eV
for the 365 nm UV) can be photoexcited. Under UV
excitation, electrons are promoted from the valence
band to the conduction band, with the concomitant
generation of a hole in the valence band. The photo-
excited electrons and holes then react with an aqueous
electron acceptor (i.e., molecular oxygen) and donor
(i.e., water and hydroxyl ions), respectively, to produce
different types of ROS.

In aqueous environments, the band edge energies
shift to higher or lower energy levels owing to the
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Figure 2. "OH generation kinetics indicated by the degra-
dation of 20 «M pCBA (a, b) and 0, generation kinetics
indicated by the degradation of 0.85 mM FFA (c) by various
NPs and their bulk counterparts under UV irradiation (other
conditions were the same as in Figure 1).

formation of the space charge layer as well as the
electrostatic double layer (or Helmholtz layer) within
the interface between the metal oxides and aqueous
solution.3"* The relevant E. and E, band edge ener-
gies at a pH of 5.6 (the initial suspension pH during
photochemical experiments) were calculated by the
Nerstian relation:>*

Ec,on = Ec+0.059 x (PZZP — pH) (1

Ey,on = E,+0.059 x (PZZP — pH) (2)

where PZZP is the point of zero zeta potential of the
semiconductor materials, which are available in the
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|
TABLE 1. Average Concentrations of ROS Generated by
Different Metal Oxides under UV Irradiation

particles *OH (M) 10, (uM) 0, (uM) total (M)
Ti0, NPs 193408 41734188 80404 4429 4+ 200
bulk 49 £0.2 N.D.a N.D. 49 £0.2
(e0, NPs  ND. N.D. 8.4 402 84402
bulk  N.D. N.D. N.D. 0
Si0,  NPs  ND. 56.5 £ 2.5 N.D. 56.5 4 2.5
bulk  N.D. N.D. N.D. 0
AlLO;  NPs  ND. 1585480  ND. 158.5 4 8.0
bulk  N.D. N.D. N.D. 0
n0  NPs  95+06 1008464 167 £86 27734156
bulk 19401  ND. 81.8+£03 87404
Cuo NPs — N.D. N.D. N.D. 0
bulk  N.D. N.D. N.D. 0
Fe,0; NPs 23401  ND. 181411 204412
bulk  N.D. N.D. N.D. 0

“N.D. indicates that ROS were not detected or were not statistically significant.
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"
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Figure 3. Band edge positions of seven metal oxides in
contact with aqueous solution at pH 5.6. The lower edge of
E. (blue) and upper edge of E, (red) are presented along with
the band gap in eV. The energy scale is drawn with respect
to the normal hydrogen electrode (NHE) and the absolute
vacuum scale (AVS) as references. The blue-shaded area
represents the conduction band (E.), while the red-shaded
area represents the valence band (E,). On the right side the
redox potentials of several redox couples are presented.

literature.>* 37 The relevant E. and E, levels at pH 5.6
are shown in Table S5 and illustrated in Figure 3 with
respect to both the normal hydrogen electrode (NHE)
and the absolute vacuum scale (AVS). Moreover, po-
tential redox couples of metal oxides are shown on the
right side of Figure 3. £y values of the redox couples
were also determined at pH 5.6 except for those of
the redox couples of Fe*"/Fe*" (Fe3" + e~ — Fe?T,
E°=0.77V),Ce*t/Ce*" (Ce*t + e —Ce* E2=1.72V),
Cut/Cu*" (Cu*" + e —Cu’, E°=0.16 V), and Zn™/
Zn*t (Zn*" + e~ —2Zn", E° = 1.04 V), which are not pH
dependent (see details in the Sl). By aligning E,, E., and
Ey, one can easily identify whether the ROS genera-
tion reactions are thermodynamically favorable. For
example, the reducing power of the excited electrons
in the conduction band plays a significant role in the
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formation of O," . Figure 3 shows that the E values of
nTiO, and nCeO, (—0.28 and —1.69 eV with respect
to NHE; unless indicated, E. and E, values are shown
with respect to NHE) are less than the Ey of 0,/0,""
(—0.2 eV). This indicates that the potential of nTiO, and
nCeO, to donate electrons to O, would lead to the
formation of O," ", which agrees with the experimental
results as shown in Table 1. Because the calculated
E. value of nZnO (—0.12 eV) is greater than the £y of
0,/0,"" (—0.2 eV), the reducing power of the photo-
excited nZnO is not sufficient to reduce O,. However,
nZnO unexpectedly generated O, , which is probably
because nZnO has n-type character. In aqueous solu-
tion nZnO may have an upward-bending conduction
band owing to the accumulation of positive charge
within the space charge region of the Helmholtz
layer.?” Thus, the actual E. could become lower than
the Ey of 0,/0,°", which allows the electrons to
transfer from the conduction band to the electron
acceptor (O,), and thus O,"~ was generated (O, + e~ =
0,"7). As nAl,O3 and nSiO, were not photoexcited
because their band gaps are greater than the incident
photoenergy (3.4 eV), no O, was detected. The
reductive power of the nCuO conduction band poten-
tial (0.69 eV) was insufficient to reduce oxygen, so the
nCuO suspension could not generate O,"". Owing to
the high E. of nFe,03 (0.46 eV), O, is not supposed to
be reduced to O, in nFe,03 suspension either, but a
considerable amount of O,°~ was observed. This is
reasonable because, similar to nZnO, nFe,03 is an
n-type semiconductor whose conduction band could
be bent upward when dispersed in water.>”

The Ey for *OH generation is approximately 2.2 V at
pH 5.6 with respect to NHE (see Sl), which is lower than
the E, values of nTiO,, nZnO, nCuO, and nFe,05 (2.92,
3.08, 2.39, and 2.66 eV, as shown in Table S5), which
indicates that the holes of these NPs can theoretically
oxidize H,0 into "OH. In fact, *OH was experimentally
detected in all of the above NP suspensions except for
nCuO, probably because the difference between the
E, of nCuO and E of *OH generation is not substantial.
Because UV light cannot excite nAl,O3 and nSiO,, no
*OH was detected in those suspensions. The Ey for "OH
generation is higher than the E, of nCeO, (1.6 eV as
shown in Table S5), which indicates that nCeO, cannot
generate “OH.

Similarly, the £ for '0,/0, is 1.88 eV with respect to
NHE at pH 5.6 (see Sl), which is lower than the E, of all of
the metal-oxide NPs except nCeO, (1.6 eV). Thus, '0,
should be produced in all NP suspensions other than
nCeO,, which partially agrees with our experimental
observations in Figures 2c. 'O, was not detected in
nCuO and nFe,05 suspensions because the Cu™/Cu?*
and Fe?"/Fe*" redox pairs have E values significantly
less than that of '0,/0,, and thus redox reactions with
ionic Cu or Fe species could consume the produced
'0,. Interestingly, as mentioned above, nAl,O; and
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nSiO, were not supposed to undergo photoexcitation
owing to their high E4 value. However, '0, was de-
tected in the nAl,Os and nSiO, suspensions, as shown
in Figure 2¢, which indicates that nAl,Os and nSiO,
may operate as a conduit for electrons similar to
nTiO, and promote photochemical reactions with-
out illumination.?®?’

Figure 3 presents the electronic properties of the
bulk scale metal oxides without considering the po-
tential size effect on E, or the band edge positions.*®
The electronic structures of small NPs (less than 10 nm)
are probably different from those of bulk materials. For
instance, owing to quantum confinement effects, small
NPs likely have larger E4 values than their bulk counter-
parts, and their band edge positions shift with respect
to the positions of bulk materials.3® However, the NPs
used in our study have diameters of 25—50 nm; such
NPs have bulk-like electronic structures,™ and thus
changes in electronic structure should not cause differ-
ences in the photochemical properties of the tested
NPs and their bulk counterparts.

Antibacterial Activity of NPs and Their Bulk Counterparts
toward E. coli Cells. To determine the antibacterial activ-
ity of metal-oxide NPs and their bulk counterparts
under UV irradiation, we performed a bacterial inhibi-
tion assay with E. coli cells. Figure 4 shows that in the
control test without exposure to metal-oxide particles,
the E. coli survival rate was not significantly compro-
mised by the 2 h UV irradiation. Moreover, the anti-
bacterial activity under room light conditions was
also investigated (see Figure S4). The survival rates
(log(Ny/No)) of E. coli cells were all less than —0.2, which
indicates that the cellular inhibition from exposure to
NPs under room light should be minimal. With addition
of particles to the system, the survival rates of E. coli
cells decreased significantly in the order nCuO > nTiO, >
nZnO > nAl,03 > nSiO, > nFe,03 > nCeO, for NPs and
bTiO, > bZnO > bCuO > bSiO, > bCeO, > bFe,05 for
the bulk materials. A previous study investigated the
antibacterial activity of NPs toward E. coli in the pre-
sence of sunlight and found an antibacterial ranking of
nZnO > nTiO, > nSiO,,% whereas another study con-
ducted in the absence of sunlight found a ranking of
nZnO > nSiO, > nTi0,.%® The differences from our
results may be attributed to the sources of or synthetic
methods for NPs, experimental conditions (e.g., pre-
sence or absence of lightillumination, particle size, and
NP dose), and solution chemistry (e.g., pH and ionic
strength), which largely hamper comparisons among
different studies on antibacterial activity for the same
NPs. Some antibacterial studies using E. coli have
demonstrated that nCuQ is more toxic than nZn0,'%3°
which is consistent with our results.

The antibacterial activity of nCeO, toward micro-
bial cells has been controversial.>>*>*° Particularly,
whether nCeO, can induce oxidative stress and in-
flammation remains debatable.*’ ~** As we observed,
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Figure 4. Kinetics of E. coli inactivation by seven types of metal-oxide NPs (a) and their bulk counterparts (b) under UV
irradiation (other conditions were the same as in Figure 1). Asterisks (*) denote a significant difference from the control at

the 95% confidence level.

during a short UV exposure time (30 min), nCeO, may
act as a protective layer that shields the E. coli cells or
absorbs UV irradiation and scavenges the produced
ROS." Even the trace amounts of Ce*"/Ce*" ions
released may be used as nutrients that eventually
boost the growth of E. coli cells, as observed in Figure 4.
However, after a long UV exposure time (2 h), nCeO,
inhibited the growth of E. coli cells, probably owing to
the accumulated ROS or other physical damage from
nCeO, attachment.?

From the toxicological perspective, particle size
significantly changes the antibacterial activity of par-
ticles."*** One study found no significant size effects
on the antibacterial activity of nTiO,, nSiO,, and nZnO
toward E. coli cells,® but most studies have shown that
the antibacterial ability increases with decreasing par-
ticle size."?#454¢ A comparison between parts a and b
in Figure 4 indicates that NPs show higher antibacterial
activity to E. coli than their bulk counterparts under
UV irradiation. For instance, bFe,03 exhibited no ob-
vious bactericidal effect, whereas nFe,0s inhibited the
growth of E. coli cells, which was largely due to the
enhanced ROS generation of NPs.

Relationship between the Antibacterial Potency of NPs and
ROS Generation. Oxidative stress from generated ROS is
the governing mechanism for the antibacterial activity
of engineered NPs, especially under UV illumination,'?>
although nonoxidant paradigms, such as sorption-
induced membrane disruption and the release of toxic
ions, could also cause cell inhibition or injury.?>474
Establishing a quantitative correlation between the ROS
generation and bactericidal effect of NPs would be useful
for evaluating and predicting the antibacterial potency of
nanomaterials. In line with this effort, we summed the
average concentration of each type of ROS for different
NPs (see Table 1) and plotted these totals against the
survival rates (2 h log(N/Ny)) of E. coli cells, as shown in
Figure 5. Apparently, the bacterial survival rate mono-
tonically decreases with the increasing average con-
centration of total ROS. According to the Chick—Watson
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Figure 5. Linear regression between the 2 h log(N,/No)
values and the average concentration of total ROS by
metal-oxide NPs (Table 1) with the 95% confidence limits
shown to indicate the uncertainty in this curve fit. For this
linear regression, R? is 0.84, indicating that the fit equation
could explain at least 84% of the variance in the experi-
mental data. Error bars not visible are small or hidden
behind the data symbols. Because the bulk materials gen-
erally produced insignificant amounts of ROS, we examined
the correlation for NPs only.

model (a disinfection kinetic model for E. coliinactivation),”
log(N:/Ny) is in a linear relationship with the concentra-
tion of disinfectant. Thus, we performed the linear
regression for the experimental data in Figure 5 using
the linear fit equation:

where Y and X are log(N,/N,) and the average concen-
trations of total ROS. The fit parameters A and B are
determined to be —0.09918 and —0.00138, which are
within the intervals of [—0.24332, 0.04495] and
[—0.00207, —0.00068] with a confidence level of 95%.
According to the t-test, the p value for parameter A is
0.13715 (not less than the significance level, 0.05),
which indicates that A is not statistically different from
0. This is probably reasonable because A represents the
background value of log(N;/Ny) for E. coli cells in the
presence of NPs without ROS generation, and thus A
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should be equal to or less than zero. By contrast, the p
value for parameter B is 0.00373 (less than 0.05), which
indicates that B is statistically different from 0. The
ANOVA gives a p value of 0.00373 (less than 0.05),
which indicates that the linear relationship between
log(N./No) and the average concentration of total ROS
is statistically significant.

In addition to ROS generation, we understand some
other factors such as ion release may potentially affect
the antibacterial activity of NPs. For instance, the
antibacterial activity of nZnO may be contributed by
both the oxidative stress and the released toxic
Zn?+ 8111349 T4 determine the ion release effect on
the antibacterial activity, we monitored the ion release
from the suspensions of different metal-oxide NPs
under 2 h UV irradiation and only nZnO and nCuO
released ions. In NnZnO suspension (the total initial
concentration of Zn was 5 mg/L), the equilibrium
concentration of the released Zn*" was 178.3 ug/L,
as shown in Figure S5a. The antibacterial effect of Zn*"
was further analyzed by performing the antibacterial
assay with various concentrations of ZnSO,. No sig-
nificant inhibition toward E. coli cells was observed
even when Zn*" was 1 mg/L (data not shown), which
indicated that the released Zn>* had a minor antibac-
terial effect. Similarly, as shown in Figure S5b, the
released Cu®" was 30.5 ug/L under 2 h UV irradiation.
Both CuO NPs and Cu?* have been demonstrated to be
bactericidal,®'**° which explains why nCuO exhibited
a strong inhibition toward E. coli cells (Figure 4), even
without ROS production.

CONCLUSIONS

To better understand ROS generation mechanisms
of metal-oxide NPs and their bulk counterparts, we
evaluated the generation kinetics of three types of ROS
by seven metal oxides in aqueous solution under UV
(365 nm) irradiation. Qualitatively, (1) nTiO,, nCeO,,

MATERIALS AND METHODS

Characterization of NPs and Their Bulk Counterparts. All metal-
oxide NPs and their bulk counterparts were purchased from
Sigma-Aldrich, except nTiO, was purchased from Degussa,
nAl,03 from Nanostructured & Amorphous Materials, and bSiO,
from Polysciences. The hydrodynamic size and zeta potential of
these particles in aqueous suspensions were characterized by
dynamic light scattering (DLS) on a Zetasizer Nano ZS instru-
ment (Malvern Instruments, UK). In addition, particles were
visualized using a Philips EM420 transmission electron micro-
scope (TEM). The microscope was operated in bright field mode
at an acceleration voltage of 28—47 kV. Table S2 summarizes
the details of the particle properties, and Figure S1 shows TEM
images of various NPs.

Photochemical Experiments. For all photochemical experi-
ments, including measurement of ROS production, assessment
of antibacterial activity, and measurement of ion release, sam-
ples were irradiated with a 4 W compact ultraviolet lamp (UVP
model UVGL-21) with a wavelength of 365 nm. The light inten-
sity in the center of the aqueous suspension was approximately
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nZnO, nFe,03, and bZnO favored O,"~ generation; (2)
nTiO,, nZnO, nFe,03, bTiO,, and bZnO enabled “OH
generation; and (3) nTiO,, nZnO, nAl,0Os, and nSiO,
produced '0,. nTiO, and nZnO generated three types
of ROS, whereas other metal oxides produced only one
or two types or did not produce any type of ROS. The
average concentration of total ROS produced within a
specified irradiation period (48 h) followed the order
nTiO, > nZnO > nAl,O3 > nSiO, > nFe,05 > nCeO, >
nCuO for NPs and bZnO > bTiO, for bulk materials. By
comparing the ROS generation redox potentials with
the energy band structures of the metal oxides, with a
few exceptions, we could interpret the ROS generation
mechanisms of the different metal oxides. This sup-
ported the hypothesis that the band edge structures
of metal oxides play a crucial role in ROS produc-
tion in aqueous suspensions. Such a theoretical
framework can help to predict ROS production,
which may prevent random or exhaustive use of
new nanomaterials.

Furthermore, the average concentration of total ROS
generated by metal-oxide NPs was correlated with
their antibacterial activity (R* = 0.84). The correlation
successfully linked the physicochemical properties and
antibacterial activity of NPs, which should provide
guidance for the manufacturing of safe and environ-
mentally benign nanomaterials. Even more important,
our work also shed light on the applications potential
of metal-oxide NPs as antibacterial agents. The current
study employed simple experimental approaches (e.g.,
E. coli cells as the sole model bacterium) to facilitate
comparisons of the antibacterial activities of different
metal-oxide NPs with a reasonable presumption that
oxidative stress was the dominant antibacterial mechan-
ism. Thus, it is desirable to holistically take into account
other possible antibacterial mechanisms (e.g., released
toxic metal ions, adsorption, and material properties) in
future studies.

0.78 mW/cm?, as measured by a UVX radiometer (model UVX-
25, UVP Co.). In each experiment, 100 mL of aqueous suspension
containing 5 mg/L NPs or their bulk counterparts was prepared
by diluting the concentrated stock suspension in deionized (DI)
water (resistance >18.2 MQ, Thermo Scientific, USA) in a beaker.
The reaction temperature was kept at 22 + 2 °C by a constant-
temperature water bath. Figure S2 provides a schematic of the
photochemical experiments, and more experimental details are
given in the SI.

Detection of 0, , “OH, and '0,. For O,"~, 100 UM XTT (2,3-bis(2-
methoxy-4-nitro-5-sulfophehyl)-2H-tetrazolium-5-carboxanilide)
was used as the indicator.>>' The XTT stock solution (5.25 mM,
Sigma-Aldrich) was stored for no longer than one week at 4 °C.
After UV illumination for different periods of time, 1 mL of the
suspension was sampled and injected into a quartz vial. The
concentration of the orange-colored XTT-formazan (the product
resulting from the reduction of XTT by O," ") was measured using a
UV—vis spectrophotometer (Beckman, DU7700) at 470 nm. Ex-
posure tests were run for different time periods up to 48 h until
indicator degradation equilibrium was reached.

VOL.6 = NO.6 = 5164-5173 = 2012 @%

I

N\

WWww.acsnano.org

5170



p-Chlorobenzoic acid (20 «M, Sigma-Aldrich) and furfuryl
alcohol (0.85 mM, Sigma-Aldrich) were used as indicators for
*OH and '0,, respectively.>>' At different UV exposure times,
3 mL of the suspension was collected and filtered by an Amicon
Ultra-4 centrifugal ultrafilter with a nominal pore size of 1—2 nm
(Amicon Ultracel 3K, Millipore, USA) to remove particles from
suspension.*® The filtration was facilitated by centrifugation
(5430R, Eppendorf, Germany) at 7000g for 30 min. The back-
ground metal ion sorption on the ultrafilter was negligible, as
verified previously.>* The concentrations of pCBA and FFA in the
collected filtrate were analyzed with a high-performance liquid
chromatograph (HPLC, Agilent 1100, USA) equipped with an
Agilent Zorbax RX-C 18 column and a diode-array UV detector
(237 nm for pCBA and 230 nm for FFA). Inductively coupled
plasma-mass spectrometry (ICP-MS, Elan DRC Il, PerkinElmer,
USA) and DLS were used to verify that no undissolved particles
were present in the filtrate. pCBA was eluted using a mixture of
methanol (HPLC grade, Sigma-Aldrich) and DI water at 55:45
(v/v). FFA was eluted using a mixture of 15% methanol and 85%
DI water acidified with 0.1% orthophosphoric acid (HPLC grade,
Sigma-Aldrich).

The experiments were also carried out in the dark to
determine the background ROS production without UV irradia-
tion, which was subtracted from the production under UV
irradiation. Control experiments without particles were also
performed both with and without UV exposure. Three types
of ROS stoichiometricaly react with their corresponding indica-
tors in a mole ratio of 1:1,>7>3 and degradation of ROS induced
by other side reactions is negligible. The average molar con-
centration of each type of ROS was computed from the
corresponding indicator curve by

.
/ (Co — Codt
_ Jo
€= T

where Cis the average molar concentration («M) of each type of
ROS, Cy is the initial molar concentration of the indicator (uM), C;
is the molar concentration of the indicator (uM) after a UV
irradiation time of t (h), and T is the exposure time of 48 h.

Assessment of Antibacterial Activity. E. coli K-12 (strain D21)
purchased from the Genetic Stock Center (Department of
Biology, Yale University, New Haven, CT, USA) was used to
assess the antibacterial activity of various NPs and their counter-
parts. E. coli cells were cultured and harvested according to the
method as described previously.>*** For the bacterial inhibi-
tion assay, 5.0 mg/L particles were homogeneously dispersed
in 100 mL of phosphate buffer solution (2 mM phosphate,
pH = 7.2) with E. coli cells added at a cell density of approxi-
mately 107 colony-forming units (cfu)/mL, as indicated by the
660 nm optical density measurement with the same UV—vis
spectrophotometer.>*>® The mixed suspension was exposed to
UV light for 2 h, which was chosen because E. coli inactivation by
UV irradiation alone was not significant within 2 h (results
shown below). Moreover, 2 h exposure corresponded to a UV
dose of approximately 5616 mW - s/cm?, which was greater than
the EPA-proposed minimum UV dosage (12—186 mW - s/cm?)in
drinking water disinfection.®® At different exposure times, the
suspension was collected and diluted 100-fold prior to plating
50 uL onto agar plates (Sautons' liquid medium with 1.5% agar).
The total number of viable bacterial colonies was counted after
incubation at 37 °C overnight. The results were presented as the
percentage of surviving bacteria, which was calculated by
dividing the number of colonies on the sample plate (N,) by
the number of colonies on a control plate (No) (no particle
exposure) incubated under the same conditions.

Measurement of lon Release. In parallel with the ROS genera-
tion and antibacterial assays, metal ion release from the particle
suspensions during UV irradiation was investigated using ICP-
MS. Briefly, 4 mL of the particle suspension after different UV
exposure times was collected and filtered with the same
Amicon centrifugal filter. Control experiments were performed
in the dark to detect the background metal ion release from
particles without UV irradiation; this background concentration
was subtracted from the concentrations of released ions under

4
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UV irradiation. Section S4 provides detailed acid digestion
methods for metal oxides.

Statistical Analysis. All photochemical experiments were con-
ducted at least three times to confirm their reproducibility. The
data points were expressed as mean values with standard devia-
tions (SD). Statistical significance was evaluated by Student's
t-test with p = 0.05. t-Test and analysis of variance (ANOVA)
were both performed by Origin 6.1 to evaluate the signifi-
cance of the regression and confidence levels of the fitting
parameters.
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