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ABSTRACT: The photostability, photodestructive efficacy, two-photon excitation
cross section, and two-photon fluorescence of gold nanoparticles conjugated with a
hydrophilic photosensitizer, indocyanine green, via multiphoton laser exhibited an
increased size effect in methicillin-resistant Staphylococcus aureus and AS49 cancer cells
that was dependent on the size of multifunctional gold nanomaterials, but the effect
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only occurred when nanomaterials within 100 nm in diameter were used. Besides, the e - )
enhanced effectiveness of photodestruction, photostability, and contrast probe p
indicated an additive effect in the therapeutic and imaging efficiency of multifunctional

gold nanomaterials. Consequently, the preparation of the multifunctional gold w | = mae ‘
nanomaterials and their use in biomedical applications via multiphoton laser is an ® ,
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alternative and potential therapeutic approach for killing bacteria and for ablating .
cancer cells.
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B INTRODUCTION

The continuous increase in the number of malignant species
and multidrug-resistant bacterial strains and cancerous tumors
is currently a critical problem, which is mainly caused by

low scattering, energy absorption, and maximum irradiation

S . 2,6 . .
penetration into deeper tissue.”” Indocyanine green (ICG) is
an anionic photosensitizer that absorbs in NIR window and is
used in photodynamic therapy (PDT), which produces reactive

environmental variations occurring through different pathways,
such as contamination, mutation, transformation, and meta-
stasis, leading to a severe medical crisis. Hence, alternative
approaches that eliminate the two malignant species must be
developed. One of the currently major interests in new
nanomaterials for nanomedicines is the use of near-infrared
(NIR)-absorbing gold (Au)-based nanomaterials,"”” which have
been extensively used in organisms because these materials are
stable and biocompatible and can be used in the development
of novel biological applications. These applications include
effective signal enhancement, surface-enhanced Raman scatter-
ing, resonance light scattering, computed tomography scanning,
and photothermal therapy (PTT).*~° The NIR region provides
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oxygen species (ROS) to destroy and eliminate cancer cells and
tissues via its photosensitizing property.”” ICG has been
approved by the U.S. Food and Drug Administration for
medical diagnostic studies,” and it acts as a fluorescent contrast
agent for enzymes and proteins and produces singlet oxygen, a
type of ROS, that destroys cancer cells and tumors. Studies
have reported that ICG is used to weld tissue with an NIR laser
and provides a photothermal effect in clinical therapy.”” Other
studies have reported that Au nanostructures exert an effective
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photothermal effect as well as varying in PTT efficiency
depending on the sizes and shapes of Au-based nanomateri-
als.”'*"" However, no study has discussed the size-dependent
photostability effect and photoparameters by using Au-based
nanoparticle (NP)-conjugated ICG involving photodestruction
and contrast probing through nonlinear multiphoton laser
irradiation. Consequently, the interactions and photochemical
reactions between excited photosensitizers and Au nanoma-
terials must be determined. This paper presents the use of ICG
coupled with Au NPs of various sizes to simultaneously kill
methicillin-resistant Staphylococcus aureus (MRSA) and destroy
human lung carcinoma malignant cells (AS49) through PDT
and PTT administered using multiphoton laser irradiation.
Compared with PDT or PTT treatment alone, the combined
PDT—-PTT ablation more efliciently destroyed the two
malignant species. This work demonstrated the effect of size-
dependent photostability, photodestruction, contrast agents,
two-photon excitation cross section, and two-photon fluo-
rescence when using Au nanomaterials.

B MATERIALS AND EXPERIMENTS

Synthesis of Au—PEI—ICG NPs. Gold NPs were prepared by the
procedure of the seedless growth method."> The surface charge of the
12 + 0.83, 48 + 1.22, 99 + 2.19, and 151 + 2.54 nm Au NPs was
about —30.6, —37.3, —38.2, and —38.9 mV, respectively. Then, Au NPs
were mixed with the positively charged polyethylenimine (PEI)
polymer (Sigma-Aldrich Co.,, USA) to form Au—PEI NPs via
electrostatic interaction.” The zeta potential of 12, 48, 99, and 151
nm Au—PEI NPs was 26.1, 28.3, 28.5, and 27.6 mV, respectively.
Centrifuging the Au—PEI NPs solutions at 7500 rpm for 10 min was a
necessary process to remove excess PEL. The pellets (Au—PEI NPs)
were resuspended in ddH,O and repeated several times. As-prepared
all sizes of Au—PEI NPs/indocyanine green (ICG; TCI, Japan) by the
particle number ratio of 1/70 000—1/150 000 were mixed for S h in
aqueous solution. Via the electrostatic interaction, the 12, 48, 99, and
151 nm Au—PEI NPs were reacted with the negatively charged ICG to
form Au—PEI-ICG NPs, respectively.” The zeta potential of 12, 48,
99, and 151 nm Au—PEI-ICG NPs was 15.1, 15.4, 15.5, and 15.0 mV,
respectively. TEM image respectively depicts 12, 48, 99, and 151 nm
Au—PEI-ICG NPs (Figure 1). Centrifuging (7500 rpm) the solutions
for 10 min was a necessary process to remove excess ICG. The pellets
(Au—PEI-ICG NPs) were resuspended in ddH,O, and the
centrifugation process was repeated several times. The concentration
of Au NPs was calculated by the atomic absorption (AA) spectrometer
(Solaar, UK).”

Characterization. Transmission electron microscopes (TEM)
(JEOL 1400 and JEOL 2100, Japan) were used to characterize the
morphology and energy dispersive X-ray (EDX) of the samples.” The
ultraviolet—visible spectroscopy (UV—vis) absorption spectrometer
(U-4100, Hitachi, Japan), Fourier transform infrared (FTIR)
spectrometer (PerkinElmer RX1, USA), zeta potential spectrometer
spectra (Manern Nano-ZS90, UK), and fluorescence spectrometer
(FP-6600, JASCO)* were also used to determine the characters of
samples.

Estimating the Average Amount of ICG per Au NPs. (1)
Following previous studies,”” we estimated by Lambert—Beer’s law
and measured with the AA spectrometer; the average amount of ICG
for each size of Au NP was 22300 ICG molecules for each size of Au
NP. (2) The intensity of a quantity of dissolved ICG in ddH,O was
recorded (Ex, 785 nm; Em, 815 nm). Via electrostatic interaction, Au—
PEI-ICG NPs were mixed with the same quantify ICG in the dark for
S h. Then, centrifuging (7500 rpm) the solutions for 10 min was a
necessary process to remove excess ICG. The pellets (Au—PEI-ICG
NPs) were resuspended in ddH,0, and the centrifugation process was
repeated several times. The difference in intensity between the
collected supernatant and pure ICG was estimated. Following the AA
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Figure 1. TEM micrographs of Au—PEI-ICG NPs with a diameter of
(a) 12 + 0.83, (b) 48 + 1.22, (c) 99 + 2.19, and (d) 151 + 2.54 nm,
respectively. Two-photon absorption (TPA) spectrum as a function of
the excitation wavelength, (e) the relative TPA spectra of Au—PEI—
ICG NPs, and (f) Au NPs and ICG. A femtosecond laser with a
wavelength range of 720—820 nm was used to monitor TPA signals.
Delivered dose, 1 X 10" Au NPs (formula 1); 3.704 X 107> M of free
ICG and ICG coated on the Au NPs.

spectrometer, the average amount of ICG was 22330 ICG molecules
for each size of Au NP.

After 4 days incubation of Au nanomaterials in aqueous solution,”
desorbing ICG in aqueous solution for 12, 48, 99, and 151 nm Au
nanomaterials, about 0.024, 0.031, 0.052, and 0.069%. In other words,
PEI and ICG were successfully coated on the surfaces of the Au NPs in
sequence. A proper amount of Au NPs was used in this study: 1 X 10"
Au NPs; 3.704 X 1072 M of free ICG and ICG coated on the Au NPs.
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Bacterial Culture of MRSA." This study was carried out using a
strain of MRSA (ATCC 27659). Bacteria were grown in brain-heart
infusion medium (DIFCO 0418; BD Biosciences, San Jose, CA).
Bacteria were incubated at 37 °C.

Cell Culture of A549 Cells. The protocol to culture AS49 cells
followed previous studies."”

Antibodies Conjugation. For the improvement of specificity and
therapeutic efficiency, ICG and all Au NPs and Au—PEI-ICG NPs
were coated with the antiprotein A antibodies and antiepidermal
growth factor receptor (EGFR) antibodies (Antagene, Inc., Santa
Clara, CA), respectively‘.z’7 ICG, and all Au NPs and Au—PEI-ICG
NPs were respectively reacted with the antiprotein A antibody (1 mg
mL™") and anti-EGFR antibody (1 mg mL™") for the ratio of Vintibody/
Vinaterial = 1/1 at 4 °C for 30 min in the dark, respectively. Centrifuging
(7500 rpm) the solutions for 1S min at 4 °C was a necessary process
to remove excess antibodies. The pellets (Au—PEI-ICG NPs) were
resuspended in 40 mM HEPES solution and the centrifugation process
was repeated several times. The MRSA was respectively added to the
ICG—Ab,pyin o Au NP=Ab,, s », and Au—PEI-ICG NP—Abyqe o
for 6 h of incubation in the dark at 37 °C, whereas the cell monolayer
with A549 was respectively immersed with the ICG—Abgggr, Au NP—
Abggrr, and Au—PEI-ICG NP—Abgpy for 2 h, and then continued to
go on the following experiment.”’

Cytotoxicity Assay. For MRSA. MRSA (ODg, ~0.05) was
respectively added to all the Au—PEI-ICG NPs Ab,, i A (delivered
dose: 1 X 10" ~ 1 X 10" Au NPs) and incubated in a 1.5 mL tube for
6 h of incubation in the dark at 37 °C. For the incubated bacteria,
centrifuging (2000 rpm) the solutions for 10 min was a necessary
process to remove excess Au nanommaterials or nonspecific binding.
The pellets were resuspended in brain-heart infusion (nutrient
medium), and the centrifugation process was repeated several times.
The pellets were then diluted to a dilution factor of 107* to 10~ and
plated on the BD brain heart infusion agar plates. The plates were
aerobically for 12—16 h of incubation in the dark at 37 °C. After
incubation, the number of bacteria surviving by colony forming unit
(CFU mL™) counting assay was determined.”’

For A549 Cells. First, 5 x 10° cells per well in a 96-well culture plate
were for overnight of incubation in the dark at 37 °C with 5% CO, in
air. All of the Au—PEI-ICG NP—Abyp (delivered dose: 1 X 10" to
1 X 10" Au NPs) were respectively added to the incubated cells for
overnight incubation in the dark at 37 °C. Medium was removed and
replaced with the new culture medium, and the process was repeated
three to five times to wash out the nonspecific binding. The cells were
collected by trypsinization centriguged (1200 rpm) for 10 min to
collect the pellets. Then, we followed previous studies™” to conduct
the MTT assay with an ELISA reader (Thermo Electron, Waltham,
MA).

Evaluation of the Total Au Particle Number of Targeting
and Internalization of Au Nanomaterials or Au Nanomateri-
als—Antibodies.””'* For MRSA. MRSA (ODg, ~ 0.0S) was
respectively added to all the Au—PEI-ICG NPs or Au—PEI-ICG
NPs Abyqtein & (dose: 1 X 10" Au NPs) in a 1.5 mL tube for 12—16 h
of incubation in the dark at 37 °C. For the incubated bacteria,
centrifuging (2000 rpm) the solutions for 10 min was a necessary
process to remove the nonspecific binding. The pellets were
resuspended in brain-heart infusion (nutrient medium), which was
repeated several times. Following the AA spectrometer (Solaar, UK)
and formula 1, the amount of Au NPs was calculated. As a result, the
total binding and uptaken Au particle number for each part of per Au—
PEI-ICG NP-treated-bacterium or Au—PEI-ICG NP-Ab
treated-bacterium was calculated.

For A549 Cells. First, 5 X 10° cells per well in a 96-well culture plate
were for overnight of incubation in the dark at 37 °C with 5% CO, in
air. All of the Au—PEI-ICG NPs or Au—PEI-ICG NP—Abggrr
(dose: 1 X 10" Au NPs) were respectively added to the incubated
cells for overnight incubation in the dark at 37 °C. Medium was
removed and replaced with the new culture medium, and the process
was repeated three to five times to wash out the nonspecific binding.
The cells were collected by trypsinization centriguged (1200 rpm) for
10 min to collect the pellets. Following the AA spectrometer (Solaar,

protein A”

UK) and formula 1, the amount of Au NPs (particle concentration of
Au NPs) was calculated.

total no. of atoms
amt of Au NPs =

Au atom nos. per Au NPs

concn of sample X sample vol

mol wt of Au N,
vol of Au nanosphere A
spherical vol of Au atom ( 1)

where the concentration of the sample is measured with an AA
spectrometer, the molecular weight of Au is 197 g mol™!, N, is the
Avogadro constant (6.02 X 10**), the volume of Au nanosphere is (4/
3) X 3.14 X (radius of Au NPs)®, and the spherical volume of a Au
atom is (4/3) X 3.14 X (atomic radius of Au)®. As a result, the total
binding and uptaken Au particle number for each part of per
AAu—PEI-ICG NPs-treated sample or Au—PEI-ICG—Ab-treated
sample was calculated:

amt of targeting & internalized Au = amt of Au NPs X sample vol

Femtosecond Laser Optical System for the Measurements
of Photoluminescence, Two-Photon Absorption (TPA) and
Two-Photon Photodestruction.”'*”"® The homebuilt femto-
second Ti: sapphire laser optical system (repetition rate of 80 MHz)
(Tsunami, Spectra-Physics, Santa Clara, CA) was used in this study.

TPA Measurement. A femtosecond laser with a wavelength range
of 720—820 nm and was used to excite TPA signals. A time-average
luminescence photon count (F) is proportional to the cross section
(8) of TPA and can be given as

ﬁ 8np*
fo A 2)

where C is the concentration of the photoinitiator, 77, is the quantum
efficiency of photoluminescence, ¢ is the luminescence collection
efficiency of the system, P is the average incident power, g, is the
dimensionless quantity for degree of the second-order temporal
coherence, f is the pulse repetition rate, n is the refractive index of the
measurement medium, A is the excitation wavelength, and 7 is the
excitation pulse width by full-width at half-maximum. After the SF-10
prism pair compensation, the collection system, the pulse repetition
rate, the concentration of the materials, and the excitation power can
be maintained the same at different excitation wavelengths with their
corresponding excitation pulse widths. On the basis of the measured
excitation pulse width, the measured fluorescence photon count and
the excitation wavelength, we derived the TPA as 6 X #,. Via the SPC
module, the photomultiplier tubes were used to collect the
photoluminescence photon counts. The TPA can be given as

F~ %énzqﬁc

on, « AtF (3)

An in-lab constructed autocorrelator was used to monitor the pulse
widths of the different wavelengths after the objective. With 2 m ms™!
speed of the galvanometer scanner, the excitation spectrum was
measured to be 720—820 nm in wavelength with 3.0 mW excitation
power. For the all size of Au—PEI-ICG NPs, Au NPs and ICG, Figure
lef shows the relative TPA spectrum as a function of excitation
wavelength.

Photodestruction of MRSA and A549 Malignant Cells
Shown by Fluorescence Images after Femtosecond Laser
Irradiation. Viability of MRSA after Photodestruction. MRSA
(ODgy ~ 0.05) were respectively added to all the Au—PEI-ICG
NP—ADb,,oein oy AU NP—Ab, e o and ICG—Aby, iy o (delivered
dose: 1 X 10" Au NPs; 3.704 X 10~ M of free ICG and ICG on the
Au NPs) in a 1.5 mL tube to process the interaction of antibody—
antigen for 6 h of incubation in the dark at 37 °C. For the incubated
bacteria, centrifuging (2000 rpm) the solutions for 10 min was a
necessary process to remove the nonspecific binding. The pellets were
resuspended in brain-heart infusion (nutrient medium), and the
centrifugation process was repeated several times. The pellets of
incubated bacteria were diluted to ODgy, ~ 0.05 and exposed to a
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femtosecond laser.”'® The irradiated-MRSA was stayed for 2.5 h of
incubation in the dark at 37 °C to let the ICG proceed the PDT/PTT
process (simultaneously, Au NPs proceeded PTT process). Following
irradiation, the Au—PEI-ICG NP—Ab, i, o Au NP—Ab,, i, o~ and
ICG—Ab,oqein a-treated MRSA were stained using a LIVE (SYTO 9, as
indicated by green fluorescence)/DEAD (propidium iodide, as
indicated by red fluorescence) kit (L7012, Invitrogen, Carlsbad, CA)
following the instruction'® and observed with a fluorescence
microscopy (ECLIPSE TS100, Nikon, Japan). The number of bacteria
surviving was determined by CFU method (CFU mL™"). The Au—
PEI-ICG NP—Ab,in s~ At NP—Ab,, i a7 and ICG—ADbyopen o-
treated MRSA were diluted to a dilution factor of 107* to 107 and
plated on the BD brain heart infusion (BHI) agar plates. The plated
were incubated aerobically at 37 °C for 12—16 h in the dark. After
incubation, the number of bacteria surviving (CFU mL™') was
calculated."”

Viability of A549 Cells after Photodestruction. First, 5 X10° A549
cells per well in a 96-well culture plate were incubated overnight in the
dark at 37 °C with 5% CO, in air. All of the Au—PEI-ICG NPs or
Au—PEI-ICG NP—Abygpy (delivered dose: 1 X 10'3 Au NPs; 3.704 X
1073 M of free ICG and ICG on the Au NPs) were respectively added
to the incubated cells to process the interaction of antibody—antigen
for 2.5 h of incubation in the dark at 37 °C. Medium was removed and
replaced with the new culture medium, and the process was repeated
three to five times to wash out the nonspecific binding. Subsequently,
the cells were stained with calcein AM (Invitrogen Corp., Carlsbad,
CA) for 2.5 h of incubation in the dark at 37 °C  to let the ICG
proceed the PDT/PTT process (simultaneously, Au NPs proceeded
PTT process) following femtosceond laser exposure. Produced green
fluorescence stood for the viable cells, and then observed by a
fluorescence microscopy and analyzed images with ImageJ software.
For MRSA and AS49 cells, excited wavelength: 720 nm (for 12 nm Au
NPs and Au nanomaterials), 740 nm (for 48 nm Au NPs and Au
nanomaterials), 750 nm (for 99 nm Au NPs and Au nanomaterials)
and 760 nm (for 151 nm Au NPs and Au nanomaterials) at a power of
5.0 mW for 40, 30, 20, and SO s, respectively; 740 nm (for ICG) with
5.0 mW and 50 s irradiation; 720 nm (control experiment) with 20
mW exposure for 90 s; delivered flux, 13939 W mm™ (for 720 nm),
13227 W mm™ (for 740 nm), 12853 W mm™ (for 750 nm), and
12531 W mm ™ (for 760 nm); total energy dose: 557 560 J (for 12 nm
Au NPs and Au nanomaterials), 396810 J (for 48 nm Au NPs and Au
nanomaterials), 257 060 J (for 99 nm Au NPs and Au nanomaterials),
626 550 J (for 151 nm Au NPs and Au nanomaterials), 661 350 J (for
ICG), and 5017860 J (for control experiment) (n=6).

Detection of ROS. Singlet Oxygen.””” ICG and all Au
nanomaterials were irradiated with the femtosecond laser in the dark
(excited wavelength: 720 nm for 12 nm Au NPs, 740 nm for 48 nm Au
NPs, 750 nm for 99 nm Au NPs, and 760 nm for 151 nm Au NPs at a
power of 5.0 mW for 40, 30, 20, and S0 s, respectively; 740 nm for
ICG with 5.0 mW and S0 s irradiation) and then directly detect singlet
oxygen (Ex/Em: 488/525 nm) by the treatment of 1 mM of Singlet
Oxygen Sensor Green Reagent (Invitrogen Corp., Grand Island, NY),
and the data were collected by a fluorescence spectrophotometer.
Delivered dose: 1 X 10'* Au NPs; 3.704 X 107> M of free ICG and
ICG on the Au NPs. Data are means + SD (n = 6).

Superoxide Radical Anion.’®’® The A549 cancer cells (5 x 10°
cells per well in a 96-well culture plate) were seeded into ICG and all
Au nanomaterials for overnight of incubation in the dark at 37 °C with
5% CO, in air. After they had been incubated, the mixture exposed to
nonlinear laser in the dark. Excited wavelength: 720 nm (for 12 nm Au
nanomaterial-treated cells), 740 nm (for 48 nm Au nanomaterials-
treated-cells), 750 nm (for 99 nm Au nanomaterial-treated cells) and
760 nm (for 151 nm Au nanomaterials-treated-cells) at a power of 5.0
mW for 40, 30, 20, and S0 s, respectively, whereas 740 nm (for ICG-
treated-cells) with 5.0 mW and S0 s irradiation, and then mixed with 1
mL 0.45 mM XTT (Fluka, USA) for S h of incubation in the dark.
XTT would interact with superoxide radical anion and form the XTT-
formazan showing strong absorption at 470 nm in wavelength.
Measurement of absorption was recorded by UV—vis spectrometer.
Delivered flux: 13939 W mm ™2 (for 720 nm), 13227 W mm™> (for

17321

740 nm), 12 853 W mm ™2 (for 750 nm) and 12531 W mm™> (for 760
nm); total energy dose: 557560 ] (for 12 nm Au NPs and Au
nanomaterials), 396 810 J (for 48 nm Au NPs and Au nanomaterials),
257060 J (for 99 nm Au NPs and Au nanomaterials), 626 550 J (for
151 nm Au NPs and Au nanomaterials), 661350 J (for ICG) and
5017860 J (for control experiment). Delivered dose: 1 x 10" Au
NPs; 3.704 X 107> M of free ICG and ICG on the Au NPs. Data are
means + SD (n = 6).

Cytotoxicity of A549 Cells for Long-Term.>” Cells (5 x 103
cells per well in a 96-well culture plate) were seeded into ICG and all
Au nanomaterials for overnight incubation in the dark at 37 °C with
5% CO, in air. ICG—Abgggpp and 151 nm Au—PEI-ICG NP—Abggpr
were irradiated with a femtosecond laser (740 nm for ICG—Abgggg,
and 760 nm for 151 nm Au—PEI-ICG NP—Abggpy) at 5.0 mW for S0
s first to test the photostability of ICG and Au nanomaterials and then
added to the confluent cells in a 96-well culture plate and continued
for an additional 2 h, 1 day, and 4 days of incubation in the dark at 37
°C with 5% CO, in air, respectively. Medium was removed and
replaced with the new culture medium and repeat for 3 to 5 times to
wash out the nonspecific binding. The cells were collected by
trypsinization and centrifuged (1200 rpm) for 10 min to collect the
pellets. Then, we followed previous studies®” to conduct the MTT
assay with an ELISA reader (Thermo Electron, Waltham, MA).
Delivered dose: 1 X 10'> Au NPs; 3.704 X 107> M of free ICG and
ICG on the Au NPs.

Measurement of Two-Photon Excitation Action Cross
Section. The two-photon excitation action cross section was
measured the fluorescence signal via femtosecond laser optical system
mentioned above. The back aperture of the 20X objective lens (NA
0.256) was overfilled by expansion of the laser beams. For the
multiphoton excitation, the diffraction-limited illumination of the
sample was approximately achieved and analyzed. Under two-photon
excitation and for the thick sample limit, the relation between time-
averaged fluorescence photon flux (F™ ()} and the incident power
P(t) can be obtained. The formula can be given as

(n)

§
P o 6,Cn,

o G VA (RO
(fey

—nA2n—
877,'3 n/1n3

E(0) =

n

4)

where C is the concentration of the fluorophore, n is the number of
photons absorbed (n = 2 for the two-photon excitation), ¢ is the
system collection efficiency, 7 is the laser pulse width, f is the laser
repetition rate, 7 is the fluorescence quantum efliciency, and A is the
excitation wavelength in vacuum, o, is the n-photon absorption cross
section, and a, = 64 for two-photon excitation. gp(") is the n™-order
temporal coherence of the excitation source. Due to the limitation of
resources we currently have, (F" (¢)) is temporarily not able to be
calculated, and the values could be replaced by the integrated two-
photon fluorescence intensity with the symbol of “counts”. As a result,
the equation for action cross section (3j5,) is turned into”'

counts
no, = _g @ SR (07
18 t
12, 32T
2 f, of A (5)
If it was with the same second-order temporal coherence of the
excitation source, the laser pulse width, laser repetition rate, incident
power, system collection efficiency, wavelength and working
concentration, the action cross section of two-photon excitation
(no,) for a fluorophore as the reference compound is determined
relative to the known action cross section, then formula S is simplified
as

counts
_ 2
(n6y), =
counts;

o
(noy), )
where sample 1 is the reference compound, and sample 2 is the
fluorophore.

For careful concern, the known action cross section of two-photon
excitation for fluorescein and Rhodamine B (Sigma-Aldrich Co., St.
Loius, MO) was first used as the standard reference and fluorophore to
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Figure 2. UV—vis spectra of (a) ICG, (b) 12 nm Au—PEI-ICG NPs (plasmon resonance of 12 nm Au NPs, ca. 520 nm), (c) 48 nm Au—PEI-ICG
NPs (plasmon resonance of 48 nm Au NPs, ca. 547 nm), (d) 99 nm Au—PEI-ICG NPs (plasmon resonance of 99 nm Au NPs, ca. 564 nm), and
(e) 151 nm Au—PEI-ICG NPs (plasmon resonance of 151 nm Au NPs, ca. 580 nm). Delivered dose: 1 X 10" Au NPs mL™".

calculate each other’s action cross section and vice versa. At 750 nm in
wavelength of femtosecond laser exposure, the action cross section of
two-photon excitation for fluorescein and Rhodamine B is 33.6 and
550 GM (1 GM = 10~%° em* s photon™),>°"** respectively. The
integrated two-photon fluorescence (TPF) intensity for Counts was
based on the spectra (Supporting Information, Figure S1). By
measuring the dependence of the emission intensity on the excitation
power range of 20—80 mW, the results were shown in Figure S2
(Supporting Information); moreover, TPF of fluorescein and
Rhodamine B was needed to be verified.*® In each figure, the slopes
of the lines were to determine the fluorescence from two-photon
excitation. Based on formula 6,”' the two-photon excitation action
cross section of fluorescein and Rhodamine B could be calculated as
35.1 and 56.5 GM (Supporting Information, Table S1). Compared to
the data in the previous studies, there is only 5% in error that is the
acceptable deviation. In other words, the action cross section of two-
photon excitation for sample was available via formulas S and 6. We
followed this method and selected Rhodamine B as a standard
reference,”* > and thus, the action cross sections of two-photon
excitation for 12, 48, 99, and 151 nm Au—PEI-ICG NPs can be
obtained, respectively.

Measurement of TPF Spectrum.?'*"'> All sizes of Au nanoma-
terials were exposed to femtosecond laser, respectively. Excited
wavelength: 720 nm for 12 nm Au NPs and Au—PEI-ICG NPs,
740 nm for 48 nm Au NPs and Au—PEI-ICG NPs, 750 nm for 99 nm
Au NPs and Au—PEI-ICG NPs, 760 nm for 151 nm Au NPs and
Au—PEI-ICG NPs at a power of 5.0 mW. Scanning area 200 X 200
um’, frequency: 10 kHz, a duration of 1.638 s exposure time/scan =

17322

100 ps per pixel per scan, 128 X 128 pixels/scan, pixel area = 1562.5 X
1562.5 nm® For 720, 740, 750, and 760 nm excitation: the total
irradiation time t = 3.670 ms X number of scans, t = 3.877 ms X
number of scans and obtain the data, t = 3.98 ms X number of scans
and obtain the data, and t = 4.078 ms X number of scans and obtain
the data, respectively. A 40X oil-immersion objective (NA 1.3) was
used to collect the signals, and the detection range of spectrum
photometer was 400—650 nm in wavelength.

Statistical Analysis. The statistical significance of the viable
bacteria or cell (%) with different treatment concentrations were by
the analysis of variance. In all cases, the p-value <0.05 was considered
statistically significant. The methods of related and further analysis
were followed the previous study.”*

B RESULTS AND DISCUSSION

Au NPs exposing carboxyl group were synthesized,'” and ICG
was conjugated on their surfaces. Subsequently, positively
charged PEI and negatively charged ICG were coated in
sequence through electrostatic interaction on the surface of the
NPs. TEM images show 12, 48, 99, and 151 nm Au—PEI-ICG
NPs (Figure la—d). Because of the carboxyl group, the surface
charge of the 12 nm Au NPs was approximately —30.6 mV,
whereas that of the 48, 99, and 151 nm Au NPs was —37.3,
—38.2, and —38.9 mV, respectively. PEI and ICG were then
absorbed in sequence by Au NPs of all sizes by electrostatic
interactions, and therefore the surface charge of 12, 48, 99, and
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Table 1. Evaluation of the Au Particle Number Per
Bacterium or Cell of Specific Targeting or Internalization of
Au—PEI-ICG NP—Ab,, i o for MRSA and Au—PEI-ICG
NP—Abgpg for AS49 Cells, Respectively

12 nm Au— 48 nm Au— 99 nm Au— 151 nm Au—
PEI-ICG PEI-ICG PEI-ICG PEI-ICG
NPs— NPs— NPs— NPs—
antibodies antibodies antibodies antibodies
MRSA 150 92 60 38
AS49 358 225 75 S1

cells

151 nm Au—PEI-ICG NPs was approximately —15.1, —15.4,
—15.5, and —15.0 mV, respectively. The spectra for ICG
consisted of two main peaks at approximately 708 and 780 nm,
which meant oligomeric and monomeric forms, respectively, by
the confirmation of UV—vis’ (Figure 2a). The Au NPs with
various sizes exhibited plasmon resonances (approximately
520—580 nm), and the plasmons gradually had a red shift
absorption with the enlargement of the NPs (Figure 2b—e).
When PEI and ICG were conjugated in sequence on the Au
NPs, two additional bands appeared around 708 and 780 nm.
Surface modification of metallic NPs with organic molecules
results in highly ordered structures and superstructures.”>”’
The electron density of the metallic NPs was changed by
chemical interactions, thereby directly affecting the absorption
of the conjugation on the surface of organic molecules and the
absorption band of the surface plasmon.”**® Successful
conjugation of the Au—PEI-ICG NPs was proved by the
information from UV—vis spectra. In addition, according to the
absorbance difference of ICG at 780 nm before and after ICG
was conjugated with the Au NPs, approximately 22 300 ICG
molecules conjugated per Au-PEI NP of each size, according to
the Lambert—Beer law."”” The other quantification assay was
conducted by fluorescence spectrometer. An average of about
22 330 ICG molecules for each Au-PEI NP was determined. To
manifest the effect of size-dependence photodestructive efficacy

by Au nanomaterials, we painstakingly controlled the average of
ICG per Au NPs to be almost the same quantity. In this way,
we can expound the results clearly. After incubating Au
nanomaterials in an aqueous solution for 4 days, 12 nm Au
nanomaterials desorbed approximately 0.024% of ICG in the
aqueous solution, whereas 48, 99, and 151 nm Au nanoma-
terials desorbed approximately 0.031, 0.052, and 0.069%,
respectively, of ICG in the solution. Furthermore, we
determined the size stability of Au nanomaterials of all sizes,
and we found no size variation, indicating no further desorption
of conjugated ICG after 4 days of incubation in the aqueous
solution (Supporting Information, Figure S3). The FTIR
spectra were utilized to analyze exposed functional groups of
the Au nanomaterials (Supporting Information, Figure S$4).
These results show that PEI and ICG were well coated on the
surfaces of Au NPs in sequence.

In this study, Gram-positive MRSA and A549 cancer cells
were selected as experimental templates. Great interest exists in
developing alternative treatments to eliminate bacterial and
malignant cells, and Au-based multifunctional nanomaterials
show the ability and efficacy to destroy these two cell types.
Before proceeding with photodestruction, the biocompatibility
of the Au nanomaterial-treated MRSA and A549 was examined.
Protein A is a surface protein found in the cell wall of MRSA,
and EGFR overexpresses on the surface of A549 cells.” The
antiprotein A (Ab,,oin o) and anti-EGFR antibodies (Abggrg)
were respectively coated with ICG and Au—PEI-ICG NPs to
efficiently target the multiphoton photochemical destruction;
subsequently, the Au—PEI-ICG NP—Ab,,;, » and Au—PEI—
ICG NP—Abggr were treated with MRSA and A349 cells,
respectively. Experiments for MRSA and AS49 cell viability
were performed by incubating MRSA and A549 cells overnight
with Au—PEI-ICG NP—Ab,, o and Au—PEI-ICG NP—
Abgpg, respectively, in the dark, as well as all of the following
photodestruction experiments involving ICG.” The viabilities of
MRSA and AS49 cells were almost 100%, indicating high
biocompatibility (Figure 3 and Supporting Information, Figure
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Figure 4. (a—c) Photodestruction of MRSA shown by fluorescence. (a
and b) Images and viabilities of MRSA after they were treated with
Au—PEI-ICG NP—Ab,, i, o and then exposed to the femtosecond
laser. MRSA were stained using a LIVE/DEAD kit to obtain the
fluorescent images, and (c) quantification for viability was estimated.
(d and e) Different sizes of Au—PEI-ICG NP—Abypp-treated A549
cells were exposed by the femtosecond laser” with the indication of the
laser beam spots in dotted circles. After exposure to laser, the live cells
exhibited green fluorescence that was emitted from the calcein AM
staining. (f) Estimation of cell viability of Au—PEI-ICG NP—Abggpg-
treated AS49 cells. Data are means + SD (n = 6). **p value obtained
by Student’s t test.

SS). In all the experiments of this work, for each size of the Au
NPs, we chose an appropriate number of NPs (1 X 10'),
which were then conjugated with similar quantities of ICG at
3.704 X 10~* M. We also calculated the Au particle number per
bacterial or cellular targeting and internalization for each part
through the AA spectrometry analysis (Table 1). No antibody
coated Au—PEI-ICG NPs were used to conduct the targeting

a 0 b 16
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Figure S. Measurements of (a) singlet oxygen and (b) superoxide
radical anion were done, respectively. ICG and all Au nanomaterials
were exposed to femtosecond laser in the dark. Delivered dose: 1 X
10" Au NPs; 3.704 X 1073 M of free ICG and ICG coated on the Au
NPs. Data are means + SD (n = 6).

or internalization experiment (Supporting Information, Table
S2). The internalized Au particle number dramatically
decreased. The results showed that not only the antibodies
were well coated on the Au—PEI-ICG NPs surfaces but also as
the particle size increased, the quantity of particles binding onto
or absorbed by bacteria and cells decreased.

ICG and Au nanomaterials exhibit absorption in the NIR
region and exhibit photothermal properties. By themselves,
biocompatible Au nanomaterials might show photodestructive
ability toward cancer cells exposed to nonlinear multiphoton
laser irradiation. Conversely, because of the noninvasive
property of suborganismic features with <1 mm deep
penetration into tissue,” using nonlinear excitation could have
the added advantage of shortening the exposure time,
maintaining a low average laser power, and allowing the
excitation window to be extended to the IR region, which
makes the process more visible when it is applied for organisms
that are not transparent to visible wavelengths. The measure-
ment of the TPA spectrum was conducted before performing
the photodestruction experiments.”'*'> We discovered that the
most efficacious excitation wavelengths for the relative TPA
maximum ratio of 12, 48, 99, and 151 nm Au—PEI-ICG NPs
were approximately 720, 740, 750, and 760 nm, resgectively
(Figure le); the maximum ratios of the relative TPA*” of the
12, 48, 99, and 151 nm Au NPs were aspproximately 720, 740,
750, and 760 nm, respectively, and was 740 nm for ICG alone
(Figure 1f). Due to good absorption in the near-infrared
window, the biocompatible Au nanomaterials possessed the
ability to detect deeper tissue and simultaneously were able to
apply in biomedical field via nonlinear laser throughout this
work. MRSA treated with 12 nm Au—PEI-ICG NP—Ab,,yin A
after multiphoton laser exposure were stained and imaged.
The laser-exposed bacteria alone exhibited almost no damage,
as shown by the predominance of green fluorescence, indicating
live bacteria (Figure 4a). However, the number of dead bacteria
was discernible to a certain extent in both treatments of Au
nanomaterials and laser irradiation, as indicated by the
predominance of red fluorescence (Figure 4b). To further
elucidate the efficacy of photothermolytic antimicrobial ability
shown in Figure 4a,b, bacterial viability were quantified."” After
exposure, viability was significantly lower in MRSA treated with
12, 48, 99, and 151 nm Au—PEI-ICG NPs Ab,,i, o than in
those without exposure (7.5 vs 101%, 3.3 vs 101%, 2.1 vs 101%,
and 12.4 vs 101%; p = 0.000094, p = 0.00008, p = 0.000072,
and p = 0.000113, compared with bacteria treated with
exposure alone, respectively (Figure 4c). Results of the CFU
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Figure 6. Images of AS49 cancer cells (a) without ICG—Abygpg treatment or femtosecond laser exposure, (b) with ICG—Abggeg treatment but
without laser exposure, (c) with ICG—Abgggy treatment and with laser exposure, (d—g) with 12, 48, 99, and 151 nm Au—PEI-ICG NP—Abggex
treatment, respectively, but without laser exposure, and (h—k) with 12, 48, 99, and 151 nm Au—PEI-ICG NP—Abggy treatment, respectively, and
with laser exposure. Cells were then observed using laser confocal microscopy. The nuclei were stained with DAPI (blue). Excited wavelength: 720
nm (12 nm Au NP- and 12 nm Au nanomaterial-treated cells), 740 nm (48 nm Au NP- and 48 nm Au nanomaterial-treated cells), 750 nm (99 nm
Au NP- and 99 nm Au nanomaterial-treated cells) and 760 nm (151 nm Au NP- and Au nanomaterial-treated cells) at a power of 5.0 mW for 40, 30,
20, and 50 s, respectively, whereas 740 nm (for ICG-treated cells) with 5.0 mW and $0 s irradiation. Delivered dose: 1 X 10" Au NPs; 3.704 X 107

M of free ICG and ICG coated on the Au NPs.

counting method were similar to those of the viability
quantified using a LIVE/DEAD kit (Supporting Information
Figure S6)."” Despite a longer multiphoton laser exposure, the
viability of 151 nm Au—PEI-ICG NP—Ab,, ., s-treated
MRSA was higher than that of others. Concurrently, Figure
S7a—c (Supporting Information) shows that the viabilities of
ICG—Abyoein a-treated, 12 nm Au NP—Ab, i, o-treated, 48
nm Au NP—Ab, i, a-treated, 99 nm Au NP—Ab, iy a-
treated, and 151 nm Au NP—Ab,, ., 5-treated MRSA dropped
to 79, 63, 66, 60, and 64%, respectively. In other words, the
Au—PEI-ICG NPs exerted an additive effect of photo-
destruction compared with ICG alone and Au NPs, resulting
in at least a 47% increase in therapeutic efficacy.””” By contrast,
in A549 cells, a substantial loss in viability, marked by an
insufficient green fluorescence emitted from the calcein AM-
stained cells,” occurred after treatment with Au—PEI-ICG
NP—Abgger and Au NP—Abggpg of various sizes and exposure
times (Figure 4d,e); however, the AS49 cells treated with
irradiation alone showed no loss of viability. Cell viability (%)
was determined by dividing the integrated green fluorescence
light intensity by the fluorescence intensity of the control cells
with the indication of the laser beam spots in dotted circles’
(Figure 4f). The viability of the 12, 48, and 99 nm Au—PEI—
ICG NP—Abygpp-treated AS49 cells decreased to <10% (p =
0.000083, 0.000079, and 0.000056 for the viability of the
controls compared with each size), respectively. However, even
after a longer laser exposure, the viability of 151 nm Au—PEI—
ICG NP—Abggpy-treated AS49 cells only fell to 15% (p =
0.000124), but the viabilities of ICG—Abggrr and Au NP—
Abggpp-treated cells still exhibited 80% (Supporting Informa-
tion, Figure S7d—f). Consequently, an additive effect with at

least 65% enhancement was confirmed in the therapeutic
efficacy of Au—PEI-ICG NP—Abygpp-treated AS549 cells. In
addition, the quantity of the singlet oxygen generated by ROS
from the Au—PEI-ICG NPs was higher than that generated by
ICG alone, but a size-dependent and additive effect was
observed (Figure Sa). However, singlet oxygen and hydroxyl
radicals can be derived from superoxide anions.”® The results of
the generated superoxide anion were similar to those of the
generated singlet oxygen (Figure Sb). No matter the laser-
irradiated bacteria, cancer cells, or generated ROS, the 99 nm
Au NPs, only exposed for 20 s, were able to develop the best
efficacy; but the 151 nm Au NPs had the worst ability to
achieve similar results by the longest exposure time. The
increase of ROS generated by Au nanomaterials might have
been due to increased triplet yield, enhanced intersystem
crossing of the ICG or the Au materials, resulting in
photostability of the ICG on the Au NPs and improve the
photodestructive efficacy.”*"” In summary, in the Au NPs with
a diameter within 100 nm, the apparent photodestructive effect
was exhibited and occurred as the size of the nanomaterials
increased, but in the NPs with a diameter over 100 nm, a
recessive phenomenon was exhibited; moreover, ICG clearly
exhibited photodestructive efficacy after conjugation with the
Au NPs.

Because Au—PEI-ICG NPs are a contrast probe of ICG, the
potential of multimodal agents with photodestruction and
optical imaging increases with the integration of the character-
istics of the NPs."” The images of ICG—Abggpy-treated A549
cells without and with femtosecond laser exposure are shown in
Figure 6b,c. Au particles were absorbed into cells and showed
considerable NIR fluorescence emitted from ICG (one-photon
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Table 2. Two-Photon Action Cross Sections of Au—PEI—
ICG NPs

Au—PEI-ICG NPs

12nm 48nm 99 nm 151 nm

action cross section, 77 6, (GM, 0.012 0.019 0.03 0.021
10*°cm*s/photon)

“Excitation wavelength: 720 nm (12 nm Au—PEI-ICG NPs), 740 nm

(48 nm Au—PEI-ICG NPs), 750 nm (99 nm Au—PEI-ICG NPs),

and 760 nm (151 nm Au—PEI-ICG NPs).

emission: 820 nm) in the cytoplasm after observing the cells by
using laser confocal microscopy; however, no fluorescence was
exhibited by the cells without ICG treatment or laser exposure
(Figure 6a). The nucleus of a cell exhibited a normal
morphology due to the 90% viability of ICG—Abggpg-treated
AS549 cells (Figure 6¢; Supporting Information, Figure S7d). In
addition, the fluorescence intensity in A549 cells treated with
various sizes of Au—PEI-ICG—Abygp (Figure 6d—g) was
stronger than that in the cells shown in Figure 6b. It showed
the phenomenon of metal-enhanced fluorescence, in which the
fluorescence-emitting ability and photostability of weakly
fluorescent species are increased because of the proximity of
free electron-rich metals, such as noble metals."”’ AS49 cells
were damaged by multiphoton laser exposure, and they
underwent photodestruction, resulting in the nuclear cleavage
of DNA (with the indication of yellow arrows) and formation
of an apoptotic body (Figure 6h—k). Except for long-term
stability”> and EDX measurement (Supporting Information,
Figures S8 and S9), the TPF spectra of the Au—PEI-ICG NPs
were examined to further discuss the photostability to
determine the potential of the contrast probe. In the past, the
cross section of two-photon excitation, an essential parameter
for multiphoton microscopy,” of many common fluoro-
phores**™*>*7%% and fluorescent proteins**~>* were measured.
In this work, the measurement was conducted. First of all, it is
necessary to verify TPF from Au—PEI-ICG NPs by measuring
the dependence of the fluorescence intensity on the excitation
power.”> Previous studies”'®**~*' have reported that the
process of single-photon fluorescence (SPF) from noble
metals.”'* Moreover, the mechanism involved in SPE-
generated TPF, which was enhanced by several orders of
magnitude, was similar to that involved in the generation of
SPF by resonant coupling with localized surface plasmons
produced by metals.*' ~*’ Figure 7a—d shows the dependence
of fluorescence intensity’’ on the excitation power. The
dependence was observed to be quadratic, with exponents of
1.98 to 2.01 measured for increasing excitation powers with a
wavelength range of 720—820 nm, determining the excitation is
a two-photon process.”” Rhodamine B was selected as the
standard reference for the action cross section.”’ > After
calculation, the results of action cross section of two-photon
excitation for Au—PEI-ICG NPs were summarized in Table 2.
Results show this photoparameter also increased depending on
the diameter of the Au NPs within 100 nm. Figure 7e—g shows
TPF spectra measured for the Au—PEI-ICG NPs, Au NPs of
various sizes, and ICG with irradiation. Broad peaks around
580—650 nm are shown in Figure 7e, but the other broad peak
was observed only at approximately 640—650 nm, likely
because the marked thermal degradation mediated to accelerate
the instability of ICG” through irradiation (Figure 7g). A higher
intensity was observed in the spectrum of the Au—PEI-ICG
NPs than in the spectrum of the Au NPs of any size and ICG

(Figure 7). The interaction between the Au NPs and ICG
caused oscillating dipoles; therefore, the two-photon ghoto-
properties of ICG led to obvious enhancement.”**~*
Consequently, based on the examination of laser exposure,
the Au NPs stabilized ICG, preventing the effect of thermal
degradation, as well as processing and enhancing the metal
enhanced fluorescence effect resulting from the high chemical
stability and fluorescence intensities of the noble metals, and
the photostability of the Au—PEI-ICG NPs.” These
observations are consistent with those in Figure 6." In addition,
the photoproperty gradually increased depending on the
diameter of the Au NPs within 100 nm.

An in-depth understanding of the excited-state process would
facilitate efficient study of the surface modification of
fluorophore—metallic NPs for photoproperties. Intermolecular
interactions, fluorophore emission, and energy and electron
transfer are the possible pathways of photoinduction that
enhance the photoproperties of fluorophores bound on metallic
NPs. The energy transfer process is considered the main
pathway for the organic molecules conjugated on the surface of
metallic NPs.”> However, this essentially relies on the size and
shape of NPs.*” Owing to the resonant radiation, the oscillation
of electrons to induce surface electric fields and the plasmon
resonance considerably enhanced the properties of NPs.>”'?
Furthermore, because of the interaction between excited-state
fluorophores and metallic nanomaterials, the free electrons in
metals oscillate with fluorophores and exhibit dipole behavior,”
resulting in clear enhancement of the absorption, emission, and
stability of fluorophores and photochemical reactions. Con-
sequently, these properties enable the Au—PEI-ICG NPs to
exhibit higher photostability and photoefficiency in PDT and
PTT. Therefore, as the size effect of the NPs with a diameter
within 100 nm increased, they exhibited a more apparent effect
after treatment with femtosecond laser irradiation. By contrast,
the Au NPs with a diameter over 100 nm™ ™ were less
photostable after coating their surfaces with ICG, and
demonstrated lower photodestructive efficiency in killing
bacteria and cancer cells compared with the NPs with a
diameter within 100 nm.

H CONCLUSION

Gold nanomaterials stabilize the ICG, preventing photo-
degradation from occurring, even through the exposure of
nonlinear multiphoton laser. The Au—PEI-ICG NPs show
remarkable photochemical destruction ability and contrast
probe properties. Thus, Au—PEI-ICG NPs can be simulta-
neously used as more effective PDT and PTT agents. By using
Au nanomaterials, the combined PDT and PTT killed MRSA
and AS549 cells more efficiently and improved photodestructive
efficacy compared with ICG treatment alone. As a result, an
additive effect was exerted in the therapeutic efficiency of the
Au nanomaterials. The size-dependent effect of the Au NPs
affected the photostability, photochemical effectiveness, two-
photon fluorescence and two-photon excitation action cross
section increased with an increase in the size of the NPs, but
this was only observed in the NPs with a diameter within 100
nm. By contrast, compared with the NPs with a diameter within
100 nm, those with a diameter over 100 nm exhibited lower
photostability and photodestructive efficiency in killing bacteria
and AS549 cells, as well as two-photon fluorescence and two-
photon excitation action cross section. With the rapid increase
in multidrug-resistant bacterial strains and malignant tumors,
Au—PEI-ICG NPs are expected to be an alternative and
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potential therapeutic approach for ablating cancer cells and
killing bacteria by irradiating them through nonlinear laser
exposure.
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Au = gold

NIR = near-infrared

PTT = photothermal therapy

ICG = indocyanine green

PDT = photodynamic therapy

ROS = reactive oxygen species

NP = nanoparticle

MRSA = methicillin-resistant Staphylococcus aureus
AS549 = human lung carcinoma malignant cells
PEI = polyethylenimine

UV—vis = ultraviolet—visible spectroscopy
FTIR = Fourier transform infrared

EGEFR = epidermal growth factor receptor

AA = atomic absorption

TPA = two-photon absorption

CFU = colony forming unit

TPF = two-photon fluorescence

SPF = single-photon fluorescence

TEM = transmission electron microscopy
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