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1. Introduction

Theranostics nanoplatforms integrate both diagnostic and
treatment functions into a single nanoparticle, and have a
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Gold nanorods functionalized by a glutathione
response near-infrared fluorescent probe as a
promising nanoplatform for fluorescence imaging
guided precision therapy+
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Theranostics nanoplatforms offer opportunities for imaging-guided precision therapy and hold great
potential for clinical applications. In most reported works, the imaging unit has a lack of site selectivity,
and is always kept in the “on” modality regardless of whether it is in normal tissues or tumor sites, increas-
ing the risk of unsafe treatment. Herein, we designed a near-infrared (NIR) fluorescence-guided therano-
stics nanoplatform by integrating the functions of tumor-response and photodynamic therapy (PDT)/
photothermal therapy (PTT). A novel NIR fluorescent dye, CyPT, with excellent optical and PDT/PTT pro-
perties, was synthesized and linked onto the gold nanorods (AuNRs) to form CyPT—AuNRs nanohybrids
via a sulfur—sulfur bond that can be broken by glutathione (GSH) with high selectivity and sensitivity. In
normal cells where the concentration of GSH is low, the fluorescence of CyPT is quenched by the AuNRs.
By contrast, the high level of GSH in tumor cells leads to the breaking of the sulfur—sulfur bond, resulting
in the release of CyPT and the accomplishment of a “off—on” fluorescence response. Followed by precise
NIR tumor-imaging diagnosis, the PDT and PTT treatment which rely on the released CyPT and AuNRs,
respectively, can be effectively performed. The CyPT-AuNRs nanoplatform has been successfully applied
to the treatment of tumor xenograft models and no distinct damage has been observed in the nearby
normal tissues. This versatile nanoplatform has potential for use in targeted tumor imaging and precision
therapy.

great potential to achieve imaging-guided precision therapy.'™
Until now, significant efforts have been made to integrate
multiple imaging probes, including fluorescence, ultrasound,
magnetic resonance, X-ray-computed tomography and photoa-
coustic imaging, with therapeutic agents to realize this
goal.”® In most theranostics nanoplatforms, these two func-
tional units are simply combined and the imaging signal
in vivo has a lack of site selectivity, which is always kept in the
“on” modality regardless of whether it is in normal tissues or
tumor sites. This causes a poor signal-to-noise ratio, obvious
side effects and ‘false positive’ diagnosis results in healthy
tissues and organs during the following treatment process. To
increase the safety of theranostics nanoplatforms, tumor selec-
tive, activatable imaging-guided therapeutic agents have been
developed in recent years. The design strategy means that
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the signal only appears in the accurate site by activating
the imaging unit and then activating the therapeutic effect
by physical stimulus-responsive (light, magnetic field, X-ray,
radiofrequency, ultra-sound)’*™ or endogenous chemical
species (some small molecule, protein, receptor and enzyme).'®>!
The therapy allows spatial and time control of the treatment
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only within the site of interest. Therefore, tumor targeting pre-
cision imaging is essential for therapy to guide activation at the
accurate site. The application of photodynamic therapy (PDT)
and photothermal therapy (PTT) are becoming more and more
widespread owing to their high spatial resolution, low toxicity,
minimal side effects and tumor targeting abilities.'> However,
previous PDT and PTT treatment in tumors involved almost no
activation studies. Hence, the design of a nanoplatform with a
diagnostic and treatment function and activation of the PDT
and PTT only within tumor site, thereby avoiding damage to
normal tissues and organs, is still necessary.

It has been reported that the glutathione (GSH) level in
tumor cells is much higher than in normal cells,”* *® because
GSH plays a distinct role in tumor resistance, metastasis and
angiogenesis and also influences multiple signaling pathways
in the tumor microenvironment. The tumor cells have higher
concentrations of GSH levels compared to normal cells.*?
Thus, GSH can be considered as an endogenous factor which
can be used to distinguish normal cells and tumor cells.**>*7°
This feature enables the development of a GSH-responsive
‘off-on’ fluorescent nanoprobe, which turns on only at the site
of tumor tissue. Typically, the disulfide bond (-S-S-) has been
the most popular response unit to design a GSH-responsive
system,>”° as it can be specifically broken by GSH, avoiding
interference from other in vivo reactive sulfur species.
Therefore, establishing an ideal and simple fluorescence nano-
platform integrating both the detection of GSH and PDT/PTT
in tumors is necessary and feasible.

More importantly, apoptosis often occurs in mito-
chondria.** Therefore, a photosensitizer that has a targeting
function for mitochondria would have outstanding ability for
PDT and PTT treatment. The design of distinctive photosensi-
tizers has been reported which have the function of mitochon-
drial-targeting owing to its positive charge structure.’*?’
Recently, gold nanorods (AuNRs) caused widespread interest
owing to their excellent photophysical properties, biocompati-
bility, low toxicity and absorption in the near-infrared (NIR)
range.>®*” Optical imaging and phototherapy with NIR
(650-900 nm) fluorophores shows high sensitivity and deep
tissue penetration because of the low tissue autofluorescence
and absorption.*®?° Simultaneously, the nanoscale of the
AuNRs mean that they can obviously accumulate in the tumor
site via the enhanced permeability and retention effect (EPR
effect) without a tumor-targeting ligand.*>*' Although the
clearance of AuNRs was unsatisfactory compared to small gold
nanoclusters,*> AuNRs have been applied for the targeted diag-
nosis of tumors and in drug delivery for tumors.**** More
importantly, AuNRs play the role of both the PTT reagent and
an ultra-efficient quencher owing to the photothermal conver-
sion efficiency and obvious NIR absorption, the majority
of photosensitizers with NIR emission can be quenched
using AuNRs.'®** This provides the opportunity to design an
“off-on” activatable theranostic nanoprobe for imaging and
synergistic PDT and PTT at the site of the tumor.

In this report, we developed a nanoprobe for the detection
of GSH and synergistic PDT and PTT of the tumor. Firstly, the
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heptamethine cyanine dye (CyPT) was synthesized as an
efficient photosensitizer, which has a mitochondrial-targeting
function owing to the positive charge structure. Then, AuNRs
and CyPT were connected using a disulfide bond as the linker.
The fluorescence of CyPT is quenched by the Forster reso-
nance energy transfer (FRET) between the CyPT and AuNRs.
The disulfide bond can be specifically broken with GSH and
can then release free CyPT to “turn on” the fluorescence for
PDT and PTT. The released CyPT are able to target the mito-
chondria owing to their positive charge structure. The CyPT-
AuNRs display a high selectivity and sensitivity towards GSH
in vitro and in vivo. Moreover, the nanoplatform can be used
for the detection of GSH in tumor-bearing mice without inter-
ference from background fluorescence owing to the NIR fluo-
rescence emission. CyPT-AuNRs can also accumulate in tumor
tissue owing to the EPR effect. Overall, our nanoplatform not
only demonstrates specific tumor-targeted imaging, but also
exhibits an efficient PDT and PTT effect, and holds great
promise for use in the field of tumor treatment.

2. Experimental

The list of instruments, materials, synthetic methods, results
of the chemical analysis and flow cytometry are listed in
the ESL.}

2.1 Cell staining procedures and colocalization-imaging
experiments

The cells were plated on 6-well plates and allowed to adhere at
37 °C and 5% CO, for 24 h before imaging. The culture
medium was then removed, and the cells were washed once
with 1 mL of Dulbecco’s modified eagle medium (DMEM).
A549 cells were placed in 1 mL of DMEM and loaded with
60 pg mL™' CyPT-AuNRs for 3 h, before washing the cells
three times with DMEM to remove the excess CyPT-AuNRs.
Finally, 1 pg mL™' of mitochondrial tracker (MitoTracker
Green FM, Thermo Fisher Scientific Inc.) was added and the
cells were incubated for another 10 min at 37 °C. Finally, the
cells were rinsed with DMEM three times and mounted on the
microscope. Fluorescent images were acquired on an Olympus
Fluo View FV1000 confocal laser-scanning microscope (Japan)
with an objective lens (x60). The spectrally separated images
acquired from the three dyes were estimated using Image-Pro
Plus software.

2.2 Establishing A549 tumor xenografts models

Athymic nude mice (aged 5-6 weeks, weighing 20-25 g) were
purchased from Binzhou Medical University. For the A549
tumor xenografts, 5 x 10® A549 cancer cells suspended in
200 pL PBS were subcutaneously implanted into the right
flank of each athymic nude mouse. All animals were main-
tained under aseptic conditions and were housed in groups of
five in standard cages with free access to food and water and a
12 h light/dark cycle. The tumors were allowed to grow for
about 8-10 days until the tumor diameter reached 8-10 mm.
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2.3 Invivo tumor NIR fluorescent imaging and thermal
imaging

The animals with A549 tumor xenograft models were used for
tumor-targeted NIR imaging, after being intravenously injected
with 60 pg mL™' CyPT-AuNRs, with the PerkinElmer IVIS
Lumina XRMS Series III In Vivo Imaging System. NIR imaging
of the entire animal in vivo was performed at different times
(0.5, 6, 24, 48 and 72 h) post drug injection. After sacrifice of
the mice at 0.5, 6, 24, 48 and 72 h, the major organs and
tumors were dissected for ex vivo NIR fluorescent imaging, and
for studying of their tissue distribution. For the in vivo assess-
ment of the PTT properties, mice with A549 tumor xenografts
were intravenously injected with CyPT-AuNRs (60 pg mL™").
After injection, the real-time temperature change of the mice
was imaged using an infrared thermal camera (Testo 865,
Germany) after the entire tumor tissue was exposed to a con-
tinuous NIR laser beam (808 nm, 1.5 W cm™>, 0-5 min). Prior
to NIR fluorescence or thermal imaging, mice were anesthe-
tized by the inhalation of isoflurane.

2.4 Ethical statement

All experimental procedures were conducted in conformity
with institutional guidelines for the care and use of laboratory
animals, and protocols were approved by the Institutional
Animal Care and Use Committee in Binzhou Medical
University, Yantai, China. Approval number: no. BZ2014-102R.

3. Results and discussion
3.1 Synthesis and characterization of CyPT-AuNRs

The design and application of CyPT-AuNRs is illustrated
in Scheme 1a. The AuNRs were prepared according to
Wang et al.*® with a small modification, the CyPT was syn-
thesized and the synthetic approaches are outlined in the
ESL.{ 2-Mercaptoethanol modified AuNRs were reacted with

thiodiglycolic acid (for the introduction of the -S-S- bond) via
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an esterification reaction (yield: 57%). Then, CyPT was linked
to AuNRs through the terminal-hydroxyl group and the free
carboxyl group of the thiodiglycolic acid on AuNRs (yield:
42%). The activatable behavior is illustrated in Scheme 1b.
When the nanoplatform is in a tumor environment, the -S-S-
bond can be cleaved by the high level of GSH, the free CyPT
not only emits NIR fluorescence to indicate the precise
location of the tumor and the accurate concentration of GSH
can be determined through in vivo deep tissue imaging, but
the mitochondria of the tumor cells can also be targeted for
effective PDT therapy, together with the PTT effect from the
free AuNRs upon NIR laser irradiation.

We then characterized the prepared CyPT-AuNRs using
transmission electron microscopy (TEM), ultraviolet-vis-near-
infrared absorption (UV-vis-NIR) and fluorescence spec-
troscopy. The structure of CyPT was characterized using "H
NMR, C NMR, and high-resolution mass spectrometry
(HRMS), as described in the ESLt{ The as-prepared CyPT-
AuNRs are well-dispersed in water. The TEM image revealed
that the CyPT-AuNRs are monodispersed and have dimen-
sions of (48.5 + 2.2) x (10.7 + 1.1) nm (Fig. 1a). The absorption
wavelength of the AuNRs was determined using these
dimensions.

To determine the concentration of CyPT bound to the
surface of the AuNRs, UV-vis titration of CyPT was carried
out at pH 7.4 (Fig. S17). Then, a solution of CyPT-AuNRs at
60 pg mL~" was treated with DTT (20 mM) and NaCl (4 M) for
30 min (the strong binding ability of DTT to AuNRs makes
CyPT depart from the AuNRs,'®*®*” and the resulting mixture
was then centrifuged. The supernatant was collected and its
absorbance at 830 nm was measured using UV-vis-NIR spec-
troscopy. The concentration of the CyPT in the supernatant
was determined using a standard calibration method. The UV-
vis-NIR titration revealed that about 6 pM CyPT was equivalent
to a concentration of 60 pg mL~" CyPT-AuNRs.

The spectroscopic properties of the nanoprobe were studied
in buffer solution (10 mM HEPES pH 7.4). As shown as Fig. 1b,
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Scheme 1 (a) The synthesis of CyPT and the CyPT—AuNRs. (b) The mechanism of the CyPT—AuNRs for the detection of GSH and the PDT/PTT of

tumors.
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Fig. 1 (a) A representative TEM image for CyPT—AuNRs. (b) Absorption
spectra of CyPT, AuNRs and CyPT—AuNRs. (c) Fluorescence emission
spectra of CyPT—-AuNRs and different added concentrations of GSH
(0—18 pM). (d) Fluorescence emission spectra changes of CyPT—AuNRs
in the presence of various concentrations of GSH. All data were acquired
in HEPES (pH 7.4, 10 mM) at 37 °C (1ex = 810 Nnm, ey = 830-900 nm).

the band at 843 nm originated from the longitudinal absorp-
tion of the AuNRs. CyPT has two bands at 750 and 830 nm.
This is a benefit for the occurrence of FRET between CyPT and
the AuNRs owing to the band coverage at 830 nm. For the
CyPT-AuNRs two characteristic absorption bands appear indi-
cating the formation of the nanohybrid. One absorption band
appears at 843 nm and its intensity and position showed no
obvious change in comparison with the AuNRs, indicating that
no detectable aggregation has occurred.*®>° The above results
also indicate that the conjugation of CyPT and AuNRs did not
affect the inherent absorption properties of the AuNRs. The
activatable behavior was verified using fluorescence titration
by the addition of GSH to the CyPT-AuNRs solution. As shown
in Fig. 1c, the fluorescence emission intensity of the CyPT-
AuNRs apparently enhanced with a maximum at 860 nm
owing to the release of CyPT. Both the absorption and fluo-
rescence emission maximum are located in the NIR region. As
shown as Fig. 1d, the calibration curve for the CyPT-AuNRs
was constructed, and a good linearity was obtained with a con-
centration of GSH ranging from 0 to 18 pM. The regression
equation was Fggp nm = 2.80 x 10° [GSH] (uM) + 1.08 x 10*
(r = 0.9982). A quenching constant (K,) of 2.805 x 10° L, mol "
was obtained using the Stern-Volmer equation. The detection
limit (S/N = 3) toward GSH was calculated to be 0.1 pM,
suggesting that the CyPT-AuNRs are highly sensitive to GSH.
These results indicated that the CyPT-AuNRs has good fluo-
rescent properties, which makes them a promising candidate
for application in cells.

3.2 Cell imaging of GSH and organelle localization

Encouraged by the sensitive and selective detection of GSH by
the CyPT-AuNR nanoprobe, we tried to exploit the potential
application of GSH detection in cells and in vivo. Therefore, we
investigated the ability of CyPT-AuNRs for GSH detection in
living cells. Initially, human lung cancer cell lines (A549 cells)
were incubated with 60 pg mL ™" CyPT-AuNRs for 3 h at 37 °C.

This journal is © The Royal Society of Chemistry 2019
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Then, the cells were washed three times with DMEM to remove
the excess CyPT-AuNRs. The cells showed almost no fluo-
rescence in the control, as seen in Fig. 2a. However, after incu-
bation with 100 pM GSH, the cells displayed apparent levels of
fluorescence in the cells, the fluorescence signal became
stronger and stronger and rose to a plateau within 30 min.
These results demonstrated that the nanoprobe CyPT-AuNRs
were suitable for the detection of exogenous GSH.

Furthermore, the endogenous GSH in living cells was
detected using CyPT-AuNRs. Human normal lung fibroblast
cells lines (MRC-5 cells) (normal cells) and A549 cells (tumor
cells) were selected as the cell models. Firstly, we used a Total
Glutathione Assay Kit to detect the GSH levels in A549 cells
and MRC-5 cells, the results indicated that the GSH concen-
tration in A549 cells was about 2.4-fold higher than the MRC-5
cells (Fig. S61). Then, the endogenous GSH content in normal
cells and tumor cells was detected using the CyPT-AuNRs,
respectively. All of the tested cells were incubated with 60 pg mL ™
CyPT-AuNRs at 37 °C before imaging. In addition, we
regulated the laser power of the laser scanning confocal micro-
scope to use the fluorescence intensity of the MRC-5 cells as a
control. As shown in Fig. 2b, the fluorescence signal in the
A549 cells was much higher than the MRC-5 cells after 3 h. To
verify whether the A549 cells ingested more CyPT-AuNRs than
the MRC-5 cells, we tried to detect the content of CyPT-AuNRs
in A549 cells and MRC-5 cells using inductively coupled
plasma mass spectrometry (ICP-MS). The mass of the gold
element in the A549 cells and MRC-5 cells was determined
from the ICP-MS analysis. The results indicated that the
content of CyPT-AuNRs in the A549 cells was 1.5-fold higher
than in the MRC-5 cells (Fig. S7). These results all indicated
that the fluorescence signal in the A549 cells was much higher
than the MRC-5 cells, which was attributed to both the higher
concentrations of GSH levels in the tumor cells and the greater
amount of CyPT-AuNRs ingested by the tumor cells. Overall,
the results suggested that CyPT-AuNRs have great potential
and are suitable for PDT and PTT treatment in tumor cells.
Then, N-ethylmaleimide (NEM) was employed as a scavenger
for GSH and lipopolysaccharide (LPS) was employed as an
accelerator for GSH. A549 cells were treated with 5 mM NEM
for 30 min in order to consume all of the GSH,”" then, the
cells were treated with 60 pg mL™" CyPT-AuNRs, until almost
no fluorescence signal was observed in the cells (Fig. 2c). It is
reported that LPS can induce cystathionine y-lyase (CSE)
mRNA overexpression in A549 cells for promoting the initial
real-time production rate of RSH.”*> Another group of cells were
stimulated with 1 pg mL™" LPS for 30 min. Then, the cells were
treated with 60 ug mL™" CyPT-AuNRs. As shown in Fig. 2c, we
observed an obvious fluorescence enhancement. This indi-
cated that the free CyPT was released from the CyPT-AuNRs
owing to the stimulation of GSH. All of the fluorescence
responses were additional verified using a flow cytometry assay
owing to its statistically reliable data analysis (Fig. 2a-c).”* The
above described results suggest that the CyPT-AuNRs demon-
strate a strong fluorescence enhancement via the stimulation
of exogenous or endogenous GSH in living cells.
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content in normal cells (MRC-5 cells) and tumor cells (A549 cells) were detected using CyPT—AuNRs at different time periods. (c) A549 cells treated

with CyPT—AuNRs for the detection of endogenous GSH in different tim
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e periods (scale bar: 40 um). (d) Mitochondrial localization of CyPT—AuNRs
in A549 cells (red channel: Aex = 810 NM, iem = 830-900 nm). MitoTracker

Green FM showing mitochondria (green channel: 1o = 488 nm, lem = 500—-580 nm). Images are representative of n = 5 independent experiments.

Scale bar: 10 ym.

In order to examine the organelle-targeting ability and the
method of cell internalization of the CyPT-AuNRs, a colocali-
zation experiment was carried out. As we know, apoptosis
often occurs in mitochondria.**"** Therefore, a photosensitizer
that has a mitochondrial-targeting function would give
effective PDT and PTT. Therefore, we verified whether the
released CyPT had a mitochondrial-targeting function. After
the A549 cells were incubated with CyPT-AuNRs (60 pug mL ™)
for 3 h, the mitochondrial localization of the released CyPT
was confirmed in living cells (Fig. 2d) using a mitochondrial
tracker (MitoTracker Green FM) (1 ug mL™"). We observed that
the red fluorescence of the released CyPT precisely coincided
with the green fluorescence of the mitochondrial tracker. The
Manders’ coefficients m; = 0.97, m, = 0.95 and the Pearson’s
coefficient R, = 0.94 suggested that the released CyPT was pre-
ferentially distributed in the mitochondria (Fig. 2d). These
imaging results suggested that the released CyPT from
the CyPT-AuNRs could accumulate exclusively in the mito-
chondria of cancer cells owing to its positive charge structure.

3.3 Evaluation of singlet oxygen generation efficiency and
photothermal conversion of CyPT-AuNRs

Next, we further verified whether the CyPT-AuNRs had a PDT/
PTT effect after detection of GSH. The singlet oxygen signals
(*0,) generated from the CyPT-AuNRs exposed to an 808 nm
NIR laser at 1.5 W cm™2 in the presence or absence of GSH

12224 | Nanoscale, 2019, 11, 12220-12229

[

Laser off

“Laser on
450 800 1200 1600
Time (s)

CyPT-AuNR

CyPT-AuNR
+GSH

Fig. 3 (a) The fluorescence data for the singlet oxygen probe (SOSG): 1.
Blank; 2. CyPT—AuNRs; 3. CyPT-AuNRs + GSH; 4. free CyPT; 5. free
AuNRs; 6. ICG. (b) Fluorescent images of A549 cells at different
time periods for analysis of the generated O, using SOSG. Fluorescence
channel: 1ex = 490 nm, Aem = 510-560 nm. Scale bar = 40 pm.
(c) Temperature curves for the CyPT—AuNRs, CyPT—-AuNRs + GSH, free
CyPT and free AuNRs under 808 nm laser irradiation for 5 min.
(d) Evaluation of the photothermal stability of CyPT—AuNRs with an
808 nm continuous laser and switching the laser off for four cycles.

were also compared by using the singlet oxygen sensor green
(SOSG, Invitrogen co., USA) as a probe. As shown as Fig. 3a,
comparison of the CyPT-AuNRs, CyPT-AuNRs + GSH, free

This journal is © The Royal Society of Chemistry 2019
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CyPT (equivalent concentrations of CyPT-AuNRs) and free
AuNRs (equivalent concentrations of CyPT-AuNRs), CyPT-
AuNRs and free AuNRs revealed almost no fluorescence signal
for SOSG, and the CyPT-AuNRs + GSH and free CyPT displayed
a strong fluorescence signal for SOSG using the fluorescence
spectrometer. The fluorescence emission spectra of SOSG indi-
cated that 'O, was generated via CyPT in the solution.
However, the 'O, production of CyPT-AuNRs + GSH was less
than that of the free CyPT. This might mean that the reaction
of CyPT-AuNRs and GSH was incomplete. The 'O, generation
via CyPT-AuNRs + GSH and a clinically available heptamethine
cyanine dye indocyanine green (ICG) were compared.>® Results
indicated that CyPT-AuNRs + GSH exhibited greater 'O, gen-
eration than that of ICG (Fig. 3a). Next, the 'O, generation of
CyPT-AuNRs in living cells under NIR laser irradiation was
studied. SOSG was used to detect the generated 'O, by cells
fluorescence imaging. First, a group of A549 cells were used as
the control, two groups of cells were treated with 60 pg mL ™"
CyPT-AuNRs for 3 h at 37 °C, then, one group of cells were
additional treated with 100 pM GSH for 30 min. All cells were
treated with 1 pM SOSG. All of the cells were exposed to a NIR
laser (808 nm) at 1.5 W cm ™ for 0, 2, 4 and 5 min, respectively,
and fluorescence images were obtained. As shown in Fig. 3b,
the blank group and the CyPT-AuNR group showed a weak
fluorescence and the CyPT-AuNRs + GSH group emitted a
strong fluorescence. These imaging analyses provided evidence
that the CyPT-AuNRs could generate 'O, in the presence of
GSH in living cells under laser irradiation. According to the
above-mentioned studies, the CyPT-AuNRs are potential multi-
functional nanoparticles for PDT/PTT therapy.

In view of the excellent photoconverted thermal ability of
the single CyPT and single AuNRs, and the remarkable photo-
dynamic properties of the CyPT-AuNR nanoparticles, next we
analyzed the photoconverted thermal effect of the CyPT-
AuNRs. Four groups were chosen as the test subjects, a CyPT-
AuNR group, CyPT-AuNRs + GSH group, free CyPT group and
a free AuNR group. As expected, compared with the single
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CyPT-AuNRs, the solution of free CyPT and free AuNRs exhibi-
ted an obvious temperature increase upon 808 nm NIR laser
irradiation at 1.5 W cm™> for 5 min (Fig. 3c). We hypothesized
that the FRET between the CyPT and AuNRs in the CyPT-
AuNRs weakened the photoconverted thermal effect compared
with the free CyPT and free AuNRs. Interestingly, the tempera-
ture rise observed for the CyPT-AuNRs + GSH group was
higher than the free CyPT and free AuNRs. We reasoned that
the synergetic effect of the CyPT and AuNRs in the CyPT-
AuNRs + GSH solution had a superior photoconverted thermal
effect. The temperature of the CyPT-AuNRs + GSH solution at
a concentration of 60 pg mL™" rose rapidly over 50 °C within
5 min. The photothermal conversion efficiency of the CyPT-
AuNRs + GSH were quantitatively measured and calculated to
be 48.39%. Evaluation of the photothermal performance of the
nanoprobe indicated that it could speedily and efficiently
convert photoenergy into heat. To verify the circulation heating
ability of the CyPT-AuNRs + GSH, the photothermal stability
of the CyPT-AuNRs + GSH was also measured by irradiating
the sample with an 808 nm continuous laser and turning off
the laser for four cycles. As shown in Fig. 3d, we found that the
temperature changes showed no obvious reduction. All of
these results indicated that the -S-S- of the CyPT-AuNRs
could be interrupted by the GSH, and that CyPT was released
and led to restoration of its fluorescence, thus the CyPT-
AuNRs demonstrate effective PDT/PTT therapy as multifunc-
tional nanoparticles.

3.4 Cytotoxicity assay and photoinduced cytotoxicity

The cytotoxicity of the nanoprobe is the key factor used to
evaluate whether it can be applied in clinical applications.
First, we performed a standard MTT assay to evaluate the cyto-
toxicity nonirradiation of the CyPT-AuNRs, free CyPT (equi-
valent concentrations of CyPT-AuNRs) and free AuNRs. As
demonstrated in Fig. 4a, more than 85% of the A549 cells sur-
vived after the cells were incubated with 100 pug mL™" CyPT-
AuNRs for 24 h. However, free AuNRs exhibited an obvious

PTT+PDT
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&
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T

g
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PTT+PDT :
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Fig. 4 MTT assay for the cytotoxicity of: (a) CyPT—-AuNRs; (b) free CyPT; and (c) free AuNRs for A549 cells upon laser irradiation or no laser
irradiation. (d) Cell viability under synergetic PDT and PTT, single PTT or single PDT of CyPT—AuNRs for A549 cells with laser irradiation. (e) Calcein
AM/PI co-stained imaging of A549 cells after synergetic PDT and PTT, single PTT or single PDT after treatment with CyPT—AuNRs using a laser scan-
ning confocal microscope. Scale bar = 200 um. (f) Apoptosis analysis of Annexin V-PE under blank, synergetic PDT and PTT, single PTT or single
PDT using flow cytometry. (g) Protein expression of Hsp70, cytochrome c and cleaved caspase-3 with different laser irradiation times using western

blot analysis and using the expression of $-actin as a control.
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cytotoxicity, this was consistent with the previous studies.>”
The cytotoxicity of free CyPT without the application of
the laser was also suitable for application in living cells
and in vivo. For the CyPT-AuNRs the IC5, was found to be
345 pug mL™", which indicated that the lower cytotoxicity of the
CyPT-AuNRs was attributed to the positively charged molecule
of CyPT on the surface of the AuNRs.>

Next, we further verified whether the CyPT-AuNRs have the
potential to demonstrate a phototherapeutic effect in complex
biological systems. We evaluated the anti-cancer cell effect of
the CyPT-AuNRs using PDT and PTT in vitro. A549 cells were
cultured under recommended conditions and were incubated
with CyPT-AuNRs. The MTT assay indicated that the cell via-
bility in the laser groups decreased as the concentration of
CyPT-AuNRs (0-100 pg mL ") increased, and almost no cell via-
bility was visible at 100 pg mL™" (Fig. 4a). In comparison, the
cell viability in the no laser groups was almost unchanged. The
free CyPT and free AuNRs exhibited a limited PTT and PDT
effect. All of these data enabled the CyPT-AuNRs to demon-
strate an outstanding PTT and PDT effect for anti-cancer cells.

To verify that the therapeutic effect of the CyPT-AuNRs was
contributed to by synergetic PDT and PTT treatments, the
single PDT and single PTT were studied, respectively.”® When
treated with CyPT-AuNRs at 100 pg mL™' the MTT assay
showed a 20.4% cell viability for the PTT treatment alone, and
a 18.5% cell viability for PDT treatment alone, synergistic PDT
and PTT treatment showed the survival of almost no cells
(Fig. 4d). The results indicated that the photo-induced cyto-
toxicity of CyPT-AuNRs is synergistically enhanced by PDT and
PTT treatment.

The effect of PDT and PTT of CyPT-AuNRs was also visibly
verified using co-stained fluorescence imaging of propidium
iodide (PI) and Calcine AM in A549 cells (Fig. 4e). The apopto-
sis rate was also evaluated using flow cytometry with an apop-
tosis kit (Annexin V-PE) (Fig. 4f). The cells were incubated with
100 pg mL™' CyPT-AuNRs for 6 h and underwent laser
irradiation for 5 min (808 nm, 1.5 W cm™?). The apoptosis rate
from the synergistic effect of the PDT and PTT was much
higher than for the single PTT or single PDT. In addition, the
cell death was mediated by the apoptosis pathways in an
irradiation time-dependent manner. The heat shock protein 70
(Hsp70) is typically synthesized in response to heat stress to
protect the cell from thermal or oxidative stress.’” Therefore,
the expression of Hsp70 was tested. As shown as Fig. 4g, the
expression of Hsp70 was obviously overexpressed as the
irradiation (808 nm, 1.5 W cm™?) time increased. Western blot
analysis showed that expression of the mitochondria-mediated
apoptosis related proteins, such as cleaved caspase-3 and cyto-
chrome c, was increased as the irradiation time increased
(Fig. 4g), all of these results suggest that the intrinsic signal
pathway regulates the cell apoptosis.

3.5 Infrared thermal imaging and anti-tumor therapy in
tumor-bearing mice

In view of the outstanding photothermal conversion rate and
singlet oxygen yield of the CyPT-AuNRs and the appropriate
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accumulated time in the tumor site (Fig. S9t), the CyPT-
AuNRs were used for the treatment of a tumor. A549 tumor
xenograft models were employed as the test models. The
tumor xenograft models were randomly grouped into four
groups: models injected with PBS buffer solution without laser
irradiation as the PBS nonirradiation group; the same treat-
ment as the PBS nonirradiation group but with 808 nm NIR
laser irradiation (1.5 W cm™?) for 5 min was used for the PBS
irradiation group; injection of CyPT-AuNRs (5 mg kg™') into
the tumor xenograft models without laser irradiation was used
for the CyPT-AuNRs nonirradiation group; and the same treat-
ment as the CyPT-AuNRs nonirradiation group but with
808 nm NIR laser irradiation (1.5 W cm™?) for 5 min was used
for the CyPT-AuNRs irradiation group. All injections were
intravenous. Thermal images were then obtained via a TESTO
865 Infrared Thermal Camera for real-time measurement of
the temperature of the tumors. As shown in Fig. 5a, the temp-
erature of the PBS irradiation group increased to 45 °C after
5 min of irradiation owing to the laser energy transfer. As
expected, the temperature of the CyPT-AuNRs irradiation
group was increased to about 60 °C, which was high enough to
ablate tumors.”® A histogram of the temperatures measured in
order to quantify the increase in the temperature is shown in
Fig. S11.1 These results suggested that the CyPT-AuNRs could
raise the temperature of the tumor tissue using laser
irradiation. Therefore, the CyPT-AuNRs have great potential
for use as a diagnostic treatment reagent for PDT/PTT therapy.

To study the effect of the CyPT-AuNRs in anti-tumor treat-
ment, we recorded the survival rate and relative tumor volume
(every 2 d after irradiation). The PBS nonirradiation group and
PBS irradiation group both exhibited approximately a 10-fold
increase in the relative tumor volumes, indicating that a single
laser irradiation had almost no effect on the tumor growth
(Fig. 5b). The CyPT-AuNRs nonirradiation group also showed
a faint change in the tumor growth without laser irradiation,
owing to its negligible cytotoxicity (Fig. 5b). Noticeably, the
CyPT-AuNRs irradiation group showed obvious tumor inhi-
bition without regrowth under laser irradiation (Fig. 5b). This
result demonstrated that the CyPT-AuNRs provided effective
PDT/PTT for tumors.

To test the anti-tumor effects of the CyPT-AuNRs, we
further observed the tumor-damaging ability via hematoxylin &
eosin (H&E) staining of the tumor tissue after treatment. The
body weight was also recorded to monitor the health status of
the models (Fig. 5d), suggesting the good-biocompatibility and
negligible side effects of the CyPT-AuNRs. Obvious damage
to the tumor tissue was demonstrated by the CyPT-AuNRs
irradiation group using H&E staining (Fig. 5e), indicating an
excellent efficacy. However, the PBS nonirradiation group, PBS
irradiation group and CyPT-AuNRs nonirradiation group all
exhibited no obvious tumor damage. More importantly, the
CyPT-AuNRs also caused no distinct damage to the normal
tissues such as the heart, liver, spleen, lung and kidney
(Fig. 5f). Therefore, it was demonstrated that the CyPT-AuNRs
could provide synergistic and efficient PDT and PTT for
tumors without obvious side effects.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) IR thermal images of subcutaneous A549 tumor xenograft mice during 5 min NIR laser irradiation. (b) The relative tumor volume of the
subcutaneous A549 tumor xenograft mice in different groups. (c) The survival rate of A549 tumor xenograft mice in different groups. (d) The body
weight of A549 tumor xenograft mice in different groups. (e) H&E staining of A549 tumor in different groups. (f) H&E staining of the normal tissues
in different groups. Magnification: x400. Data are presented as mean + SD (n = 5).

4. Conclusions

In summary, we have developed a NIR fluorescent nanoprobe,
CyPT-AuNRs, for the detection of GSH in living cells and in vivo.
The CyPT-AuNRs exhibit a high selectivity and sensitivity towards
GSH. In addition, the nanoprobe shows active transport into
living cells by endocytosis. It was confirmed that the nanoprobe
CyPT-AuNRs can be used for the detection of GSH in mice and
tumor-bearing mice without interference from background fluo-
rescence owing to its NIR fluorescence emission. Simultaneously,
we have demonstrated that not only does the CyPT that is
released from the CyPT-AuNRs have an excellent PDT effect
in vitro and in vivo, but also that the CyPT and AuNRs both have
an excellent PTT effect. Finally, the CyPT-AuNRs were successfully
applied for tumor treatment in tumor-bearing mice, the results
suggested that the CyPT-AuNRs could be used as tumor-targeted
NIR imaging reagents in vivo and offer an excellent PDT/PTT

This journal is © The Royal Society of Chemistry 2019

effect for the inhibition of tumor growth and could increase the
survival rate. Moreover, the CyPT-AuNRs caused almost no dis-
tinct damage to the normal tissues such as the heart, liver,
spleen, lung and kidney. Our strategy for the design of a therano-
stic nanoplatform with activatable fluorescence imaging-guided
precision PDT and PTT provides a valuable approach for the con-
struction of a smart theranostic platform for clinical applications.
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