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Activatable Graphene Quantum-Dot-Based
Nanotransformers for Long-Period Tumor Imaging and

Repeated Photodynamic Therapy

Yuqi Yang, Baolong Wang, Xu Zhang, Hongchuang Li, Sen Yue, Yifan Zhang,
Yunhuang Yang, Maili Liu, Chaohui Ye, Peng Huang,* and Xin Zhou*

Photodynamic therapy (PDT) is considered as an emerging therapeutic
modality against cancer with high spatiotemporal selectivity because the
utilized photosensitizers (PSs) are only active and toxic upon light irradiation.
To maximize its effectiveness, PDT is usually applied repetitively for ablating
various tumors. However, the total overdose of PSs from repeated
administrations causes severe side effects. Herein, acidity-activated graphene
quantum dots-based nanotransformers (GQD NT) are developed as PS
vehicles for long-period tumor imaging and repeated PDT. Under the guidance
of Arg-Gly-Asp peptide, GQD NT targets to tumor tissues actively, and then
loosens and enlarges in tumor acidity, thus promising long tumor retention.
Afterwards, GQD NT transforms into small pieces for better penetration in
tumor. Upon laser irradiation, GQD NT generates mild hyperthermia that
enhances cell membrane permeability and further promotes the PSs uptake.
Most intriguingly, the as-prepared GQD NT not only “turns-on”
fluorescence/magnetic resonance signals, but also achieves efficient repeated
PDT. Notably, the total PSs dose is reduced to 3.5 umol kg~', which is

10-30 times lower than that of other reported works. Overall, this study
exploits a smart vehicle to enhance accumulation, retention, and release of
PSs in tumors through programmed deformation, thus overcoming the
overdose obstacle in repeated PDT.

1. Introduction

Cancer is one of the leading causes of hu-
man death worldwide. Some clinical imag-
ing and treatment approaches that have
been employed to date suffer from low
efficiency due to nonspecific drug dis-
tribution, rapid drug clearance, drug re-
sistance, or high toxicity to normal tis-
sues. Fortunately, the application of nan-
otechnology has greatly improved tumor
imaging contrast and anticancer treatment
efficacy.!! Traditionally, nanomaterials have
been used as carriers that can load di-
agnostic or therapeutic agents and de-
liver them to target areas.?] The bioactivity
of loaded therapeutic agents, e.g., mi-
croRNA,3] DNA,I*l and proteins,P®! is re-
tained because the relatively stable mi-
croenvironment provided by nanocarriers
can prevent the denaturation or degrada-
tion of payloads in the bloodstream. As a
consequence of the enhanced permeability
and retention (EPR) effect,®l nanomedicine
is able to passively accumulate in tu-
mor tissues, which markedly decreases the
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in vivo clearance rate, increases the imaging period and prolongs
the therapeutic action time. Moreover, nanomedicine decorated
with specific ligands can further increase their targeting ability
of tumors.l”] For example, Arg-Gly-Asp (RGD) peptide modified
nanomedicines could recognize the a,f; integrin expressed in
vascular endothelial cells and mediates penetration into tissues
and cells.l®] The active targeting can further reduce the toxicity of
therapeutic agents to normal tissues.[”]

Photodynamic therapy (PDT) is a developing clinical treatment
modality that employs a specific light to irradiate and activate the
localized photosensitizers (PSs). Then, the excited PS transfers
energy to oxygen and produces reactive oxygen species (ROS),
which reacts rapidly with cellular components to induce cancer
cells apoptosis and necrosis.!'”) The most attractive advantage of
PDT s its low toxicity to nontarget areas, allowing repetitive injec-
tions at intervals to achieve an optimal treatment efficacy. How-
ever, repetitive injections in each PDT session easily lead to the
overdose of PSs in the body. Although PSs are silent and non-
toxic in the dark, the large amount of residual PSs in normal
tissues may cause pain, fever and systemic side effects.!'!] More-
over, the residual PSs can also be activated by sunlight. Accord-
ing to the clinical protocols, patients receiving PDT must wear
protective clothing and sunglasses to avoid light for ~6 weeks
after treatment.['?] The lack of tumor selectivity and unfavorable
biodistribution of PSs that cause this situation should be carefully
considered and urgently improved by decreasing the total dose,
minimizing side-effects and maintaining advantages of multiple-
session PDT as a safe therapeutic modality.

Integration of photosensitizing moiety and targeting ability
by combining PDT with nanotechnology provides a chance to
overcome these difficulties. Previously, some PSs were used as
building blocks to fabricate nanoparticles, such as porphyrin
metal organic frameworks, 3] nanoporphyrin liposomes,!'*] and
single-component peptide depot.'>] Some PSs were directly
loaded into nanocarriers through weak interactions, such as
- interaction,’®) Vander Waals force'! and hydrogen
bonds.181 Among various nanocarriers, graphene and its deriva-
tives have gained much attention as drug carriers due to their
large specific surface area.l'®! The characteristic sp?-bonded car-
bon atoms in graphene allow drug molecules adsorption through
n—r stacking interaction.[?! Moreover, the abundant hydrophilic
hydroxyl, epoxide and carboxylic acid groups at the edges and
defects of graphene nanosheets can form hydrogen bonds with
drugs and provide active sites for covalent linkages.!?!! Graphene
quantum dots (GQD) are extremely small graphene nanosheets
that owns all the above advantages. In addition, their fluorescence
property and good biocompatibility make GQD an excellent ve-
hicle for drug delivery.[?]

In this work, we designed a modular self-assembly approach
to encapsulate PSs in GQD-based nanotransformers (GQD NT),
which reduced the total dose by prolonging the retention time
of PSs in tumor tissues. Small-sized GQD was transformed
to larger GQD NT by easily mixing the following three mod-
ules (Scheme 1): 1) a loading module, which was mainly com-
posed of GQD, offers large surface areas for PSs loading through
#—n stacking interaction, hydrophilic-hydrophobic interaction,
or hydrogen bonds; 2) a targeting module that consists of active
molecules to target lesions; and 3) a linking module that links
the abovementioned modules through host—guest interactions
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between f-cyclodextrin and adamantine.[?)] The produced GQD
NT not only served as the vehicle to deliver PSs to target areas
like “Autobots,” but also exhibited mild photothermal effect that
increased the permeability of cell membrane and improved the
cellular uptake of PSs. After successful transportation to tumor
areas, the GQD NT would recognize the tumor acidity and loosen
their tight structure. The slow loosening first expanded their di-
ameter over 100 nm for better retention in tumor tissues, and
then completely untied and released the loaded PSs. As a result,
the loaded PSs could retain in tumor tissues for a long period,
which provided an opportunity for repeated PDT. In vivo mag-
netic resonance and fluorescence duplex imaging results illus-
trated that the tumor area could be clearly distinguished from
normal tissues after intravenous (i.v.) injection, and the loaded
PSs sustained in tumor tissues for several days, which promis-
ing the repeated PDT. The designed GQD NT improved imaging
properties and reduced the total dose of PSs, which provided a
new solution to achieve the repeated PDT by enhancing tumor
accumulation and prolonging tumor retention of PSs.

2. Results and Discussion

2.1. Synthesis and Characterization of the GQD NT

GQD NT were easily formed by self-assembly of the targeting
module, loading module and linking module at room temper-
ature, and drugs molecules were simultaneously encapsulated
during the host—guest interaction process between f-cyclodextrin
and adamantine (Scheme 1). A cyclic peptide, RGD, was selected
as a targeting molecule to enhance the selectivity because of its
high affinity to the a,f, integrin expressed in some tumor cells
and vascular endothelial cells. The GQD and RGD were modified
with the guest molecule adamantane via a single-stranded PEG
bridge to form the loading module and targeting module, and 8-
armed PEG was modified with the host molecule f-cyclodextrin
to form the linking module (Figures S1-S8, Supporting Infor-
mation). After the host—guest interaction between the targeting
module, loading module and the linking module, the free GQD
(Figure 1a) with an average diameter of 4 nm were self-assembled
into GQD NT (Figure 1b) with a relatively uniform diameter of
~60 nm (Figures S9 and S10, Supporting Information). The nar-
row size distribution indicated the good dispersity and negligible
aggregation of GQD NT. X-ray photoelectron spectroscopy (XPS,
Figure S11, Supporting Information) analysis and energy disper-
sive X-ray spectroscopy (EDS, Figure S12, Supporting Informa-
tion) characterizations demonstrated the abundant presence of
the C and O elements. Due to the photothermal effect of GQD,
the GQD NT, which contained 42 wt% GQD, can achieve light-
induced mild hyperthermia (Figure S13, Supporting Informa-
tion). The temperature changes of GQD NT, TCPP@GQD NT,
and Mn-TCPP@GQD NT solutions are similar under same con-
dition of laser irradiation. According to the previous research,
the mild hyperthermia could increase the permeability of cell
membrane,?*l thus enhancing the cellular uptake of GQD NT.
When reaching tumor tissues, the GQD NT were able to
transform into a loosen state and then completely dissociated
over time. TEM images showed that the GQD NT sustained
stable in physiological pH (Figure S14, Supporting Informa-
tion). The acidic tumor extracellular pH (~6.2) could trigger the
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Scheme 1. A modularized self-assembly method to fabricate graphene quantum dots-based nanotransformers (GQD NT) for long period tumor imaging
and repeated PDT. a) Photosensitizer (PS) tetracarboxylphenyl porphyrin (TCPP) and MRI contrast agent Mn-TCPP can be easily encapsulated into the
GQD NT vehicle during the self-assembly process of the targeting, loading and linking modules. Tumor acidity will trigger GQD NT transformation and
drugs release. b) The loaded PS molecules are transported to target areas under the guidance of surface RGD peptides. Then, GQD NT was transformed
to the loose state in the acidic tumor microenvironment, which increased the diameter over 100 nm for longer retention in tumor tissues. The transformed
GQD NT was further disassembled completely with the extended retaining time, resulting in the release of the encapsulated drugs, the recovery of FLI

and MRl signals, and the “turned-on” repeated PDT.

transformation of tight GQD NT into a loosen state and increased
their diameter over 100 nm (Figure 1c), which was favorable for
long tumor retention. When time prolonged to 24 h, the GQD
NT was dissociated, and the diameter decreased to 15 nm (Fig-
ure 1d,e). According to previous studies, ! such a small size
was beneficial to the efficient extravasation through tumor vas-
cular fenestrations, deep penetration and easy incorporation of
nanomedicine into cancer cells, thus further enhancing the up-
take of PSs. The intracellular lysosome pH (~5.2) induced faster
transformation (Figure S14, Supporting Information), promot-
ing the release of PSs from the un-transformed GQD NT. Size
distribution changes further confirmed the deformation of GQD
NT in acidic environment (Figure S15, Supporting Information).

2.2. Photosensitizers Loading by GQD NT

Owing to their large specific surface area and intrinsically pol-
yaromatic structure, graphene-based materials are able to load a
variety of drug molecules through z—z stacking. In this study,
tetracarboxylphenyl porphyrin (TCPP) and Mn-TCPP were suc-
cessfully encapsulated by GQD NT. As shown in Figure 1f, the
zeta potential gradually changed from negative to positive dur-
ing the process of PEG modification, self-assembly and drug en-
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capsulation. UV-vis spectra of the obtained aqueous solutions
showed typical peaks of TCPP and Mn-TCPP (Figure 1g), sug-
gesting the successful loading of the hydrophobic drugs in GQD
NT. Furthermore, the hydrodynamic size distribution did not
show an obvious change after drug loading (Figure S16, Support-
ing Information). Compared with free GQD, the loading capac-
ity of GQD NT increased by 215% and 249% for TCPP and Mn-
TCPP respectively (Figure 1h). Additionally, the UV-vis and flu-
orescence spectra did not show significant change within 8 days
of storage (Figure S17, Supporting Information), indicating the
good stability of TCPP@GQD NT and Mn-TCPP@GQD NT.
Next, the optical and magnetic resonance properties of the
encapsulated PSs were investigated. The fluorescence emission
peaks of the TCPP@GQD NT were located at 655 and 720 nm
upon excitation at 418 nm (Figure S18, Supporting Informa-
tion). The Mn-TCPP loaded GQD NT exhibited concentration-
dependent T,-weighted MR contrast imaging property (Fig-
ure S19, Supporting Information). The longitudinal relaxivity
value (r;) of the Mn-TCPP@GQD NT was 12.65 mm~! s7!
(Figure S19a,b, Supporting Information), which was 2-5 times
higher than some traditional T; MRI contrast agents (Table S1,
Supporting Information). The transverse relaxivity value (r,) of
the Mn-TCPP@GQD NT was 32.34 mm~! 57!, and no obvious
contrast enhancement was observed in T,-weighted MR images
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Figure 1. Characterization of GQD NT and their loading properties. Transmission electron microscopy (TEM) images of a) graphene quantum dots

(GQD), b) graphene quantum dots-based nanotransformers (GQD NT),

c) GQD NT in pH 6.2 for 5 h, d) GQD NT in pH 6.2 for 24 h, illustrating

that tumor acidity triggered the looseness and dissociation of GQD NT. e) Diameter distribution counted by TEM images. f) Zeta potentials of GQD,
GQD-PEG-adamantane (Ad), GQD NT, TCPP@GQD NT, and Mn-TCPP@GQD NT. g) UV-vis spectra indicated the successful encapsulation of TCPP
and Mn-TCPP in GQD NT. h) Drug loading capacity of GQD and GQD NT (**p < 0.01).

(Figure S19¢,d, Supporting Information). As the r,/r, ratio was
2.56, the Mn-TCPP@GQD NT could potentially be used as a T,
MRI contrast agent for in vivo application.

2.3. In Vitro Targeting PDT Effect of TCPP@GQD NT

Due to the RGD modification, the in vitro active targeting abil-
ity of TCPP@GQD NT was evaluated on different cell lines,
such as integrin a, f;-positive A549 cells, a,f;-negative MCF7
and MRCS5 cells. As shown in Figure 2a, the A549 cells exhibited
intense fluorescence signals of TCPP in the cytoplasm, demon-
strating that a large amount of TCPP@GQD NT accumulated
in the cells. Weak fluorescence signal in MRCS5 cells and MCF7
cells were observed, suggesting the low cellular uptake efficiency
of TCPP@GQD NT on integrin «,f;-negative cells. Moreover,
when the integrin a, f; was blocked before TCPP@GQD NT in-
cubation, the fluorescence (FL) intensity in A549 cells was much
lower than that of noninhibited cells. Quantitative fluorescence
analysis also demonstrated that the amount of TCPP in A549
cells was significantly higher than that in other cells lines (Fig-
ure 2b). 3D cell spheroid studies further demonstrated that the
present of RGD on TCPP@GQD NT could improve the target-
ing ability of A549 cells (Figure S20-S22, Supporting Informa-
tion).The above results confirmed the excellent targeting abil-
ity of TCPP@GQD NT toward «, f;-positive cells. The fluores-
cence intensity in the laser irradiated area was 2.3 times higher
than the unirradiated area (Figure S23, Supporting Information),
demonstrating that mild hyperthermia could enhance cell uptake
of TCPP@GQD NT.
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To evaluate the tumor acidic microenvironment-triggered
transformation of TCPP@GQD NT and the PSs release, A549
cells were incubated with TCPP@GQD NT at different pH val-
ues. As shown in Figure 2c,d, and Figure $24-S27 (Supporting
Information), the enhanced yellow fluorescence signals indicated
the increased amount of free TCPP, thus GQD NT released more
TCPP in lower pH. The results were in agreement with that
GQD NT transformed faster in lower pH and intended to become
loosen to release more drugs.

Next, the in vitro PDT efficiency was evaluated. Under 650 nm
laser irradiation, the TCPP@GQD NT showed a light dose-
dependent cytotoxicity to A549 cells, and the average viability
decreased to only 6.8% when the irradiation time prolonged
to 10 min (Figure 2e). Then, cells were treated with GQD NT
and TCPP@GQD NT respectively, followed by 10 min laser ir-
radiation. Regardless of the presence of GQD NT, cellular vi-
ability maintained well under irradiation (Figure 2f), indicat-
ing favorable biocompatibility of the vehicle (Figure S28, Sup-
porting Information) and negligible phototoxicity of the used
laser dose. Meanwhile, a significant decrease in cellular via-
bility was observed only after TCPP@GQD NT treatment and
the following laser irradiation, because PDT was activated by
PS under laser irradiation. To evaluate the PDT efficiency, 2',7
"-dichlorodihydrofluorescein diacetate (DCFH-DA) was intro-
duced, as its green fluorescence is strongly enhanced upon re-
action with ROS. As shown in Figure 2g, strong green flu-
orescence was observed only in TCPP@GQD NT-incubated
and laser-irradiated A549 cells, indicating that efficient PDT
produced a large amount of ROS that caused apoptosis of
the target cells. All these results demonstrated the excellent
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Figure 2. Selective transport of TCPP@GQD NT to «, f;3-positive A549 cells for efficient PDT. a) Selectivity of TCPP@GQD NT to «, f3-positive cells.
Cells were treated with 150 pg mL~! TCPP@GQD NT for 1 h. The yellow fluorescence originated from the loaded TCPP. Scale bar, 10 um. b) Quantitative
analysis of the fluorescence (FL) intensity of TCPP@GQD NT in different cells (***p < 0.007). c) Acidity triggered the recovery of fluorescence signal from
TCPP. 3D cell spheroids were incubated with 150 ug mL~! TCPP@GQD NT in pH 6.2, 6.8, and 7.4 buffers, respectively. Scale bar, 200 um. d) Quantitative
analysis of the fluorescence intensity of TCPP in A549 cells at pH 7.4, 6.8, and 6.2. e) Viability of A549 cells that were treated with 150 uyg mL~' TCPP@GQD
NT, followed by 650 nm laser irradiation for different times. f) Viability of A549 cells that were treated with GQD NT or TCPP@GQD NT, followed by
10 min laser irradiation. g) Imaging the intracellular singlet oxygen produced by GQD, GQD NT, and TCPP@GQD NT after laser irradiation, respectively.
Scale bar, 100 um. h) PDT-mediated tumor cell apoptosis. Live and dead cells were stained with calcein AM (green) and propidium iodide (PI, red),
respectively. The areas in the white dotted lines were irradiated with 650 nm laser at a power density of 100 mW cm~2 for 10 min. Scale bar, 100 um.

biocompatibility and high PDT efficiency of TCPP@GQD NT.
Then, calcein AM (green) was introduced to label living cells, and
propidium iodide (PI, red) was used to label dead cells. As shown
in Figure 2h, the cells incubated with GQD and GQD NT showed
high cell viability regardless of whether they were subjected to
laser irradiation, indicating favorable biocompatibility. However,
a large number of dead cells were observed in the laser-irradiated
area in the cells incubated with TCPP@GQD NT. The Annexin V-
flu647/PI apoptosis assay also confirmed that TCPP@GQD NT-
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induced PDT led to apoptosis of A549 cells (Figure S29, Support-
ing Information).

2.4. In Vivo Fluorescence and Magnetic Resonance Duplex
Imaging of TCPP@GQD NT
To study the in vivo structural transformation, TCPP@GQD NT

was injected to A549 tumor-bearing mice. Bio-TEM images of
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Figure 3. In vivo fluorescence imaging (FLI)/magnetic resonance imaging (MRI). a) In vivo FLI of A549 tumor-bearing mice after intravenous injection
of TCPP@GQD NT. Tumor area is circled with blue dashed line. b) In vivo MR images of A549 tumor-bearing mice after intravenous injection of Mn-
TCPP@GQD NT. ¢) Changes of fluorescence intensity (yellow) and MRI signal-noise ration (SNR, cyan) of tumors over time (n = 3). d) Ex vivo FLI and
e) Fluorescence intensity measurements of major organs and tumor tissues from mice treated with TCPP@GQD NT in the presence (+) or absence
(=) of RGD (n =3, **p < 0.07). f) Ex vivo FL images of tumor tissues and g) fluorescence intensity measurements of stromal (ST) and tumor (T). A549

tumor-bearing mice were intravenously injected with TCPP@GQD NT or TCPP@GQD.

tumor tissue section directly showed that the TCPP@GQD NT
accumulated in lysosome at 4 h postinjection (p.i.), and further
disassembled into small pieces at 24 h p.i. (Figure S30, Support-
ing Information). Then, the feasibility of in vivo imaging was
evaluated by performing fluorescence and magnetic resonance
duplex imaging. As shown in Figure 3a, the fluorescence signal
increased in the tumor area with time and reached the plateau at
24 h p.i. Afterward, the fluorescence signal gradually decreased
over time. Interestingly, the fluorescence signal of TCPP@GQD
NT could be detected in the tumor area even at 96 h p.i. (Fig-
ure S31, Supporting Information). The long tumor retention
time benefits for repeated PDT with only one injection. Notably,
an increased fluorescence signal of tumor area was observed at
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24 h p.i., while the fluorescence signal from the TCPP@GQD NT
in tube remained stably. The ex vivo fluorescence images at differ-
ent time points after i.v. injection indicated that TCPP@GQD NT
was mainly metabolized by the liver (Figure S32a, Supporting In-
formation). Blood circulation behavior of TCPP@GQD NT sug-
gested that the metabolic half-life time of the TCPP@GQD NT
was 7.8 h (Figure S32b, Supporting Information).

TCPP usually adopts as a planar chelate form to accept metal
ions.[?°] Some of the metal-chelates, such as Mn-TCPP and
Gd-TCPP, have been explored as MRI contrast agents because
the chelating paramagnetic metals can promote the relaxivity
of water. In this work, the solubility of Mn-TCPP was signif-
icantly improved after loading by GQD NT. The as-prepared

© 2023 Wiley-VCH GmbH
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Mn-TCPP@GQD NT showed good dispersity in aqueous solu-
tion. The T;-weighted MR images revealed that the tumor con-
trast was obviously enhanced at 24 h p.i. (Figure 3b), and the lon-
gitudinal relaxation time of tumor tissues decreased from 2.7 to
1.9 s. The fluorescence signal and MRI SNR of tumors showed
the similar pattern (Figure 3c), indicating the high tumor ac-
cumulation of TCPP@GQD NT or Mn-TCPP@GQD NT after
i.v. injection. Due to the slow transformation of GQD NT that
triggered by tumor acidic microenvironment, the encapsulated
TCPP/Mn-TCPP could be released gradually in tumor tissues,
their fluorescence or magnetic resonance signals gradually in-
creased and maintained for several days.

The RGD active-targeting behavior of GQD NT was also in-
vestigated. The ex vivo FLI (Figure 3d) and quantitative analy-
sis (Figure 3e) showed that tumor tissues exhibited high fluo-
rescence signal. Notably, the fluorescence signal of tumor tissue
was higher in the present of RGD than that group without RGD.
Quantitative analysis (Figure 3e and Figure S33, Supporting In-
formation) demonstrated that the fluorescence intensity of tumor
tissues in RGD (+) group was 1.3 times higher than that of RGD
(—) group. All these results illustrated the high tumor accumu-
lation of TCPP@GQD NT or Mn-TCPP@GQD NT after i.v. in-
jection, and RGD modification further improved the tumor accu-
mulation of GQD NT.

The tumor sections were further studied to confirm the in vivo
penetration ability of TCPP@GQD NT. As shown in Figure 3f,
the present of yellow fluorescent indicated that TCPP was suc-
cessfully delivered to tumor tissues. At the same PSs dose, the flu-
orescence intensity of mice injected with TCPP@GQD NT was
2.5 times higher than that of mice injected with TCPP@GQD.
Notably, the fluorescence signal of tumor site accounted for 42%
of the whole tumor tissue (including the parenchyma and pe-
ripheral regions of tumor) in TCPP@GQD NT injected mice
(Figure 3g), which was comparable to that of TCPP@GQD
injected mice (39%). Thus, the PS delivered by the designed
GQD NT could distribute deeply in the tumor parenchyma like
drugs transported by small-sized GQD. These results demon-
strated that the designed nanotransformers not only improved
the targeting ability, but also facilitated the PSs penetration in
tumors.

In this work, subcutaneous A549 tumor-bearing mice model
was used for biodistribution studies of TCPP@GQD NT through
i.v. injection. In the future, orthotopic lung tumor-bearing mice
model will be used. Due to the different location of tumors, the
administration method of TCPP@GQD NT should be consid-
ered carefully. Compared with i.v. injection, spray administra-
tion may further increase the accessibility and accumulation of
TCPP@GQD NT in orthotopic lung tumor tissues.[”] More ef-
forts should be devoted to the evaluation of TCPP@GQD NT on
different animal models.

2.5. In Vivo Antitumor Treatment of TCPP@GQD NT

Encouraged by the high tumor accumulation of TCPP@GQD
NT, we further evaluated the in vivo PDT efficiency on A549
tumor-bearing mice. In detail, mice were intravenously admin-
istered with saline, GQD NT, or TCPP@GQD NT, respectively.
The 650 nm laser irradiation is fixed at the dose of 100 mW cm~2
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for 10 min every time. For TCPP@GQD NT plus laser irradia-
tion group, we implemented a treatment plan of one i.v. injection
plus four times of laser irradiation (Figure 4a). The body weight
in all groups were stable during the treatments (Figure 4b). Mice
in the repeated PDT treatment groups showed the highest sur-
vival rate (Figure 4c). As shown in Figure 4d, tumors in the saline
plus laser group and GQD NT plus laser group showed similar
growth trend as those in saline group. Meanwhile, TCPP@GQD
NT cannot inhibit the tumor growth without laser irradiation. In
comparison, mice treated with TCPP@GQD NT plus laser ir-
radiation showed obvious tumor growth inhibition. At the end
of treatment, tumor growth in TCPP@GQD NT plus laser ir-
radiation groups was significantly inhibited (Figure 4e). Mean-
while, tumors in other four groups were enormously enlarged
(Figure S34, Supporting Information). Interestingly, the repeated
PDT with twice injection could almost completely ablated the tu-
mors, four of five tumors were completely eliminated. Signifi-
cantly, the total injection dose for tumor ablation was reduced
to 3.5 pmol kg~!, which was 10-30 times lower than that of the
reported PDT strategies (Table S2, Supporting Information), in-
dicating the high antitumor efficiency of repeated PDT based on
TCPP@GQD NT.

As shown in Figure 4f, the hematoxylin and eosin (H&E) stain-
ing images showed obvious shrinking of nuclei in TCPP@GQD
NT plus laser irradiation groups, revealing the typical necro-
sis/apoptosis of tumor cells. This result was further confirmed
by the significant increase in the number of TUNEL positive nu-
clei. The expression of Ki-67 is closely related to mitosis, and
has been used as an indicator to reveal cell proliferation. Clearly,
TCPP@GQD NT plus laser group showed the down-regulation
of Ki-67 expression, revealing that cell proliferation was strongly
inhibited. One can see that cell apoptosis and proliferation inhibi-
tion of the repeated PDT with twice injection group were higher
than one injection group. In short, TCPP@GQD NT induced re-
peatable PDT could effectively trigger the tumor cell apoptosis
and inhibit their proliferation.

The in vivo biocompatibility of TCPP@GQD NT was also eval-
uated. No detectable pathological changes in major organs were
observed in TCPP@GQD NT treated groups (Figure S35, Sup-
porting Information), indicating that the TCPP@GQD NT had
good biocompatibility. Blood routine examination and blood bio-
chemistry assays also indicated that TCPP@GQD NT had little
effect on liver function, kidney function and other physiological
indexes (Figures S36-S38, Supporting Information). The above
results demonstrated the good biocompatibility of TCPP@GQD
NT.

3. Conclusions

In this study, we exploited a tumor acidity-triggered transforma-
tion nanovehicle to overcome the overdose challenges in PDT.
During the self-assembly process between the loading, linking
and targeting modules, MRI contrast agent Mn-TCPP and PS
TCPP were simultaneously encapsulated and protected by the
surrounding GQD and PEG, resulting in increased loading ef-
ficacy and retained drug activity. Upon reaching tumor, the ve-
hicle GQD NT could “recognize” the acidic microenvironment,
and transformed into a loose state with the diameter enlarged
to ~100 nm for longer tumor retention. Moreover, the slight

© 2023 Wiley-VCH GmbH
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Figure 4. In vivo repeated PDT. a) Diagrammatic representation of therapeutic experiments. b) Body weight changes of A549 tumor-bearing mice in
different treatment groups. c) Survival curves of A549 tumor-bearing mice after treatments. d) Tumor growth curves of A549 tumor-bearing mice treated
with saline, GQD NT, TCPP/GQD NT with or without laser irradiation (n =5, mean + s.d., **p < 0.01, ***p < 0.007). e) Photographs of A549 tumor-
bearing mice before and after treatments. Tumor area is circled with grey dashed line. f) Representative H&E, TUNEL and Ki-67 staining images of tumor

tissue sections of mice with various treatments. Scale bar, 100 um.

photothermal effect of GQD NT improved the permeability
of cancer cells and further enhanced the accumulation of the
nanocomposite in tumor areas. The transformed GQD NT fur-
ther disassembled and released the encapsulated drugs, which
“turned-on” the FLI/MRI signals and activated the subsequent
PDT treatment under light irradiation. Due to the efficient tar-
geting and long retention time in tumors, the GQD NT encapsu-
lated drugs largely aggregated in target areas, resulting high con-
trast in dual-modal imaging of tumor tissues. More importantly,
the long tumor retention of the transported TCPP over 96 h pro-
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vided a long period for PDT treatment. A treatment plan, one in-
jection followed by 4 times of laser irradiation, was designed for
effective PDT. Tumor growth was greatly inhibited, four of five
tumors were ablated after the repeated PDT with twice injection.
Notably, the introduced GQD NT decreased the total PS dose to a
very low level at 3.5 pmol kg~!, which was expected to overcome
the overdose problems in repeated PDT. In a word, the designed
nanotransformer provided an intelligent vehicle for next genera-
tion nanotherapeutics, exploiting a promising approach for long-
time tumor imaging and efficient treatment.

© 2023 Wiley-VCH GmbH
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