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Background: Multidrug-resistant (MDR) bacterial strain is a serious medical problem.

Methicillin-resistant Staphylococcus aureus (MRSA) is resistant to many antibiotics and is

often associated with several diseases such as arthritis, osteomyelitis, and endocarditis. The

development of an alternative treatment for eliminating MDR bacteria such as MRSA has

attracted a considerable amount of research attention. Moreover, the development of a

material for highly efficient generation of reactive oxygen species (ROS) involving two-

photon photodynamic therapy (PDT) is currently desirable.

Materials and Methods: We present an example demonstrating that the use of water-

soluble C60(OH)30 fullerenol with a 0.89 singlet oxygen quantum yield serving as a photo-

sensitizer in PDT has the superior ability in effectively generating ROS.

Results: It has ultra-low energy (228.80 nJ pixel−1) and can perform 900 scans under two-

photon excitation (TPE) in the near-infrared region (760 nm) to completely eliminate the

MDR species. Furthermore, the favorable two-photon properties are absorption of approxi-

mately 760 nm in wavelength, absolute cross-section of approximately 1187.50 Göeppert–

Mayer units, lifetime of 6.640 ns, ratio of radiative to nonradiative decay rates of approxi-

mately 0.053, and two-photon stability under TPE.

Conclusion: This enabled water-soluble C60(OH)30 fullerenol to act as a promising two-

photon photosensitizer proceeding with PDT to easily eliminate MDR species.

Keywords: methicillin-resistant Staphylococcus aureus, two-photon photodynamic therapy,

water-soluble fullerenol, two-photon excitation, near-infrared region

Introduction
PDT is based on the concept that photosensitizer (PS) molecules can be preferentially

localized in areas of pathological changes during systemic administration.1 ROS, such

as singlet oxygen (1O2), superoxide radical anion (O2.
–), and other free radicals, are the

main cytotoxic substances that can irreversibly damage treated analytes.2 However,

combining nanomaterials with ROS in PDT has emerged as a new field of interdisci-

plinary research. Over the past decade, nanoparticulate agents have been applied in

both pharmaceutical research and clinical settings.3 The constantly increasing interest

in novel nanotechnology platforms for biomedical applications has stimulated the

investigation of carbon nanomaterials, including fullerenes and their most prominent

representative—C60 fullerene.4 Pristine unmodified C60 fullerene is a lipophilic,
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spheroidal, and symmetrical molecule with a diameter of

0.72 nm.5 Because of the specific packing of atoms in penta-

gonal and hexagonal units, the surface of C60 is three times

smaller than that expected for biological molecules with the

same molecular weight of 720 Da.6 The unusual structure of

C60 fullerene determines its unique physicochemical proper-

ties and biological activities.3,6,7 C60 fullerene is a potential

regulator of oxidative balance in biological systems. Because

a C60 molecule consists entirely of sp2-hybridized carbon

atoms, it can generate ROS after light irradiation. C60 full-

erene exhibits greater photostability and less photobleaching

than conventional photosensitizing molecules.8

Materials exhibiting two-photon properties have

attracted considerable attention because of their promising

applications not only in the growing field of biomedical

imaging but also in PDT.9–13 Carbon-based materials,14

and C60 fullerene, in particular, have been recently dis-

covered to exhibit two-photon properties. In this study,

synthesized water-soluble C60(OH)30 fullerenols were

used to design a two-photon PS coupled with TPE

(228.80 nJ pixel−1). For the calculation of power after

the objective of the sample, please refer to the Materials

and Methods section. As depicted in Figure 1A, the x–y

focal point and the z-axis resolution of the laser system

were approximately 0.3566 and 0.9168 μm, respectively.

This achieved high efficacy with ultra-low energy (228.80

nJ pixel−1, with 900 scans, approximately 3.6698 s of total

effective exposure time; 4.0776 ms scan−1, scan area 200

μm × 200 μm. Please refer to the Materials and Methods

for calculation) irradiation using a femtosecond laser with

approximately 3.6698 s of photoexcitation. This irradiation

resulted in nearly 100% elimination of a MDR strain of

gram-positive MRSA. Thus, water-soluble C60(OH)30 can

serve as a promising agent to efficiently eliminate bacteria

using TPE.

Materials and Methods
Preparation and Characterization of

Water-Soluble Fullerenol, C60(OH)30
15

Raw fullerene was obtained commercially (Sigma-Aldrich,

St. Louis, MO, USA), and the C60(OH)12 precursor was

produced, as previously described. First, 30% hydrogen

peroxide solution was added to the starting material, and

the mixture was vigorously stirred at 60 °C under air. After

cooling, a mixture of solvents comprising 2-propanol,

diethyl ether, and hexane was added into the solution,

which was subsequently centrifuged and decanted. The

remaining solid was washed twice with diethyl ether

through the general ultrasonic centrifugation and decanta-

tion procedures. Finally, the end product of water-soluble

C60(OH)30 was obtained by drying the residue under

vacuum at room temperature. The weight of the end pro-

duct was calibrated through thermal gravimetric analysis.

The morphology of the end product was observed using a

high-resolution transmission electron microscopy (HR-

TEM, JEOL 3010, Akishima, Tokyo, Japan) at a resolution

Figure 1 (A) According to the z-axis scan of a gold thin film used to measure the signal of second harmonic generation at different positions, the z-axis resolution of the

laser system (full width at half maximum) is approximately 0.9168 μm (fitting using Gaussian function). (B) Illustrative graph of synthesized water-soluble fullerenol.
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of approximately 1.05 ± 0.02 nm. The dynamic light

scattering (DLS, Malvern Nano-ZS90, Worcestershire,

West Midlands, UK) was also used to determine the size

of nanomaterials. The exposed functional groups of the as-

prepared nanomaterials were first examined through

Fourier-transform infrared spectroscopy (FTIR) spectro-

scopy (RX1, PerkinElmer, Waltham, MA, USA).

Ultraviolet-visible (UV-vis) spectroscopy of the nanoma-

terials was conducted using a spectrometer (U-4100,

Hitachi, Chiyoda-ku, Tokyo, Japan). The surface chemis-

try of the fullerenol was examined through X-ray photo-

electron spectroscopy (XPS, PHI 5000 spectrometer

(VersaProbe, Chanhassen, MN, USA). The molecular

weight of fullerenol was determined using a field deso-

rption (FD) mass spectrometer (AccuTOF, GCx-plus,

JEOL, Akishima, Tokyo, Japan), and the number of hydro-

xyl groups was confirmed to be 30 based on the results

(Supplementary Information, Figure S1).

Bacterial Culture
MRSA (ATCC 27659) was grown in pH 7.2 of brain heart

infusion (DIFCO 0418, BD, Franklin Lakes, NJ, USA) and

incubated at 37°C.

Biocompatibility Assay with Colony

Forming Unit (CFU) Counting Method
MRSA (OD600 ~0.05) was added with material (0–10 μg
mL–1) and incubated for 3 h at 37 °C. After incubation, the

mixture was centrifuged and the pellets of bacteria were

diluted (OD600 ~0.05). A dilution factor of 10−5 to 10−8

was then conducted in the incubated bacteria and plated on

the agar plates. The plates remain in an incubator (at 37 °C)

overnight. To prevent the possibility of confounding follow-

ing ROS generation or PDT, the material was inadvertently

exposed to white light, which could lead to the experiment

being compromised. The relevant experiments were done in

the dark in order to avoid ROS production when the material

was exposed to the light and was used in all of the following

photochemistry-related experiments. The number of surviv-

ing bacteria was determined and expressed as a percentage

(%) that corresponded to the unit of CFU mL–1 after incuba-

tion. Data are means ± SD (n=6).

Singlet Oxygen Quantum Yield (ψΔ)

Measurement16,17

According to the previous study, ψΔ can be obtained. ψΔ

measurements were carried out in D2O at 355 nm, using

meso-tetra(4-sulfonatophenyl)porphine dihydrochloride

(TSPP, Sigma-Aldrich, St. Louis, MO, USA) as a refer-

ence (ψΔ= 0.64).

Fluorescence Quantum Yield (QY)

Measurement18–20

The relative PL QY of contrast agent is usually the ratio of

the emitted photons to the absorbed photons and is given

as follows:

QY ¼ QYref η2=ηref
2

� �
I=Að Þ Aref=Irefð Þ (1)

where QYref =0.28 is the QY of Cy5.5 dissolved in

dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis,

MO, USA) as a reference, η is the refractive index of

ddH2O=1.33 (ηref of DMSO=1.48), I is the integrated

fluorescence intensity and A is the absorbance at the exci-

tation wavelength. One-photon excitation (OPE) or TPE

yields the same QY.

Femtosecond Laser Optical System for

the Measurements of Two-Photon

Absorption (TPA) and Two-Photon

Luminescence (TPL)21–25

The home-made femtosecond titanium-sapphire (ti-sa) laser

optical system (a repetition rate of 80 MHz; Tsunami,

Spectra-Physics, Santa Clara, CA, USA) was used according

to the previous studies. TPA measurement. With 2 m ms−1

speed of the galvanometer scanner, the excitation spectrum

wasmeasured as 720–820 nmwith an excitation power of 2.8

mW [this is the power before objective; the power after

objective (or on sample) is 0.9856 mW or 98.56 nJoule

pixel−1 (nJ pixel−1)]. Therefore, the relative TPA spectra as

function of excitation wavelength for the water-soluble C60

(OH)30 fullerenol was measured. Measurement of TPL spec-

tra. The material was exposed to TPE from the femtosecond

laser at an excitation wavelength of 760 nm, a scanning area

of 200 μm × 200 μm, a frequency of 10 kHz, an exposure

time of 1.638 s/(scan, pixel)= 100 μs, 128 × 128 pixels

scan−1, and a pixel area of 1562.5 nm × 1562.5 nm. The

focal spot area was calculated as πd2/4, where d = 0.61 λ/
numerical aperture (NA) is the full width at half maximum of

the beam waist. For instance, at the x–y axis focal spot with

760 nm excitation and a 40× oil-immersion objective with an

NA of 1.3, d = 0.61 × 800 nm/1.3 = 375.38 nm= 0.37538 μm,

and the z-axis resolution was measured to be 0.9168 μm. For

760 nm excitation, the exposure time per scan for an indivi-

dual material is expressed as (focal spot area/pixel area) ×
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100 = 4.0776 ms, and the total exposure time t = 4.0776 ms ×

number of scans. A 40× oil-immersion objective (NA 1.3)

was used to collect the signals, and the detection range of the

spectrum photometer was 300–695 nm.

Additionally, the calculations of laser power (mW or nJ

pixel−1) used on the sample were as follows. For the 40× oil-

immersion objective (NA 1.3), the transmission rate at 760 nm

in wavelength is approximately 88% in this optical system,

and the laser power went from the output to the objective with

only 40% of the original output power due to the loss of

power. As a result, the calculated energy after the objective

(on sample) is Poutput (mW)*40%*88%= 0.352*Poutput (mW).

For instance, Poutput = 2.8 mW, the calculated energy after the

objective (on the sample) is 2.8 mW*40%*88%= 0.9856mW.

With 10 kHz of scan rate (each pulse stays 0.1 ms pixel−1), the

calculated energy on the sample (J pixel−1) was approximately

Poutput (mW)*40%*88%*0.1 ms= 0.0352*Poutput (J pixel
−1).

For instance, Poutput = 2.8 mW, the energy (J pixel−1) on

sample= 2.8 mW*40%*88%*0.1 ms= 0.09856 μJ pixel−1 =

98.56 nJ pixel−1. The power after the objective (on the sample)

was used and marked throughput this manuscript.

Measurement of TPE Absolute Cross

Section9,14,23,25-35

The absolute cross section of TPE was measured the lumi-

nescence signal via femtosecond laser optical system accord-

ing to previous studies. The TPL of fluorescein and

rhodamine B (Sigma-Aldrich, St. Louis, MO, USA) had to

be verified. The results were obtained by measuring the

dependence of the emission intensity with an excitation

power range of 704 nJ pixel−1 (7.04 mW) to 2816 nJ pixel−1

(28.16 mW). Quadratic dependence with the exponents of

2.01 for fluorescein and 2.02 for rhodamine B was measured

for increasing the excitation power to determine the lumines-

cence from TPE. According to previous studies, the action

cross sections of TPE for fluorescein and rhodamine B are

36.4 and 68.0 GM (1 GM = 10−50 cm4 s photon−1), respec-

tively, for 760 nm excitation. We also referred to the free

website http://www.drbio.cornell.edu/cross_sections.html,

kindly provided by Prof. Chris Xu (Cornell University, NY,

USA). The TPE action cross sections for fluorescein and

rhodamine B were calculated to be 37.9 and 65.3 GM,

respectively, which indicated an error of less than 5% com-

pared with those from Prof. Xu’s laboratory. In this study,

rhodamine B was chosen as the standard reference for deter-

mining the cross section, and the calculated absolute cross

sections of TPE for the water-soluble C60(OH)30 fullerenol

was approximately 1187.5 GM. No batch-to-batch variation

was observed for the materials in two-photon properties and

two-photon photodynamic ability.

Femtosecond Laser Optical System (for

Fluorescence Lifetime Imaging

Microscopy, FLIM)26,32

The home-made femtosecond titanium-sapphire (ti-sa) laser

optical system (repetition rate of 80 MHz; Tsunami, Spectra-

Physics, Santa Clara, CA, USA) was used according to the

previous studies. The lifetime data and the parameter gener-

ated using the triple-exponential equation fitting while mon-

itoring the emission under TPE (Ex: 760 nm).

Calculation of Radiative and Nonradiative

Decay Rates33

PL QY and lifetime are both major parameters when

investigating the emission characteristics of fluorescent

dyes in diverse environments. The QY (Q) can be

expressed as follows:

Q ¼ Γ
Γþ k

(2)

where Γ is the radiative decay rate, and k is the nonradiative

decay rate. Fluorescence lifetime is usually defined as the

average time required for an electron in the excited state to

decay to the ground state. The TPL lifetime τ can also be

relative to the decay rates and is described as follows:

τ ¼ 1

Γþ k
(3)

Following Equations (2) and (3), the radiative and non-

radiative decay rates can be calculated.

ROS Detection14,18–42

Singlet oxygen (1O2). (a) Material (5 μg mL–1) was treated

with MRSA (OD600 ~0.05), after which it was subjected to

3 h of incubation at 37 °C in darkness. Subsequently, the

mixture was exposed to TPE photoexcitation (228.8 nJ

pixel−1, 600 or 900 scans; Ex: 760 nm) and finally mixed

with Singlet Oxygen Sensor Green (SOSG) reagent (1 μM;

Thermo Fisher Scientific, Waltham, MA, USA) (Ex/Em:

488/525 nm). A fluorescence spectrometer was employed

for measurements. For ROS neutralization, the mixture was

mixed with 30 ppm of antioxidant α-tocopherol/methyl

linoleate (Sigma-Aldrich, St. Louis, MO, USA) in darkness

and exposed to TPE photoexcitation with the same treat-

ment. (b) Material (5 μg mL–1) was treated with MRSA
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(OD600 ~0.05), after which it was subjected to 3 h of

incubation at 37°C37 °C in darkness. Subsequently, the

mixture was exposed to TPE photoexcitation (228.8 nJ

pixel−1, 600 or 900 scans; Ex: 760 nm) and finally mixed

with 10 μM of trans-1-(2ʹ-methoxyvinyl)pyrene (t-MVP,

Thermo Fisher Scientific, MA, USA)/0.10 M SDS

(Sigma-Aldrich, St. Louis, MO, USA) (Ex/Em: 352/465

nm) For ROS neutralization, the mixture was mixed with

30 ppm of antioxidant α-tocopherol/methyl linoleate

(Sigma-Aldrich, St. Louis, MO, USA) in darkness.

Reaction of t-MVPwith 1O2 yields a dioxetane intermediate

that fluoresces while it decomposes into 1-pyrenecarboxal-

dehyde. Furthermore, this highly selective fluorescent

probe does not react with other activated oxygen species

such as hydroxyl radicals, superoxide, or hydrogen perox-

ide. A fluorescence spectrometer was employed for mea-

surements. ROS neutralization was conducted with the

same as previously described treatment. Superoxide radical

anion (O2 .–). (a) Material (5 μg mL–1) was treated with

MRSA (OD600 ~0.05), after which it was subjected to 3 h of

incubation at 37 °C in darkness. Subsequently, the mixture

was exposed to TPE photoexcitation (228.8 nJ pixel−1, 600

or 900 scans; Ex: 760 nm) and finally mixed with 2, 3-bis

(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-

boxanilide (XTT, 0.45 mM; Sigma-Aldrich, St. Louis, MO,

USA). The purpose of this material was that it interacted

with O2.
– and produced XTT-formazan, resulting in strong

absorption (470 nm in wavelength). UV-vis spectrometer

was employed to monitor this absorption. For ROS neutra-

lization, the mixture was mixed with 30 ppm of antioxidant

α-tocopherol/methyl linoleate (Sigma-Aldrich, St. Louis,

MO, USA) in darkness and exposed to TPE photoexcitation

with the same treatment. (b) Material (5 μg mL–1) was

treated with MRSA (OD600 ~0.05), after which it was

Figure 2 Functional characterization of synthesized water-soluble C60(OH)30 fullerenol. (A) A low-magnification TEM image reveals that the mean lateral size of water-soluble

fullerenol is approximately 1.05 ± 0.02 nm. (B) HR-TEM image of water-soluble fullerenol illustrating nanomaterials {100} lattice planes and a mean size of 1.05 ± 0.02 nm with a

d-spacing of 0.213 nm. (C) UV-vis spectroscopy. (D) FTIR spectroscopy spectra of fullerenol. (E) Deconvoluted C(1s) XPS spectra and fitted peaks obtained using Gaussian function:
nonoxygenated ring (C–C/C=C, 286.0 eV), C–OH bond (287.1 eV), and C=O bond (288.0 eV), respectively. The atomic ratio and bonding composition of fullerenol are shown in the

table. The O(1s)/C(1s) atomic ratio is 36.1%.
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subjected to 3 h of incubation at 37 °C in darkness.

Subsequently, the mixture was exposed to TPE photoexci-

tation (228.8 nJ pixel−1, 600 or 900 scans; Ex: 760 nm) and

finally mixed with 50 mM bicarbonate buffer (pH 8.60) and

glutathione (γ-L-glutamyl-L-cysteinyl-glycine, GSH;

Sigma-Aldrich, St. Louis, MO, USA)/0.80 mM bicarbonate

buffer (the Ellman’s assay for O2.
– detection).

Subsequently, the following experiments were conducted

according to the procedure in a previous study. Loss of GSH

(%) was calculated as the difference in absorbance between

the sample and negative control divided by the absorbance

of the negative control. The signal of the generated O2.
–was

obtained as described in the previous calculation. Data are

means ± SD (n=6).

Uptake Assay
MRSA (OD600 ~ 0.05) was incubated with 5 μg mL–1

material. The absorbance of a quantity of 5 μg mL–1

material was recorded by UV-vis spectroscopy (Abs:

approximately 203 nm). The materials were mixed with

MRSA (OD600 ~ 0.05) at 37 °C from 1st h to 8th h,

respectively, centrifuge (1200 rpm) to remove excess

materials, and keep the supernatant and measure its absor-

bance. The difference in absorbance between the collected

supernatant and the original materials was estimated,

resulting in the percentage of uptake at each time point.

Data are means ± SD (n=6).

Statistical Analysis43

The statistical significance was by the analysis of variance.

The p-value was considered statistically significant for all

the treatments.

Results and Discussion
Characterization of Water-Soluble

Fullerenol
An illustrative graph of water-soluble C60(OH)30 fullerenol

(Figure 1B) was created according to another study,15 and the

mean lateral size of fullerenol was approximately 1.05 ± 0.02

nm, with a typical circular-like shape for aqueous disper-

sions, as determined through low magnification (Figure 2A)

Figure 3 (A) Relative TPA spectra of the material. TPE was used as a function of the wavelength (720−820 nm) at 98.56 nJ pixel−1 to monitor the signals. (B) Measurement

of phosphorescence spectra at 1270 nm for material. (C) Dependence of TPL intensity on excitation power (logarithm) of the materials and fluorophores; TPE exposure

from 704.0 to 2816.0 nJ pixel−1 for Rhodamine B and fluorescein and from 1760.0 to 2816.0 nJ pixel−1 for water-soluble C60(OH)30 fullerenol (Ex: 760 nm). (D) Time-

resolved room-temperature PL decay profiles of the material (98.56 nJ pixel−1; Ex: 760 nm). Delivered dose: OD600 of 0.05 of MRSA and 5 μg mL–1 water-soluble C60

(OH)30 fullerenol. Data are mean ± SD (n=6).
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and highly magnified HR-TEM (Figure 2B). Favorable crys-

tallinity and lattice distance were also determined to corre-

spond to d-spacing of fullerenol {100} lattice fringes.

However, the materials could aggregate by hydrogen bonds

in an aqueous solution of pH 7 with an average size of

approximately 130 nm through dynamic light scattering

(Supplementary Information, Table S1). The UV-vis spectro-

scopy absorption spectrum of fullerenols had no light absorp-

tion peaks and may be characterized by consequent

strengthening of light absorption with longer wavelengths

(>600 nm). The absorbance occurred at approximately 211

nm, which corresponded to the π–π* transition of aromatic

C=C bonds, and at 310 nm, which corresponded to the n–π*

transition of aromatic C=O shoulder, indicating the existence

of C60 (Figure 2C). Further characterizations of the as-pre-

pared materials were performed using FTIR, XPS, and FD

mass spectrometry. The characteristic bands of the nanoma-

terials such as C–O (band 1, approximately 1113 cm−1);

phenolic C–OH (band 2, approximately 1261 cm−1); tertiary

alcoholic C–OH (band 3, approximately 1432 cm−1); C=C

ring (band 4, approximately 1660 cm−1); C=O ring (band 5,

approximately 1733 cm−1); C–H, intermolecular hydrogen

bonded, and carboxylate O–H (band 6, approximately

3238 cm−1); and the band of CO2 interference revealed the

aromatic C=C bonds and exposed hydroxyl and carbonyl

functional groups through FTIR (Figure 2D). The deconvo-

luted C(1s) spectra of fullerenols indicated a nonoxygenated

C–C/C=C bond (286.0 eV), C–O bond (287.1 eV), C=O

bond (288.0 eV), and O(1s)/C(1s) ratio of approximately

36.1%, examined through XPS (Figure 2E). The atomic

ratios and bonding compositions of water-soluble C60

(OH)30 fullerenol are summarized in the table provided in

Figure 2. Furthermore, the molecular weight of fullerenol

was determined using a FD mass spectrometer, and the

number of hydroxyl groups was confirmed to be 30

(Supplementary Information, Figure S1), which was consis-

tent with the atomic ratios and bonding compositions of the

fullerenol summarized in Figure 2. The aforementioned

Table 1 Amount of ROS Generated18,19,36-42 by Conducting TPE (228.8 nJ Pixel−1, 600 or 900 Scans; Ex: 760 nm) and by Using

Water-Soluble C60(OH)30 Fullerenol (5 μg mL–1)-Treated-MRSA (5 μg mL–1) Was Maintained in the Dark and Monitored. Data

are Mean ± SD (n=6)

1O2 (by SOSG)c

Negative Controlac ROS Neutralizationabc Positive Controlcd C60(OH)30 ROS Neutralizationbc

600 scans 229±10 230±11 2606±122 2304±118 231±12

900 scans 230±12 231±10 2841±135 2589±120 231±11

1O2 (by t-MVP)e

Negative controlae ROS neutralizationabe Positive controlde C60(OH)30 ROS neutralizationbe

600 scans 342±21 343±23 9398±238 8582±191 342±20

900 scans 341±22 341±23 9562±246 8847±202 342±19

O2˙
− (by XTT)f

Negative controlaf ROS neutralizationabf Positive controldf C60(OH)30 ROS neutralizationbf

600 scans 0 0 1.90±0.13 1.79±0.10 0.02±0.01

900 scans 0 0 2.04±0.20 1.88±0.16 0.03±0.01

O2˙
− (by GSH)g

Negative controlag ROS neutralizationabg Positive controldg C60(OH)30 ROS neutralizationbg

600 scans 0 0 93.8±3.2% 79.5±1.5% 0.2±0.1%

900 scans 0 0 99.1±4.4% 85.2±2.6% 0.2±0.1%

Notes: aNegative control: only treat reagent and laser radiation without material (0 μg mL–1). bROS neutralization: with the treatments of nanomaterial, the laser

irradiation and 30 ppm of antioxidant α-Tocopherol/methyl linoleate. cSOSG reagent (Ex/Em: 488/525 nm) has a specific reactivity to generate fluorescence recorded

by a PL spectrometer. dPositive control: the treatment of 50 μM TBHP and laser irradiation. et-MVP (Ex/Em: 352/465 nm) can react with 1O2, forming a dioxetane

intermediate that generates fluorescence upon decomposition to 1-pyrenecarboxaldehyde, and monitored by a PL spectrometer. fXTTwould interact with O2.
– and

produce the XTT-formazan generating strong absorption (470 nm in wavelength). gGSH containing a thiol-tripeptide can prevent damages to cellular or bacterial

components caused by stress of oxidation. Thiol group from GSH can be oxidized to disulfide bond converting GSH to glutathione disulfide. GSH oxidation was used

to determine the generated O2.
–. Loss of GSH (%) = (absorbance difference between sample and negative control/absorbance of negative control) × 100%.
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characterizations confirmed that fullerenols had been suc-

cessfully synthesized.

ROS Generation of Water-Soluble

Fullerenol Through TPE
A gram-positive MRSA strain was used as the experimental

template in this study. Viability was determined using the CFU

counting assay (Supplementary Information, Figure S2a), the

results of which are expressed as percentages corresponding to

CFU mL−1 (Supplementary Information, Figure S2b). The

results revealed an approximately 0 log10 reduction corre-

sponding to nearly 100% viability because C60(OH)30 exhib-

ited favorable biocompatibility; the material also exhibited

excellent stability in physiological environments, eg, aqueous

solution of pH 7, 1×PBS, and culture medium of MRSA

(Supplementary Information, Table S1). To prevent the possi-

bility of confounding following ROS generation or PDT,

water-soluble C60(OH)30 was inadvertently exposed to white

light, which could lead to the experiment being compromised.

On the basis of the results, a low dose (5 μg mL–1) of

treated C60(OH)30 was incubated with MRSA (OD600 of

approximately 0.05) at 37°C for 3 h in the dark and was used

in all of the following two-photon photochemistry-related

experiments. In addition, for investigating the antimicrobial

ability of water-soluble C60(OH)30 fullerenol in ROS genera-

tion or PDT through TPE, materials with excellent TPA at 760

nm in the near-infrared (NIR) region were used (Figure 3A),

probably because of the interband transitions involved.44

Oxidative stress of ROS contributing to the failure of biologi-

cal substrates surrounding the photoexcited fullerenol-treated

MRSA would inhibit redox reactions and result in DNA

damage and eventually bacterial death. Therefore, the major

Figure 4 (A, B) Viability (%) was quantified following the determination of the viable number of material-treated bacteria by using the CFU assay at a TPE power of 228.80

nJ pixel–1 with 600 and 900 scans (total effective exposure times of approximately 2.4466 s and 3.6698 s, respectively; Ex: 760 nm). For 600 and 900 scans, p = 0.0742 and p
< 0.0001, respectively. The p value was obtained using Student’s t test. Delivered dose: OD600 of 0.05 of MRSA and 5 μg mL–1 water-soluble C60(OH)30 fullerenol. Data are

mean ± SD (n=6).

Table 2 Two-Photon Action Cross Sections of Fluorescein (in

0.1 M NaOH, pH 11) and Rhodamine B (in Methanol). Excitation

Wavelength: 760 nm

Excitation wavelength at 760 nm

action cross section, ησ2 (GM,

10−50 cm4s/photon)

Fluorescein (in

ddH2O,

pH=11)

37.9

Rhodamine B

(in

methoanol)

65.3
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roles of1O2 and O2.
– from the generated ROSmainly involved

in PDT through TPE (228.80 nJ pixel−1 with 600 or 900 scans;

Ex: 760 nm) were monitored. The intensity of 1O2 was mea-

sured by monitoring fluorescence intensities from a SOSG

reagent and t-MVP; O2.
– intensity was detected based on the

absorbance of XTTat 470 nm, and GSH after interaction with

materials,18,19,36–42 and the quantities of 1O2 and O2.
– gener-

ated are presented in Table S2 (Supplementary Information).

The results are attributed to ROS generated from the two-

photon photosensitization ofwater-solubleC60(OH)30. To con-

firm the involvement of ROS in the PDTeffect of the material,

α-tocopherol was used for ROS neutralization.37 The amount

of generated ROS was reduced after adding α-tocopherol.

Considering that false-positive signals of ROS might have

resulted from interactions betweenmaterials andROS reagents

(SOSG, t-MVP, XTT, and GSH)18,19,36–42 and might have led

to compromised results, another detection method was used to

measure and monitor ROS formed by the laser-irradiated

material-treated bacteria (Table 1); ROS presented a trend

similar to that in Table S2 (Supplementary Information), con-

sistent with the signal of 1O2 phosphorescence at 1270 nm

emitted from materials (Figure 3B).

Determination of Antimicrobial Ability

with TPE
In PDT through TPE (228.80 nJ pixel−1), bacteria were treated

with the material according to different numbers of photoexci-

tation scans (600–900 scans). The results indicated no bacter-

icidal effects on MRSA alone, with or without laser exposure,

and no bactericidal effects on the panel of material-treated

bacteria without laser treatment (Figure 4A and B). However,

C60(OH)30 efficiently exerted antibacterial effects, and the

viability of bacteria began to decrease after 600 scans

(Figure 4A and B). A total of 26% viability, corresponding to

approximately 0.585 log10 reduction of material-treated bac-

teria, was observed after exposure. Over time, the viability of

bacteria was reduced to the point of 100% elimination

(approximately 7.816 log10 reduction) of the bacteria after

the same procedure with 900 scans. However, irrespective of

the method used, water-soluble fullerenols exhibited excellent

ability to form ROS, and the singlet oxygen QY (ψΔ) was

measured at approximately 0.89 (ψΔ= 0.64) of TSPP dissolved

in D2O as a reference.16Moreover, the calculated fluorescence

QY value of water-soluble C60(OH)30 was relatively low, at

approximately 0.05 (QYref = 0.280 for Cy5.5 dissolved in

DMSO as a reference20), and one photon exhibited the same

QYvalue.18,19 The hydroxyl group on the surface of fullerenols

induces nonradiative recombination of electron–hole pairs,

inhibiting intrinsic state emission. According to the QYs, the

aforementioned results, and the Aleksander Jablonski

diagram,45 first excited singlet-state electron change was

mainly through the pathway of intersystem crossing instead

of fluorescence generation, leading to a relatively strong inter-

action of the excited triplet state electron with the oxygen and

thus the generation of singlet oxygen for processing PDT.

Investigation of Two-Photon Property
For the nonlinear laser process, TPE can maintain low average

laser power and enable the excited wavelength to be extended

to the NIR window, thus improving the visibility of the two-

photon processes. However, to monitor molecular actions, a

Table 3 TPE Cross Section of Materials (Ex: 760 Nm)a

Reference Integrated

Emission

Intensity

(Counts)

Action

Cross-

Section

(ησ)

Rhodamine B 271.45 65.3

Sample Integrated emission

intensity (counts)

Relative

quantum

yield (η)

Absolute

cross-

section (σ)

Water-soluble

C60(OH)30

fullerenol

246.82 0.05 1187.50

Note: aRhodamine B was selected as a reference to determine the TPE cross

section. (Information was obtained from the free website http://www.drbio.cornell.

edu/cross_sections.html, kindly provided by Prof. Chris Xu, Cornell University, NY,

USA), and the relevant calculations were shown in Materials and Methods.

Table 4 The Lifetime Data and the Parameter Generated Using a Time-Correlated Single-Photon Counting Technique Involving a

Triple-Exponential Fitting Function While Monitoring the Emission with 760 nm of Wavelength Under TPEa

3 Exp Fitting Model: (a0*exp(a1x)+a2*exp(a3x)+a4*exp(a5x)+a6) Lifetime1 Lifetime2 Lifetime3 Average Lifetime

(ns)

a0 a1 a2 a3 a4 a5 a6

329.915 −1.50745 852.165 −0.43564 417.301 −0.04941 −177.295 0.663372 2.295489 20.23845 6.640392141

Note: aThe parameters were obtained from the iterative reconvolution of the decay with the instrument response function.
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large cross-section is desirable. With high QYand TPE cross-

sections, intrinsic possession offluorophores and enhancement

of localized excitation power can increase two-photon

properties.26 The TPL of reference fluorophores, rhodamine

B, and fluorescein was verified. In a two-photon process with

exponents of 2.02 and 2.01 for rhodamine B and fluorescein,

respectively (Figure 3C), PL intensity demonstrated a quad-

ratic dependence on the excitation power of TPE at a wave-

length of 760 nm30,46 and also detected and demonstrated an

excitation power of 1.99 for water-soluble C60(OH)30 under

TPE, even though the value of the fluorescence QY was

relatively low. Based on the Materials and Methods for calcu-

lation, TPE action cross-sections for fluorescein and rhoda-

mine B were calculated to be 37.9 and 65.3 Goeppert–Mayer

units (GM, 1 GM = 10−50 cm4 s photon−1), respectively

(Table 2). High values of the absolute cross-section of TPE

render fluorophores effective for investigation because these

values correspond to a high ratio of energy absorbed into input

energy flux in a specimen, and higher ratios correspond to a

lower probability of photodamage. A large cross-section is

desirable for monitoring molecular activities in vitro or in

vivo through two-photon techniques.18,19,36 The calculated

absolute cross-section of TPE for water-soluble C60(OH)30
was approximately 1187.50 GM (Rhodamine B was selected

as the standard reference9 for determining the cross-section;

Figure 3C and Table 3), which was similar to that in other

studies.27,47 After further investigation, lifetime was also mea-

sured; sequentially, the effects of radiative and nonradiative

decay rates on QY and lifetime were calculated. The average

lifetime of water-soluble C60(OH)30 was approximately 6.640

ns, which was calculated from observed lifetimes of 0.6634,

2.2955, and 20.2385 ns (Figure 3D andTable 4). Therefore, the

ratio of radiative to nonradiative decay rates of thematerialwas

approximately 0.053 (derived from the respective rates of

7.530 × 106 s–1 and 1.431 × 108 s–1) following Equations (2)

and (3). According to the results, this absolute cross-section

does not show a superior value to graphene quantumdot–based

nanomaterials.18,19,21,22 Moreover, water-soluble C60(OH)30
fullerenol primarily passes through the nonradiative pathway

instead of the radiative pathway after TPE because of the low

fluorescence QYand long lifetime. This is consistent with the

hydroxyl group on the surface of well-prepared fullerenols in

this study, which induced nonradiative recombination of elec-

tron–hole pairs, thereby inhibiting intrinsic state emission.

Figure 5 TEM images. (A) MRSA without any treatment. Bacteria treated with

material for (B) 2 h and (D) 3 days of incubation. (E) The photoexcited material-

treated bacteria (2 h of incubation) with TPE (228.8 nJ pixel−1, 900 scans; Ex:

760 nm). (C) Uptake assay of MRSA and materials at 37°C. (F) Viability (%) was

quantified following the determined viable count of material-treated bacteria using

the CFU assay by short excitation with the same treatment. Delivered dose: OD600

of 0.05 of MRSA and 5 μg mL–1 water-soluble C60(OH)30 fullerenol. Data are mean

± SD (n=6).
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TEM Assay to Observe the Water-

Soluble Fullerenol-Treated MRSA
TEM was necessary to determine the effect of fullerenol

treatment with TPE on MRSA. Incubation of bare MRSA

(Figure 5A) with water-soluble C60(OH)30 fullerenol for 2 h

resulted in a considerable amount of materials being

adsorbed on the bacterial surface (Figure 5B). The uptake

assay results also revealed the amount of materials adsorbed

on the bacterial surface, with a burst rate of approximately

66% within the first 3 h of incubation (Figure 5C). The rate

achieved a saturated status from 3 to 8 h of incubation

because the sites of material absorption in the cell wall

were completely occupied. Bacteria must filter external

ions and assimilate nutrients using the cell wall to maintain

and develop their physiological functions.48,49 Thus, the

materials were absorbed and accumulated to form an external

barrier on the bacterial surface. The material-treated bacteria

demonstrated no exceptional morphology after 2 h of incu-

bation, whereas an incubation period of 3 days changed the

shape of the bacteria (Figure 5D), corresponding to nearly

45% viability (Figure 5f; Supplementary Information,

Figure S3). However, unusual, drastic damage to morphol-

ogy that corresponded to nearly 100% death occurred after

photoexcitation of the material-treated bacteria (2 h of incu-

bation) (Figure 5E). According to the aforementioned results,

water-soluble C60(OH)30 is a promising two-photon PS for

completely eliminating bacteria. In addition, the viability of

surviving MRSA was expressed through fluorescence and

quantification (Figure 6).22,49 The laser-exposed bacteria

alone indicated nearly no damage, as represented by green

fluorescence that is indicative of live bacteria (Figure 6A),

corresponding to Figure 5A. The dead bacteria were distin-

guishable to a certain degree regarding the treatment of

water-soluble C60(OH)30 and laser exposure (represented

by the red fluorescence; Figure 6B), corresponding to

Figure 5E. Viability of bacteria was quantified for further

antimicrobial tests, which indicated that nearly all of the

nanomaterial-treated bacteria were dead after treatment

(Figure 6C). Viability was also consistent with the results in

Figure 5F and Figure S3 (Supplementary Information) pre-

sents the efficient antibacterial effects of water-soluble C60

(OH)30 through two-photon PDT.

Conclusion
Fullerenol is being applied in an increasing number of

research fields. However, fullerenol, hydrophilic fullerenol

in particular, has not received attention as a PS that can

directly generate ROS through TPE. In this study, water-

soluble fullerenol-generated ROS were able to execute

PDT with a high level of efficacy and thereby eliminate

gram-positive bacteria of MRSA at ultra-low energy levels

over an extremely short period of photoexcitation through

TPE in an NIR window. Water-soluble fullerenol had high

TPA, a large absolute cross-section of TPE, and high two-

photon stability, making it a promising two-photon PS for

performing two-photon PDT through TPE. It constitutes

an efficient alternative approach to eliminating MDR

bacteria.
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