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Four novel hexakis Cg derivatives with varying functionalities
were synthesized, and their photochemical properties and
photodynamic disinfection efficiencies were quantitatively
evaluated. All these Cg derivatives generated '0, more efficiently
than commercial multihydroxylated Cg (fullerol), as assessed
by furfuryl alcohol consumption and electron paramagnetic
resonance analysis. Despite significant agglomeration/aggregation
inthe aqueous phase to micrometer-sized particles, nanosecond
laser flash photolysis showed that the lifetime of triplet

state (a key intermediate for energy transfer responsible for
10, production) was comparable to reported values for pristine
Cgo in organic phase. As a result of facile '0, production, the
Cgo derivatives efficiently inactivated Escherichia coli and MS-2
bacteriophage. Cationic aminofullerene hexakis, which likely
exerted electrostatic attraction, exhibited exceptionally rapid virus
inactivation even compared to commercial nano-Ti0,
photocatalyst. These unique photodynamic, hydrophilic and
cationic properties may be instrumental for the development
of next generation photocatalysts for disinfection applications.
The high ROS (reactive oxygen species) production activity
and associated cytotoxicity are concerns for potential releases
of functionalized Cg to the environment, and require careful
assessment apart from other forms of Cg (e.g., nCg) that have
been widely studied as model nanomaterials but behave
differently.

Introduction

Remarkable energy and electron transfer properties of
photoexcited buckminsterfullerene (Csp) (I1—3) have led to
various applications, including the development of novel
photoconductive (4), photoelectrochemical (5), and photo-
voltaic devices (6). In the presence of dissolved oxygen, energy
transfer from photoexcited triplet-state Cgy (*Cgo*) to triplet-
state oxygen (°0,) results in efficient production of singlet
oxygen (10,) (I, 7, 8). °Cg* can also be reduced to Cg radical
anion (Cg"") by electron donors such as amines and alcohols

* Corresponding author phone: (713) 348-5903; fax: (713) 348-
5203; e-mail: alvarez@rice.edu.

" Civil and Environmental Engineering, Rice University.

* Chemistry, Rice University.

S Georgia Institute of Technology.

6604 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 17, 2009

(2), and subsequently reduce oxygen to superoxide radical
anion (0,7°) (7, 9). The efficient generation of these reactive
oxygen species (ROS) has been instrumental for photody-
namic therapy (6, 10, 11) and photosynthesis (12). However,
Ceo's extremely low water solubility has been a significant
challenge for the environmental and biomedical application
of its photoreactivity (13). Cg can form stable colloidal
aggregates in water (i.e., nCg) (14), but its intrinsic photo-
chemical properties are significantly lost due to aggregation
(15—18).

Functionalization of Cg, with hydrophilic moieties (19, 20)
is a promising approach to overcome its low aqueous
availability and prevent clustering that hinders energy and
electron transfer (21). Functionalized Cg, has been used in
medical and biological applications such as inhibition of
tumor growth (22), antiviral activity against the HIV-1 (11),
and selective DNA cleavage (23). At the same time, the
potential for the produced ROS to oxidize vital biological
constituents (24) and exert cytotoxicity (23, 25) is a concern
for potential releases of functionalized Cg to the environment.
Nevertheless, these cytotoxic properties could be useful to
develop novel photocatalysts for water and wastewater
disinfection, which has not been examined thus far.

Badireddy et al. (26) recently demonstrated that ROS
produced by UV-irradiated fullerol (i.e., multihydroxylated
Cqo fullerene) readily inactivates MS-2 bacteriophage. Simi-
larly, Cg oxides and hydroxides formed during ozone and
UV treatment of nCg exhibit enhanced photochemical
reactivity for 'O, generation (27, 28) and photoinduced
antibacterial activity (29). Brunet et al. (15) compared ROS
production by aqueous suspensions of fullerol, and PVP/Cg,
(Ceo encapsulated with poly(N-vinylpyrrolidone)) vs TiO,
(Degussa P25) nanoparticles. Under UV irradiation, nano-
TiO, produced *OH whereas Cg, derivatives produced 'O, in
ultrapure water and both 'O, and O, " in microbial growth
medium. When irradiated by an incandescent white lamp,
the efficiency for Escherichia colidisinfection was the highest
with PVP/Cg, followed by fullerol and nano-TiO, Whereas
such previous studies have yielded important information
on the photochemical and antimicrobial activities of selected
nanoparticles, these properties have not been quantitatively
evaluated for functionalized Cgy within the context of both
environmental applications and implications. This is a critical
knowledge gap considering the promising properties of
functionalized Cg as a disinfection agent, including relatively
high aqueous availability (19, 20) and high photoreactivity
comparable to that of molecular Cg (21, 30).

This study evaluates novel hexakis Cq, fullerenes (i.e.,
NH;"-, CO,H-, or OH-terminated multifunctionalized Cg,
Table 1) as photoactive disinfectants relative to commercially
available fullerol and TiO, nanoparticles. Specifically, we
quantify their (1) photochemical reactivity, (2) inherent
potential cytotoxicity, and (3) photodynamic antimicrobial
activity.

Materials and Methods

Preparation of Cgo Derivatives. Hexakis Cg derivatives were
synthesized using high purity (>99.9%) Cg (MER) and
malonate analogues as described elsewhere (19, 20). Briefly,
nucleophilic addition of the malonate derivatives to double
bonds of Cg was achieved using Bingel reaction (31) in
toluene in the presence of 1,8-diazabicyclo[5.4.0]Jundec-7-
ene (DBU) as a base. After functionalization, crude hexakis
adducts were isolated from the mixture of reaction products
using a liquid chromatography (LC). The resultant adducts
underwent hydrolysis and subsequent conversion into hy-
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TABLE 1. Chemical Structures of Cg; Derivatives

Chemical Structure Abbreviation R' R" Charge
at pH 7
HC1? -CO-H -COH anionic
o —

b . .

HC2 -COH }N\_/o anionic
. B B}

HE3 NHCH(CH,OH), NHCH(CH,OH), ~ "eutral
HC4d -COy(CH,),NH;"  -COy(CH,),NH;" cationic

CF3COZ' CFSCOZ'

21,2:18,36:22,23:27,45:31,32:55,60-hexakis[dicarboxy-methano]-1,2:18,36:22,23:27,45:31,32:55,60-dihydro[60]fullerene. © 3/,3",3",
377,3"",3"""-hexal([1,4loxazin-4-yl) 3'H,3”H,3""H,3"""""H,3"""H,3""""H-hexacyclopropa [1,2:18,36:22,23:27,45:31,32:55,60] (Ceo-I1)[5,6]-
fullerene-3’,3”,3",3",3"",3"""-hexacarboxylic acid. ©1,2:18,36:22,23:27,45:31,32:55,60-hexakis[di(2-hydroxy-1-hydroxymethyl-eth-
ylcarbamoyl)-methano]-1,2:18,36:22,23:27,45:31,32:55,60-dihydro[60]fullerene. 9 1,2:18,36:22,23:27,45:31,32:55,60-hexakis[di(2-ami-
noethyloxycarbonyl)-methano]-1,2:18,36:22,23:27,45:31,32:55,60-dihydro[60]fullerene, dodecatrifluoroacetate.

drophilic form, and were then purified by dialysis and dried
in vacuum. The chemical structures and nomenclatures for
these newly synthesized hexakis derivatives (designated as
HC1, HC2, HC3, and HC4) are presented in Table 1.
Supporting Information (SI) Figure S1 shows the UV—visible
spectra of the Cg derivatives. Fullerol (Cgo(OH);9-22(0K)4)
and TiO, (P25) were purchased from MTR Ltd. and Degussa,
respectively.

Photochemical Activity. Experiments were performed
using a magnetically stirred 60 mL cylindrical quartz reactor
surrounded by six4 W black light blue (BLB) lamps (emission
wavelength region: 350—400 nm, Philips TL4W) at ambient
temperature (22 °C), as previously described (17, 18). The
incident light intensity in this active wavelength region was
measured at 3.79 x 10~* Einstein-min~'L™! by ferrioxalate
actinometry (32). Reaction solutions containing 50 xM
functionalized Cg and 0.5 mM furfuryl alcohol (FFA) as an
indicator for 'O, (33) [k(FFA +1'0,) = 1.2 x 108 M~!s7! (34)]
were buffered at pH 7 using 10 mM phosphate. As the
photochemical reaction proceeded, sample aliquots of 1 mL
were withdrawn from the reactor using a syringe, filtered
through a 0.22 ym PTEFE filter (Millipore), and injected into
a2 mLamber glass vial for further analysis. The residual FFA
concentration at a constant time interval was measured using
a HPLC (Waters 2695) equipped with a C-18 column (Nova-
Pak C18) and a photodiode-array detector (Waters 996).

Electron Paramagnetic Resonance (EPR) Analysis. A
Varian E-6 spectrometer was used under the following
conditions: temperature = 293 K; microwave frequency =
9.225 GHz; microwave power = 10 mW; modulation am-
plitude = 1 G at 100 kHz; and scan time = 4 s and 2,2,6,6-
tetramethyl-4-piperidinol (TMP) as a spin-trapping reagent
for '0, (35). The test solution (10 mM phosphate buffer at
pH 7.0) consisted of 50 uM derivatized Cg and 50 mM TMP.
The solution was placed in a capillary glass tube and irradiated
using one 4-W BLB lamp. The test tube was subjected to EPR
measurement immediately after the light irradiation for 0 to
20 min during which 'O, rapidly oxidized TMP to 2,2,6,6-
tetramethyl-4-piperidinol-N-oxyl radical (TMPN). Photo-
sensitized !0, generation by functionalized Cq, was evaluated
by monitoring the EPR signal for TMPN.

Nanosecond Laser Flash Photolysis (LFP). To trace the
decay kinetics of triplet states for hexakis Cg derivatives, a
308 nm laser pulse (10—20 m]J, pulse width = 10 ns) from a
Lambda Physik COMPex Excimer laser system was used as
an excitation source and a xenon lamp as a monitoring source.
The absorbance of all derivatized Cg, solutions (buffered at
pH 7 with 10 mM phosphate) was adjusted at 0.5 at 308 nm,
which lied in optimal regions for the LFP experiment. To

inhibit energy transfer to oxygen, the test solution (3 mL) in
arectangular cell was vigorously bubbled with argon gas for
15 min and sealed from the atmosphere. Instantaneous
generation of triplet state by laser pulse irradiation and the
subsequent decay were monitored at a specific wavelength
between 650 and 770 nm. The wavelength to monitor a triplet
state was predetermined based on time-resolved spectrum
of the triplet state of each derivative in the wavelength region
from 425 to 800 nm, which displayed different spectral
patterns depending on type of functional group (30).

Particle Size Determination. Suspensions of hexakis Cgp
adducts and fullerol were analyzed by dynamiclight scattering
(DLS) using a Zetasizer Nano ZS90 with a detection limit of
ca. 1 nm (Malvern Instruments, Worcestershire, OK) and,
after drying on a carbon grid, a JEM 100C transmission
electron microscope (TEM) (Jeol, Peabody, MA) with 100 kV
electron beam.

Antibacterial Activity. Intrinsic antibacterial properties
of selected hexakis derivatives and fullerol were evaluated in
the dark using the minimum inhibitory concentration (MIC)
assay with Escherichia coliK12 (ATCC no. 25404) as described
by Lyon et al. (36). E. coliwas cultured in Luria—Bertani (BD,
Franklin Lakes, NJ) broth and incubated at 37 °C overnight
prior to transferring to Minimal Davis (MD) media (i.e., Davis
media with potassium phosphate reduced by 90%), and
diluted to a final optical density at 600 nm (ODgg) of 0.002.
Cgp derivatives were then added to the MD media at various
concentrations. Overnight growth at 37 °C was assessed
spectrophotometrically by measuring ODgp. The minimal
concentration of functionalized Cg, resulting in no turbidity
(indicating no growth of E. coli) was denoted as the MIC.

Photoinduced Bacterial and Viral Inactivation. Photo-
induced bactericidal and virucidal activities of Cg, derivatives
were assessed using E. coli (ATCC 8739) and MS-2 phage
(ATCC 15597). E. coli was cultured in a tryptic soy broth
(Difco Co., U.S.) for 18 h at 37 °C. The E. coli stock was
prepared by resuspending the centrifuged harvest in 10 mM
phosphate buffer after washing twice. The final concentration
was determined by a spread plate method on nutrient agar
after 24 h culture at 37 °C. The MS-2 phage was obtained by
inoculating E. coli C3000 grown in the exponential to early
stationary phase with MS-2 phage, and quantified by the
soft agar overlay (double-agar layer) plaque assay method.
MS-2 phage stock was prepared from overlay agar plates of
confluent lysis as described elsewhere (37). Photosensitized
microbial inactivation was performed using a BLB lamp with
a light intensity low enough to ensure that UV irradiation
alone did not induce any E. coli and MS-phage inactivation
(I=8.4 x 107% Einstein-min'L™! for E. coli; I = 6.1 x 107°
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TABLE 2. Photosensitized '0, Production in the Absence and
Presence of Excess Scavengers

initial FFA degradation rate? (#M/min)
('0, production rate)

L-histidine t-BuOH
Cg derivatives  no scavenger (50 mM) (500 mM)
HC1 8.18 £ 0.68 0.15 + 0.04 6.30 + 0.44
HC2 13.28 £0.44 0.68 +0.10 11.68 £+ 0.26
HC3 11.36 £ 0.56 0.72 +£0.10 10.43 £ 0.92
HC4 19.06 £ 0.60 0.28 +£0.13 18.21 £ 0.39
Fullerol 1.30 £0.19 0.25 4+ 0.05 1.52 +0.14
Rose Bengal 16.34 £0.29 0.07 £0.04 16.70 £ 0.47
2 |nitial (20 min) degradation rate of FFA as '0, indicator
(measured in triplicate). Conditions: [FFA], = 0.5 mM;

[phosphate], = 10 mM; [Cqo derivative]o = [Rose Bengally =
50 uM; pH 7.

Einstein+min'L™! for MS-phage). The reaction solutions (10
mM phosphate buffer at pH 7.0) for E. coli and MS-2 phage
inactivation experiments consisted of 50 uM Cg, derivative
and either E. coli at 3 x 10° colony forming units (CFU)/mL
or MS-2 phage at 3 x 10° plaque forming units (PFU)/mL,
respectively. During each experiment, a 1 mL sample was
withdrawn at fixed time intervals for quantification of E. coli
and MS-2 phage. Three replicates analyses were performed
(standard deviation <10%).

Results and Discussion

10, Production by Cg Derivatives. Table 2 shows significant
10, production by Cg derivatives upon UV irradiation. FFA
did not decay in the presence of UV alone or with Cg
derivatives in the dark. Excess L-histidine (k(L-histidine +
10,) = 4.6 x 107" M !s7! (34) drastically hindered FFA
degradation, whereas excess -BuOH as a *OH scavenger
[K(FFA + OH") = 1.5 x 10'° M~ !s7! (38), k(t-BuOH + ¢OH)
=6 x 10® M !s7! (39)] did not significantly affect FFA
degradation, both indicating that 'O, was the predominant
ROS produced by these Cg, derivatives. All novel Cq deriva-

tives exhibited much higher 'O, production rate than
commercially available fullerol. The 'O, production rate was
in the order of HC4 > HC2 > HC3> HC1. Functionalization
could affect the photoreactivity of fullerenes in several ways,
including (1) perturbation of the fullerene’s conjugated &
system, which is directly related to its photophysical proper-
ties, (2) modification of spectral properties relevant to photon
absorption efficiency, and (3) change in degree of fullerene
clustering, which influences triplet state decay kinetics as
well as the surface area available for reaction. However, it is
unknown how these effects collectively determine 'O,
production, which precludes a mechanistic explanation for
the observed trend and underscores the need for further
research on fullerene structure—photoreactivity relationships.

Note that we used a polychromatic light source, which
precludes determination of specific quantum yields. Nev-
ertheless, we compared the kinetics of !0, production by
derivatized fullerenes with that of Rose Bengal, a widely used
10, photosensitizer with a high quantum yield of 0.75 at 550
nm (40). The faster 'O, production rate by HC4 (hexakis Cgp
aminofullerene), and the similar rates observed for HC2 and
HC3 (Table 2) indirectly shows the relatively high photo-
conversion efficiently of these fullerene derivatives.

EPR analysis confirmed the production of 'O, by deriva-
tized Cg (Figure 1). The spectral intensity of TMPN, i.e., 'O,
adduct with TMP, gradually increased as UV light was
irradiated longer, and the kinetics of the EPR signal growth,
indicative of !0, production rate, was in the order of HC4 >
HC2 > HC3 > fullerol, which was consistent with the above
results.

Note that HC2 and HC4 effectively produced 'O, despite
aggregating in aqueous phase to form relatively large particles
(Table 3). This is in marked contrast to earlier findings that
Cgp aggregation (to nCep) caused a drastic loss of its intrinsic
photochemical properties (16—18). For instance, nCg did
not produce a detectable amount of 'O, under identical
conditions (17). Compared to crystalline nCq (41), HC2
clusters were amorphous and did not show any crystalline
X-ray diffraction patterns during TEM analysis. Patches of
HC4 particles indicated the presence of some crystalline
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FIGURE 1. EPR spectra of TMP—'0, adduct (TMPN) in aqueous suspensions of (a) selected derivatives (HC2, HC3, HC4, and Fullerol)
after 20 min UV irradiation, and (b) HC4 as a function of irradiation time ([Cg derivative], = 50 xM; [TMP], = 50 mM; [phosphate], =

10 mM; pH; 7). Larger peaks correspond to higher '0;, generation.
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TABLE 3. Minimal Inhibitory Concentration (MIC) Values and
Average Particle Size of Cgy Derivatives

Ceo derivatives MIC (M) average diameter (nm)
HC1 >400 1.329/1.12°
HC2 >400 281.1/60.5
HC3 NA° NA°
HC4 120 1.50/1,114
Fullerol >400 2.43/6.10

? Determined  with 50 uM  functionalized  Cg.
b Determined with 50 uM functionalized Cg in the presence
of 10 mM phosphate buffer. ¢Not analyzed for anti-
microbial properties due to insufficient availability of this
material.

structures, but amorphous morphology was dominant (SI
Figure S2). Unlike nCq, HC2 and HC4 particle sizes were
significantly affected by water chemistry, such as the presence
of phosphate buffer (Table 3 and Figure 2). Overall, these
results indicate that the formation of larger HC2 and HC4
particles might be related to amorphous aggregation or
agglomeration of smaller primary particles (as is the case for

the agglomeration of TiO, nanoparticles (42), (43)) rather
than crystalline aggregation (as is the case for nCg (41)).
Evenif HC2 and HC4 formed aggregates, the bulky functional
groups might have prevented direct contact between neigh-
boring Ce cage structures and subsequent effective quench-
ing of triplet states, which is the primary reason for
photoactivity loss by nCg (17, 18). Although further research
is needed to elucidate how aggregate structure affects
photochemical properties, the unexpectedly high photo-
catalytic activity of extensively aggregated/agglomerated
derivatized Csp could be very useful to develop solid phase
catalysts (e.g., immobilization at a surface), to enable
retention and recycling.

Evidence of Long-Lived Triplet States. The availability
of transient triplet-state Cg for energy transfer to oxygen is
a key prerequisite for the production of 'O,. The LFP results
showed that the triplet state of derivatized Cs, was efficiently
formed upon UV irradiation (Figure 3). The triplet-state
production for all tested derivatives was much more efficient
than fullerol, as evidenced by much larger absorption increase
(at t = 0) from 625 to 770 nm. Under identical conditions,
triplet state was not detected in nCg, likely due to a rapid
energy loss to neighboring Ce’s in the aggregates (18, 44).
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FIGURE 2. (a) DLS size distributions of HC2 and the TEM images in the (b) absence and (c) presence of 10 mM phosphate buffer, and
(d) DLS size distributions of HC4 and the TEM images in the (e) absence and (f) presence of 10 mM phosphate buffer.
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FIGURE 3. Decay profiles of triplet states recorded at 650—770
nm in aqueous suspensions of hexakis Cg derivatives and
Fullerol (absorbance of Cg derivative = 05 at 308 nm;
[phosphate], = 10 mM; pH; 7; Ar-saturated condition; A
(monitoring wavelength for triplet state) = 750 nm (HC1), 650
nm (HC2), 650 nm (HC3), 650 nm (HC4), 770 nm (Fullerol)).
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FIGURE 4. Comparison of photodynamic E.coli inactivation with
hexakis Cg derivatives, Fullerol, and Ti0, ([Cg derivative], = 50
#M ([HC1], = 0.067 g/L; [HC2], = 0.076 g/L; [HC4], = 0.15 g/L;
[Fullerol]l, = 0.060 g/L); [Ti0,], = 0.2 g/L; [phosphate], = 10 mM;

The lifetime of the triplet state ranged from 30 to 44 us for
these novel Cq derivatives, which were not only much longer
than fullerol (approximately 9 us) but even comparable to
pristine molecular Cg in hexane (1). Therefore, despite the
formation of larger particles, these derivatized Cg,'s retained
the intrinsic energy transfer properties of pristine Cqp, which
is ultimately responsible for 'O, production in water.

Intrinsic Antibacterial Properties. Compared to nCg (E.
coli MIC ranging from 0.7 to 2.8 uM) (45), HC1, HC2, and
fullerol did not inhibit E. coli growth in the dark (i.e., MIC
> 400 uM) (Table 3), while HC4 inhibited E. coli growth at
120 uM. The antibacterial activity of HC4, although much
milder than nCg, might be partly attributed to the positively
charged ammonium functional groups on this derivative,
which could enhance surface interaction with negatively
charged E. coli (46).

Photoinduced Bacterial Inactivation. Figure 4 compares
inactivation kinetics of E. coliby hexakis Cg derivatives, fullerol,
and TiO, (Degussa P25). No detectable E. coli inactivation was
observed in the dark in all cases (data not shown), which
corroborates the low to negligible intrinsic toxicity determined
by the MIC test (Table 3). Significant E. coli inactivation by
hexakis Cg derivatives was observed after a lag period that is
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FIGURE 5. Comparison of (a) photodynamic MS-2 phage
inactivation with hexakis Cg derivatives and Fullerol, and
antiviral activity of HC4 derivative in the dark, and (b) with HC4
and Ti0, photocatalyst ([Cs derivative]l, = 50 M ([HC1], =
0.067 g/L; [HC2], = 0.076 g/L; [HC4], = 0.15 g/L; [Fullerol], =
0.060 g/L); [L-histidine], = 50 mM; [Ti0,], = 0.2 g/L; [phosphate],
=10 mM; pH; = 7).

typical for bacterial disinfection kinetics (47, 48). Under the
tested conditions, no E. coli was inactivated by fullerol. When
excess L-histidine as a 'O, scavenger was added, E. coliwas not
inactivated even with HC4 (SI Figure S3a), confirming that 'O,
was the primary disinfecting agent. Among the tested Cg
derivatives, HC4 ([HC4], = 50 uM = 0.15 g/L) was as efficient
as TiO, ([TiO]p = 0.2 g/L) for photocatalytic inactivation of E.
coli (Figure 4).

Photoinduced Virus Inactivation. Photodynamic inac-
tivation by Cg derivatives was much more efficient for MS-2
phage compared to E. coli (Figure 5a). This is particular
noteworthy because virus are typically more resistant than
bacteria in UV (49) and some photocatalytic disinfection
processes (48, 50). The critical role of 'O, was also evident
as MS-2 phage inactivation by HC4 (10 M) was not observed
in the presence of excess L-histidine (50 mM) (SI Figure S3b).
However, when higher concentrations of HC4 were used (50
uM), MS-2 phage inactivation was observed even in the
presence of excess L-histidine (50 mM) and under dark
conditions. This corroborates the higher intrinsic antimi-
crobial property of HC4 inferred by the MIC analysis (Table
3). Although the dark inactivation mechanism is unclear, the
high antimicrobial activity of HC4 could be related to its
cationic nature promoting electrosorption (10, 46), and to
the antibacterial activity exerted by quaternary ammonium
compounds (QACs) (51). Viral inactivation by all Cq, deriva-
tives, HC4 in particular, was remarkably more efficient than
commercial nano-TiO, photocatalyst (Figure 5b). Under
identical conditions, 0.15 g/L of HC4 led to 2-log inactivation
of MS-2 phage within only 4 min, whereas it took 3 h to
achieve a similar inactivation level with 0.2 g/L of TiO.,.
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Factors Affecting the Inactivation Kinetics. Although '0,
was identified as a primary agent, additional mechanisms seem
to be involved in E. coli and MS-2 phage inactivation by Cg
derivatives. Inactivation efficacy correlates well to 'O, produc-
tion when HC4 and fullerol are compared. However, for anionic
derivatives, HC1 was a more efficient inactivating agent than
HC2 despite its slower 'O, production rate (Table 2). This could
be partly explained by the smaller size of HC1 in the aqueous
phase (near the size of single molecule) compared to HC2 (with
significant aggregation/agglomeration). The smaller size results
in higher surface active area to interact with bacteria and virus,
and might facilitate HC1 penetration into bacterial cells to
enhance inactivation efficiency. For example, a recent study
suggested that hydroxylated Cg (produced from ozonation of
nCq) could readily penetrate into E. coliand produce ROS upon
UV irradiation, leading to significantly enhanced toxicity (29).

The extraordinarily high antimicrobial activity of HC4
compared to other derivatives cannot be explained solely by
its greater 'O, production rate. For example, 2 orders of
magnitude faster inactivation of MS-2 phage was observed
with HC4 compared to HC2 and fullerol, whereas the 'O,
production rate was only 1.5—15 times greater, respectively.
Furthermore, HC4 added at 5-fold lower concentration than
other derivatives was more efficient in inactivating MS-2
phage (SIFigure S4). This suggests that electrostatic attraction
between the cationic amine-functional groups of HC4 and
the anionic E. coli and MS-phage surfaces might have
facilitated reactions with short-lived 'O, (e.g., lifetime of 2 us
in distilled water (52)). This notion is supported by findings
that cationic porphyrin as a 'O, photosensitizer exerts much
faster inactivation kinetics for E. coli (53) and bacteriophage
(549) than anionic and neutral analogues with identical 'O,
quantum yields.

Environmental Implications and Applications. This
study demonstrated that novel hexakis Cq derivatives exhibit
unique photochemical and antibacterial properties that are
in marked contrast to those of nCgy and commercial fullerol.
Among these derivatives, HC4 was as efficient as commercial
nano-TiO, photocatalyst for E. coli disinfection, and much
more efficient for MS-2 phage inactivation. These properties
could be very valuable for the development of novel
disinfecting agents, considering that (1) HC4 retains the
intrinsic photochemical property of Cq, despite significant
agglomeration/aggregation, and (2) the availability of amine
functional groups offers an opportunity for immobilization
to solid media (such as a particle or surface) via covalent
bonding, which would be more stable than physiosorption
mechanisms used to immobilize TiO,. Note that difficulties
involved with recovering catalysts and gradual loss of catalysts
from the surface have been limiting widespread application
of many photocatalysts, including TiO,, in large scale
processes (55). Albeit, the distinct properties that encourage
the increased use of such derivatized Cg, photocatalysts in
water or wastewater treatment also call for a proactive
assessment of potential environmental impacts associated
with incidental or accidental releases of such novel particles
to natural water bodies. The size distribution, surface
properties, and photochemical reactivity of these novel
hexakis Cg derivatives are very different from those of widely
studied nCg and fullerol, and might therefore require special
attention for handling and disposal.
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