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Abstract: Due to the unique advantages of two-photon technology and time-resolved imaging
technology in the biomedical field, attention has been paid to them. Gold clusters possess excellent
physicochemical properties and low biotoxicity, which make them greatly advantageous in biological
imaging, especially for in vivo animal imaging. A gold nanocluster was coupled with dihydrolipoic
acid to obtain a functionalized nanoprobe; the material displayed significant features, including a
large two-photon absorption cross-section (up to 1.59 x 10> GM) and prolonged fluorescence lifetime
(>300 ns). The two-photon and time-resolution techniques were used to perform cell imaging and
in vivo imaging.
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1. Introduction

The imaging of living animals is of extreme importance in the study of biotic changes
and for the valuable information provided by disease diagnoses and health assessments
at different levels, such as organs, tissues, etc. Among the many modalities of imag-
ing, non-invasive and in vivo imaging are especially significant in studying long-term
animal models.

In a broad sense, imaging modalities can be classified into morphological and molecu-
lar imaging techniques. In practical terms, magnetic resonance imaging (MRI), computed
tomography (CT), and high-frequency micro-ultrasound are often used for anatomical
imaging, and for molecular visualizations, optical imaging (including fluorescence imaging
and bioluminescence imaging), positron emission tomography (PET), and single-photon-
emission computed tomography (SPECT) are used [1].

In comparison with other methods of non-invasive and in vivo imaging, such as
CT, MR, PET, etc., in vivo fluorescence imaging has some advantages, such as its high
sensitivity, fast and easy control, multi-targeting capabilities, fast imaging, high stability,
low toxicity, non-ionizing radiation, low cost, etc. [2,3], and there have been many studies
relating to it, including studies of the optimization of the parameters and in vivo imaging
of different tissues [4,5].

With the emergence of the femtosecond laser, two-photon fluorescence imaging
rapidly developed. It has additionally gained more advantages than one-photon fluo-
rescence imaging. For conventional fluorescence dyes, the two-photon excitation is within
the red to near-infrared (NIR) region. The photo-damage to the biological samples is smaller
in this region, in which the absorption of biological chromophores (such as hemoglobin)
and H,O is decreased, the autofluorescence is diminished, and the scatter of light in the
tissue is reduced, so two-photon imaging displays a higher signal-to-noise ratio and deeper
penetration into the tissue (>500 um) [6,7]. Because the laser beam of two-photon excitation
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is focused at a focal point, the potential spatial resolution is improved, and photo-bleaching
is reduced [8].

In addition to two-photon fluorescence imaging, another approach to improving the
signal-to-noise ratio is to carry out time-gated imaging, which is based on the distinctions
of the fluorescence lifetime. This strategy is used to temporally distinguish the background
and signals, thereby minimizing the impact of autofluorescence on imaging quality.

However, the two-photon absorption (TPA) cross-sections of traditional organic dyes
are small [9], and there is little difference in the fluorescence lifetime between traditional
organic dyes and biological tissues [10,11], which affects the imaging quality. Therefore,
fluorescence probes with larger TPA cross-sections and longer fluorescence lifetimes are
required. Moreover, other characteristics, such as low photo-bleaching, high quantum
yield, the no-blinking phenomenon, non-toxicity to organisms, and ease of synthesis and
application are also required for the ideal probes, and the size of the fluorescence probes
should be small enough so that the normal function of biomolecules will not be affected.

Gold nanoclusters (AuNCs) were extensively studied in many research fields, such
as those of catalysts, bioassays, and fluorescence imaging. AuNCs are made of several to
hundreds of atoms, so the size is smaller than 2.2 nm. AuNCs exhibit photoluminescence
(PL) ranging from the visible to NIR spectra [12], and the two-photon-induced fluorescence
of AuNCs was studied, indicating that AuNCs display large TPA cross-sections [13,14]. The
fluorescence lifetime of AuNCs is remarkably long (>100 ns), while the fluorescence lifetime
of autofluorescence and most organic dyes is short; thus, the long fluorescence lifetime
of AuNCs can be used to improve the imaging contrast [15]. In addition, AuNCs display
a small size, reduced biological toxicity, and a large Stokes shift, which are beneficial for
biological imaging [16].

In this work, dihydrolipoic acid (DHLA)-protected AuNCs (DHLA-AuNCs) with
red to NIR emission spectra were synthesized and conjugated to galactosamine, which
can recognize hepatoma through asialoglycoprotein receptor (ASGPR). Moreover, the
advantages of the strong two-photon absorption and long fluorescence lifetime of DHLA-
AuNCs are simultaneously shown. With a new device combining the imaging technologies
of two-photon excitation and time-gated imaging, in vivo two-photon time-gated imaging
was performed with tumor-bearing animal models.

2. Materials and Methods
2.1. The Chemicals

All chemicals were used directly without further purification: chloroauric acid (HAuCly,
Shanghai Jingchun Industrial Co., Shanghai, China), sodium borohydride (NaBHy, 98%,
Shanghai Jingchun Industrial Co. Shanghai, China), reduced glutathione (GSH, 98%, Bei-
jing Biodee Biotech. Co. Beijing, China), Dulbecco’s Modified Eagle’s Medium (DMEM,
Invitrogen, California, USA), fetal bovine serum (FBS, 10%, Beijing Xinjingke Biotech.
Co. Beijing, China), penicillin/streptomycin (1%, Beijing Xinjingke Biotech. Co. Beijing,
China), trypsin (0.25%, Hyclone, California, CA, USA), (4,5-Dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT, 98%, Amresco, California, CA, USA), dimethyl sulfox-
ide (DMSO, 99%, Sigma-Aldrich, Darmstadt, Germany), Rhodamine B (95%, Sigma-Aldrich,
Darmstadt, Germany), D-(+)-Galactosamine hydrochloride (99%, Shanghai Jingchun Indus-
trial Co., Shanghai, China), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride (EDC, 98.5%, Shanghai Jingchun Industrial Co., Shanghai, China), methoxypolyethy-
lene glycol amine (Mw: 2000, Shanghai Jingchun Industrial Co., Shanghai, China), and
isoflurane (1.5%, Shandong Keyuan Pharmaceutical Co., Shandong, China). Ultrapure
water (18.2 MQ cm ~ 1) was used in the experiments.

2.2. Synthesis of DHLA-AuNCs

The method of synthesizing DHLA-AuNCs employed here had a slight change com-
pared with that reported previously [17,18]. DHLA (11.5 uL) was briefly added to a
methanol solution (5 mL) of HAuCly (0.005 M) and stirred for half an hour in a cool bath at



Materials 2021, 14, 7744

3o0f14

0 °C. Then, a 0 °C NaBH4 (1.25 mL, 0.16 M) aqueous solution was rapidly added to the
mixture under vigorous stirring, and the reaction continued for another hour. The product
was precipitated by adding HCI (1.5 mL, 1 M) and centrifuged for 10 min at 12,000 rpm.
After that, the supernatant was removed, and the precipitates were dissolved with water
(12 mL); the pH value was adjusted to 9.0 with NaOH (1 M). Then, DHLA (9.2 pL) was
added, and the pH value of the solution was adjusted to 9.0. The etching process lasted
for an hour under stirring at 55 °C in a water bath. After applying ultrafiltration and
centrifugation thrice, the DHLA-AuNCs were obtained for the following characterization
and application.

2.3. Characterization of DHLA-AuNCs

The emission and excitation spectra were assessed on an F-4500 fluorescence spec-
trophotometer (Hitachi) equipped with a temperature controller. The excitation and emis-
sion wavelengths were set at 400 and 617 nm. A quartz cuvette with a path length of 10 mm
was used. The concentration of DHLA-AuNCs in all of the tests was consistent (8.62 uM).
The absorption spectra were acquired with a TU-1901 UV-vis spectrophotometer.

The PL spectra were recorded at various pH levels to evaluate the pH-relevant photo-
stability of the DHLA-AuNCs. Concretely, the pH of the DHLA-AuNCs was adjusted from
4.0 to 9.0 with HCI or NaOH while keeping the final concentration of DHLA-AuNCs the
same. The temperature of the tests was kept at 20 °C, and the PL measurements were
repeated thrice at each pH point.

In order to assess the resistance of the reduced glutathione, the DHLA-AuNCs were
incubated with reduced glutathione (2 um) in phosphate-buffered saline (PBS, 10 mM, pH
7.4) at 37 °C, and the PL intensity was recorded at different time points (1, 15, 30, 60, 120,
180, and 300 min) to reflect the resistance.

The photo-bleaching resistance tests were performed on the F-4500 fluorescence spec-
trophotometer while the temperature was kept at 20 °C; the excitation and emission
wavelengths were set to 400 and 617 nm, and the tests lasted for 1 h.

The fluorescence decay of the DHLA-AuNCs in H,O was measured with a Life-
Spec Red Spectrometer (Edinburgh Inc., Edinburgh, UK.) with an excitation wavelength
of 372 nm.

Transmission electron microscopy (TEM) was performed on an FEI Tecnai F20 trans-
mission electron microscope operating at 200 kV.

The hydrodynamic diameters of the DHLA-AuNCs were measured on a NICOMPTM380ZLS
system (PSS, California, CA, USA). The zeta potential was measured at 25 °C on a Zeta
Plus Potential Analyzer (Brookhaven, NY, USA). The DHLA-AuNCs were dispersed in
PBS (the concentration of DHLA-AuNCs was 8.62 uM). A particle size distribution analysis
was conducted by using NICOMP number-weighted distribution analysis.

Cytotoxicity tests were performed according to the ATCC MTT cell proliferation assay
protocol. Briefly, HepG2 and Hela cells were cultured and passaged in Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen, California, CA, USA) with fetal bovine serum (FBS,
10%) and penicillin/streptomycin (1%). HepG2 and Hela cells were detached with trypsin
(0.25%) and suspended in DMEM containing 10% FBS and 1% penicillin/streptomycin; the
cells were seeded at a density of 5 x 10° cell/well in 96-well plates, and after incubation for
24 h at 37 °C with 5% CO,, different amounts of DHLA-AuNCs were added to each well,
reaching final DHLA-AuNC concentrations of 0, 0.035, 0.086, 0.17, 0.35, 0.86, 1.72, 3.45, and
8.62 uM. After another 24 h of incubation, the supernatant was removed, and each well
was washed thrice with PBS, then replenished with DMEM. Then, 3-(4,5-Dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT, Amresco, 10 pL, 5 mg mL~1) was added
to each well. After incubation for 4 h, the culture medium was discarded, and dimethyl
sulfoxide (Sigma-Aldrich, 100 uL) was added to dissolve the newly formed water-insoluble
formazan blue intracellularly. The absorbance was measured at 570 nm on a BioRad model
550 microplate reader. The data analysis was conducted by using Student’s t-test, and
differences with p-values <0.05 were considered to be statistically significant.
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The thermal properties of the DHLA-AuNCs were studied using a thermoanalyzer
(model Q 600 SDT (TA Co.)) at a constant heating rate of 10 °C/min from 25 to 700 °C
under a nitrogen atmosphere.

The two-photon absorption (TPA) cross-section of the DHLA-AuNCs was studied by
using the method of two-photon-induced fluorescence with Rhodamine B as a standard
reference [19].

The laser pulse was generated with a mode-locked Ti:Sapphire laser (730-860 nm,
~80 fs, 82 MHz, Tsunami, Spectra Physics) focused with a quartz cuvette with a 10 mm
optical path length. A variable neutral-density filter was applied to adjust the intensity of
the incident laser beam. To detect the two-photon-induced fluorescence, a liquid-nitrogen-
cooled charge-coupled device (CCD) detector (SPEC-10-400B/LbN, Roper Scientific, Cali-
fornia, USA) attached to a polychromator (Spectropro-550i, Acton, California, CA, USA)
was used.

The DHLA-AuNCs were dissolved in ddH,O (10~* M), while the reference Rho-
damine B was dissolved in methanol at the same concentration.

2.4. Synthesis and Characterization of Gal-DHLA-AuNCs

To synthesize the probes for the in vitro and in vivo tests, DHLA-AuNCs (8.6 x 1073
umol) and D-(+)-Galactosamine hydrochloride (0.95 umol) were dissolved and mixed in
ddH,O; then, N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
(1 umol) was added, and the mixture above was left at 20 °C to continue the reaction for
1 min. Then, methoxypolyethylene glycol amine (0.05 umol) was added and was allowed
to continue to react for 2 h, and the products were noted as Gal-DHLA-AuNCs.

The free ingredients were removed using centrifugal filter devices (Amicon Ultra-4,
Millipore, Darmstadt, Germany), and the probes were lyophilized and stored at 4 °C.
Fourier transform infrared (FTIR) spectroscopy was conducted to confirm the conjugation.

The Fourier transform infrared (FTIR) spectra were acquired on a NEXUS-470 FTIR
spectrometer (Nicolet, Wisconsin, WI, USA) using KBr pellets in the range from 4000 to
400 cm~!. Samples were lyophilized using a freeze-drier (Alpha 1-4, Christ, Osterode,
Germany). Data were collected at a resolution of 8 cm ™! with 256 scans.

2.5. In Vitro Two-Photon Imaging

In order to perform the in vitro imaging, HepG2 cells were detached and seeded on
a Petri dish (10 mm). After another 12 h of culture to allow the cells to attach, the cells
were incubated in PBS with Gal-DHLA-AuNCs (0.34 uM) for 2 h at 37 °C; then, the cells
were rinsed thrice with PBS for fluorescence imaging. One-photon excitation experiments
were performed on a Zeiss Axio ObserverZ1 optical system (Zeiss, Jena, Germany), which
irradiated with a 488 nm laser (3.0 W cm~2). Two-photon excitation experiments were
performed on a Zeiss LSM 780 NLO optical system (Zeiss, Jena, Germany) equipped with
a tunable Ti:sapphire laser (Mai Tai HP DS, Newport, RI, USA), which irradiated with an
800 nm laser (13.8 W cm™2).

2.6. In Vivo Two-Photon Time-Gated Imaging

Male BALB/c nude mice were purchased from the Experimental Animal Center of
Peking University Health Science Center at 6 weeks of age (initially weighing 20-25 g).
All animal procedures were approved by the Committee on Ethics of Beijing Institue of
Nanoenergy and Nanosystems (No. A-2019003).

In order to establish a solid tumor-bearing mice model, HepG2 cells were cultured,
detached, and re-suspended in PBS (4 x 10° mL~1). The suspension (100 pL) was subcuta-
neously inoculated at the right thigh. When the tumors reached 150-200 mm? in volume,
Gal-DHLA-AuNC S dispersed in PBS were intravenously administered to mice via the tail
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veins (0.1 mL (86.2 uM)/mouse (0.8 nmol g~ ! of body weight in reference [20])). The tumor
volumes were calculated with the following equation:

V = length (cm) x width? (cmz) x 0.5236 )

The mice were anesthetized with isoflurane (1.5%), and two-photon time-gated images
were scanned at different time points (5, 30, and 60 min) after the administration. Then, the
mice were sacrificed, the tumors, liver, and kidneys were collected, and the tissues were
immediately scanned with the same conditions as in vivo.

For the two-photon time-gated imaging, the mean power of laser excitation at 800 nm
was 500 mW, and the beam was 12 mm in diameter, with a Gaussian distribution of the
energy density, a regenerative amplifier (Spitfire, Spectra Physics, 100 fs, 500 Hz) running
at the wavelength of 800 nm was used to provide the excitation pulses. No focusing
adjustment for the excitation laser beam was implemented until it was used on the samples.
A set of lenses was employed to collect the luminescence signals from the samples. The
signal was sent to an ICCD detector (PI-MAX 1024 Unigen III Princeton Instruments, NJ,
USA). In order to remove the unnecessary light, a bandpass filter (FF01-615/24, Semrock)
was used in the lens set. The ICCD gates were manipulated by the inner delay of the
ICCD controller, and the delay time between the femtosecond laser pulses was set to
500 ns to allow the full decay of autofluorescence (the autofluorescence decayed within
100 ns) [21,22].

The arrangement of the devices is shown in Figure S1 of the Supplementary Materials;
panel (A) represents the working laser pulses, the orientation of which was fixed, and to
scan the regions of interest, a moveable object stage (B) was employed. After scanning and
recording the signals of the region of interest (the area of which was 1.28 cm x 1.28 cm),
the object stage was translationally moved to another region of interest; panel (C) presents
the inhalation mask for anesthesia.

3. Results and Discussion
3.1. Characterization of DHLA-AuNCs

Figure 1a shows the typical emission and excitation spectra of the dihydrolipoic
acid (DHLA)-stabilized AuNCs (DHLA-AuNCs). The emission spectrum was centered
at 617 nm, and a full width at half maxima (FWHM) of 106 nm was observed in ddH,O
upon excitation at 400 nm. The emission range of the DHLA-AuNCs is beneficial for
biological imaging because, in biological samples, the absorption of light in the red to
NIR range is reduced compared with that in the UV and infrared regions, and a longer
wavelength of the emitted light also reduces the scatter in the tissue; these factors induce
deeper penetration [23].

a 1.0+ b 7 Au4f,_

84.5eV
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— Excitation

054

Normalized Intensity

Normalized Intensity(x 10*)
w

0.0

400 500 800 700 800 200 e4 92 90 88 86 84 B2 80 T8
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Figure 1. (a) The typical spectra of the DHLA-AuNCs. (b) The XPS spectrum shows the binding
energy of the Au4f level of the DHLA-AuNCs.

The quantum yield of the DHLA-AuNCs was determined to be 0.14% in H,O (pH
9.0), with Rhodamine 6G (QY = 0.95 in ethanol) as a reference. The PL emissions of the
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AuNCs were strongly affected by ligands; it was reported that the ligands containing
electron-rich atoms (e.g., O, N, etc.) or groups improve PL emissions greatly [24,25]. By
applying ligands containing electron-rich atoms or groups, AuNCs with a high quantum
yield were reported [26], and the quantum yield of DHLA-AuNCs was reported to be
1.83% in HyO [27].

The absorption spectrum is shown in Figure 1a; unlike large gold nanoparticles,
DHLA-AuNCs show one weak absorption band centered at 560 nm, rather than a strong
surface plasmon resonance. This absorption band was believed to be derived from metal-
centered and/or ligand-to-metal charge transfer transitions [28].

X-ray photoelectron spectroscopy (XPS) measurements were carried out to analyze the
valence states of gold in DHLA-AuNCs; the XPS spectrum (Figure 1b) shows the binding
energy (BE) of Au 4f5,, and Au4f;/, at 88.2 and 84.5 eV, respectively. The BE of Au4f;,,
fell between that of the Au(0) BE (83.8 eV) of a metallic gold film and the Au(I) BE (86 eV)
of gold thiolate, suggesting the coexistence of Au(0) and Au(I) in the DHLA-AuNCs [27].

Bidentate thiolate-protected AuNCs [29,30] (e.g., with DHLA) were studied; the
chemical bonds between the surface atoms of the core and the ligands are stronger, which
brings about the extremely high stability of AuNCs [31]. In addition, the carboxyl groups
of DHLA provide anchors for immobilizing biological molecules [32].

In order to study the feasibility of applying DHLA-AuNCs to biological systems, the
stability of the DHLA-AuNCs was studied.

The PL intensity of the DHLA-AuNCs manifested a slight change when the pH was
adjusted between 4.0 and 9.0 (Supplementary Figure S2), and alkaline conditions were
optimal for PL emissions (pH 9). These phenomena can be associated with the pKa of
DHLA. The pKa of DHLA is 4.9; alkaline conditions improve the solubility of DHLA and,
thus, the PL emissions of DHLA-AuNCs.

It was acknowledged that reduced glutathione (GSH) is abundant in living organisms,
as the reduced glutathione-oxidized glutathione (GSH-GSSG) equilibrium plays a signif-
icant role in protecting organisms from free radical damage and oxidative stress [33,34].
Since the thiols of GSH may react with DHLA-AuNC:s, the resistance of DHLA-AuNCs
against reduced glutathione was checked in the case of instability in the systemic circulation.

The DHLA-AuNCs were incubated in phosphate-buffered saline (PBS, pH 7.4) with
GSH (2 pm, the physiological concentration in human plasma [35]) to reflect the resistance
of GSH (Supplementary Figure S3). The PL intensity remained stable in the following
incubation for 5 h, implying the good resistance of the reduced glutathione in the blood
and, thus, the prospect of applying DHLA-AuNCs in vivo.

In order to estimate the anti-photobleaching property of DHLA-AuNCs, the DHLA-
AuNCs were continuously exposed to 400 nm light for 1 h. No decrease in PL intensity was
observed (Supplementary Figure 54), indicating the good anti-photobleaching properties
of the DHLA-AuNC:s.

The fluorescence of the DHLA-AuNCs exhibited a double-exponential decay in HyO
(321.24 ns (16.27%), 1808.17 ns (83.73%)) (Figure 2). The microsecond emission was deemed
to be derived from S—Au hybrid states [36].

The fluorescence lifetime of DHLA-AuNCs was much longer than that of cellular
autofluorescence and most organic dyes. This tremendous disparity acts as a prerequisite
for the minimization of the influence of autofluorescence in fluorescence imaging and, thus,
for the improvement of the signal-to-noise ratio, which makes DHLA-AuNCs promising
biomarkers for in vivo time-gated imaging.

Transmission electron microscopy (TEM) revealed the cores of the DHLA-AuNCs
(Figure 3a), and the average diameter was 1.71 £ 0.23 nm (from the imaging analysis of
more than 100 random individual particles) (Figure 3b).
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Figure 2. The fluorescence decay of DHLA-AuNCs in aqueous solution.
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Figure 3. (a) A representative TEM image of DHLA-AuNCs revealing their cores; (b) the correspond-
ing size distribution; the average diameter was 1. 71 nm =+ 0.233 nm.

The hydrodynamic diameter was determined by dynamic light scattering (DLS) to
be 3.7 £ 0.54 nm (Supplementary Figure S5); the small size of less than 5 nm makes
DHLA-AuNC:s attractive as fluorescent probes since the tiny dimension minimizes the
influence on biological processes and provides more meticulous images with an improved
resolution [37,38]. The zeta potential of the DHLA-AuNCs dispersed in pure water (pH 7)
was measured to be -20.3 mV.

The DHLA-AuNCs were of low cellular toxicity; after being incubated with DHLA-
AuNCs for 24 h, the viability of Hela cells remained above 90% at the concentration
of 8.62 uM; for HepG2 cells, the viability was also around 80% at the concentration of
3.45 uM (Figure 4).

The innocuousness of DHLA-AuNCs is promising for potential applications in imag-
ing in vitro and in vivo.

In order to study the two-photon absorption cross-section of the DHLA-AuNC:S, it
was necessary to decide on the average weight of the DHLA-AuNCs. TEM and thermo-
gravimetric analysis (TGA) were implemented to accomplish this mission.
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The average number of gold atoms in each DHLA-AuNC was calculated to be 154 ac-
cording to the TEM analysis (details are shown in the Supplementary Materials).

TGA revealed the percentage of the ligands to be 47.75% (Figure S6). The formula was
determined to be Aujs4DHLA 34, and the average molecular weight of the DHLA-AuNCs
was calculated to be 5.81 x 10* g mol~!. According to the Lambert-Beer law (A = ¢bC),
the molar extinction coefficient was determined to be 1.06 x 10* at 470 nm.

120

Bl Hela
[CIHepG2
100 H

80

60

Cell viability/%

40

20

0 0.0340086 0.17 0.34 0.86 1.72 3.45 862
Concentration/uM

Figure 4. Cytotoxicity of DHLA-AuNCs at various concentrations after incubation with Hela cells
and HepG2 cells for 24 h.

The two-photon absorption (TPA) cross-section (5) of the DHLA-AuNCs was studied
by using the method of two-photon-induced fluorescence, using Rhodamine B as a standard
reference [19].

The quadratic dependence of the two-photon emission intensity on the excitation
power (Figure 5a) confirmed the occurrence of two-photon excitation.

As shown in Figure 5b, the maximal § of the DHLA-AuNCs was 1.59 x 10° GM at
750 nm (Goppert-Mayer (GM) units (1070 ecm? s photon’l)).

The two-photon absorption (TPA) cross-section () is the basic parameter in evaluating
the TPA properties, e.g., the probability of a molecule absorbing two photons simultane-
ously. The gold nanoclusters were reported to display much larger TPA cross-sections than
those of traditional organic dyes and quantum dots [39,40], and it was believed that the
large TPA was caused by the free electrons of AuNCs and the polarizability aroused by the
free movement of electrons in the nanoclusters [41,42].

4
a
Slope =2.06+0.13
3
S -
o - =
° - -
2 e~
1 L} L} L} L} L} L}

215 22 225 23 235 24 245 25
log (P)

Figure 5. Cont.
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Figure 5. (a) The quadratic dependence of the two-photon emission intensity on the excitation power
with two-photon excitation at 750 nm; (b) two-photon absorption cross-section of the DHLA-AuNCs
as a function of wavelength.

3.2. In Vitro Two-Photon Imaging of DHLA-AuNCs

Galactose-based materials were extensively used to detect hepatocellular carcinomas
(HCCs). When galactose is specifically bound to the asialoglycoprotein receptor (ASGPR),
which is widely expressed in hepatic parenchymal cells and hepatocellular carcinoma cells
(e.g., the HepG2 cell line) [43,44], applications of galactose-based anti-tumor drugs tend to
limit the side effects on the hepatic system.

In order to achieve galactose-based tumor imaging, D-(+)-Galactosamine hydrochlo-
ride and methoxypolyethylene glycol amine were conjugated to DHLA-AuNCs using
carbodiimide as a zero-length cross-linker to generate galactose-linked DHLA-AuNCs
(Gal-DHLA-AuNCs). The Fourier transform infrared (FTIR) spectra of the conjugated
probe Gal-DHLA-AuNCs and DHLA-AuNCs are shown in Supplementary Figure S7.

HepG2 cells that express high levels of ASGPR were incubated with the Gal-DHLA-
AuNCs for 2 h at 37 °C, and both one-photon fluorescence imaging and two-photon
fluorescence imaging were carried out.

The upper panels of Figure 6 show the results of the one-photon excitation imaging
performed on a Zeiss Axio ObserverZ1 optical system when irradiated with a 488 nm
laser (3.0 W cm~2), while the lower panels present the two-photon excitation results
performed on a Zeiss LSM 780 NLO optical system equipped with a tunable Ti:sapphire
laser (Mai Tai HP DS) when irradiated with an 800 nm laser (13.8 W cm~2). Figure 6a,e
present differential interference contrast (DIC) images of HepG2 cells without obvious
morphological changes, indicating the few toxic effects of the DHLA-AuNCs on the living
cells, and strong red two-photon excitation signals were identified in the HepG2 cells
(Figure 6b,f) with high efficiency of detection (Figure 6¢,g). More importantly, these studies
proved that DHLA-AuNCs could be competently applied to both one-photon and two-
photon fluorescence imaging.

Figure 6d shows the signal profile along the line in Figure 6b, while the signal profile
along the line in Figure 6f is shown in Figure 6h. This comparison exhibits the contrast
between the signal and background in both imaging patterns, showing the better discrimi-
nation of the signal from the background in two-photon fluorescence imaging.

Other than the superior signal-to-noise ratio, two-photon fluorescence imaging still
possesses other advantages, including the augmented penetration depth of excitation light,
increased fluorescence collection efficiency, and reduced phototoxicity, all of which make
two-photon fluorescence imaging more advantageous than single-photon fluorescence
microscopy [45].
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Figure 6. DHLA-AuNCs are competent probes in both one-photon excitation (the upper panels) and two-photon excitation
(the lower panels) fluorescence imaging. (a) The bright field image with one-photon excitation; (b) The fluorescence image
with one-photon excitation; (c) The merged image of (a) and (b); (e) The bright field image with two-photon excitation;
(f) The fluorescence image with two-photon excitation, (g) The merged image of (e) and (f); (d,h) The gray value profiles of

the cross-lines in (b) and (f).

3.3. In Vivo Two-Photon Time-Gated Imaging of DHLA-AuNCs

In order to implement the in vivo two-photon time-gated imaging, the tumor-bearing
nude mice were anesthetized; regional bright-field images of the tumors, liver, and kidneys
are shown in Figure 7a—c, respectively. The mean power of laser excitation at 800 nm was
500 mW, and the beam was 12 mm in diameter, with a Gaussian distribution of the energy
density. Then, the two-photon time-gated images of these tissues were scanned before
the intravenous administration of Gal-DHLA-AuNCs (Figure 7a0—c0), which substantially
proved the “background-free” detection of signals in this “two-photon” and “time-gated”
combined method of imaging. For in vivo imaging, the Gal-DHLA-AuNCs were intra-
venously administered to the tumor-bearing nude mice, and the regional two-photon and
time-gated images of the tumors, liver, and kidneys were scanned at different time points
(5, 30, and 60 min) as the mice were anesthetized, as shown in Figure 7 (the numbers
after the letters represent the time points). Afterward, the mice were sacrificed, and the
tissues were collected, and the two-photon time-gated images of the tissues were scanned
(Figure 8d—f), thus certifying the live imaging.
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Figure 7. The regional bright-field images of three tissues: (a) tumor, (b) liver, and (c) kidney. Panels (a0—c0) show the
respective two-photon time-gated images of the three tissues before the administration of Gal-DHLA-AuNCs; the numbers
after the letters stand for the time after administration. Panels (a5), (a30), and (a60) display the regional two-photon
time-gated images of the tumor at different time points (5, 30, and 60 min). Panels (b5), (b30), and (b60) displayed the
regional two-photon time-gated images of the liver at different time points (5, 30, and 60 min). Panels (c5), (¢30), and (c60)
display the regional two-photon time-gated images of the kidney at different time points (5, 30, and 60 min).
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Figure 8. The bright-field images of the collected tissues: (a) tumor, (b) liver, and (c) kidney; (d—f): the
sequential two-photon time-gated images of the tissues, the images were taken 75 min after injection.

4. Conclusions

In summary, we employed two-photon fluorescence and time-gated imaging. Based on
the benefits of two-photon fluorescence imaging and time-gated imaging, a novel approach
to high-quality in vivo imaging was provided. In order to implement the investigated
method, the unique characteristics of DHLA-AuNCs were studied, including the large two-
photon absorption cross-section (up to 1.59 x 10° GM) and prolonged fluorescence lifetime
(>300 ns), which clearly distinguished them from autofluorescence. We also checked the
feasibility of applying DHLA-AuNCs to biological imaging, showing their good stability
and biocompatibility. Most importantly, we used bio-conjugated Gal-DHLA-AuNCs that
specifically targeted hepatocellular carcinoma cells to carry out two-photon and time-
gated imaging in vivo, and the successful in vivo tests demonstrated the elimination of
autofluorescence signals and magnificently improved the signal-to-noise ratio.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ma14247744/s1, Figure S1. The arrangement of the in vivo imaging system: (A) the fixed
working laser pulses, (B) a moveable object stage, and (C) the inhalation mask for anesthesia.
Figure S2. The changes in the PL intensity of DHLA-AuNCs with various pH values. Figure S3.
The time-course changes in the PL intensity of DHLA-AuNCs incubated in PBS containing GSH
(2 m). Figure S4. The changes in the PL intensity of DHLA-AuNCs continuously exposed to a 400 nm
laser for 1 h. Figure S5. DLS analysis of DHLA-AuNCs displaying a hydrodynamic diameter of
3.7 £ 0.1 nm. Figure S6. TGA curves of DHLA-AuNCs. Figure S7. Fourier Transform infrared (FTIR)
spectra of conjugated probe Gal-DHLA-AuNCs and DHLA-AuNCs. Figure S8. Two-photon-induced
fluorescence spectra, excited at 800 nm. (A) Rhodamine B, (B) DHLA-AuNCs.
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