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Cancer treatment currently still faces crucial challenges in therapeutic effectiveness, precision, and complexity.
Photodynamic therapy (PDT) as a non-invasive tactic has earned widespread popularity for its excellent thera-
peutic output, flexibility, and restrained toxicity. Nonetheless, drawbacks, including low efficiency, poor cancer
specificity, and limited therapeutic depth, remain considerable during the cancer treatment. Although great
effort has been made to improve the performance, the overall efficiency and biosafety are still ambiguous and
unable to meet urgent clinical needs. Herein, this study integrates merits from previous PDT strategies and
develops a cancer-targeting, activatable, biosafe photosensitizer. Owing to excellent self-assembly ability, this
photosensitizer can be conveniently prepared as multifunctional nano-photosensitizers, namely MBNPs, and
applied to in vivo cancer phototheranostics in “all-in-one” mode. This study successfully verifies the mechanism
of MBNPs, then deploys them to cell-based and in vivo cancer PDT. Based on the unique cancer microenvi-
ronment, MBNPs achieve precise distribution, accumulation, and activation towards the tumor, releasing
methylene blue as a potent photosensitizer for phototherapy. The PDT outcome demonstrates MBNPs’ superior
cancer specificity, remarkable PDT efficacy, and negligible toxicity. Meanwhile, in vivo NIR fluorescence and
photoacoustic imaging have been utilized to guide the PDT treatment synergistically. Additionally, the biosafety
of the MBNPs-based PDT treatment is ensured, thus providing potential for future clinical studies.

Several types of PSs have been reported over the decades, including
organic fluorophores [3], transition metal coordination complexes [4],

1. Introduction

Photodynamic therapy (PDT) has been raised as a powerful tech-
nique for non-invasive cancer therapeutics [1,2]. Photosensitizers (PSs)
serve as the vital element in this tactic, which can generate reactive
oxygen species (ROS) such as singlet oxygen (1Oz) upon photo-
irradiation, consequently ablating local pathological cells and tissues.

and semiconducting polymer nanoparticles (SPNs) [5,6]. Among these
regular PSs, organic fluorophores are boosted as the most ubiquitous
type, owing to their unique superiorities, including strong fluorescence
properties, good biocompatibility and biodegradability, longer triplet
lifetimes [7], and structural extension. So far, several organic
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fluorescent PSs, including porphyrin derivatives, chlorins, and phtha-
locyanine, have been applied to clinical studies [1]. Despite the wide-
spread recognition, the organic fluorophore PSs still suffer from various
issues, for example, poor water solubility, low cellular uptake, limited
therapeutic depth, and weak cancer targeting. To improve their per-
formance, small organic fluorescent PSs can be decorated with novel
functionalities such as activatable [8-10], self-assemble [11-14],
aggregate [15], fluorescence resonance energy transfer (FRET) [16], and
cancer-targeting [17,18]. In general, the modern development of PSs
tends to pursue more versatility, delicacy, and higher integration, which
can be concluded as “all in one” or “one for all” strategies.

As a small phenothiazine-based near-infrared (NIR) fluorophore,
methylene blue (MB) exhibits many advantages, such as small molecular
size, superior water solubility, and high quantum yield in generating
ROS. Therefore, it has been broadly used as a powerful PS for clinical
cancer PDT [19]. Meanwhile, MB’s biological safety is highly appreci-
ated since it is an FDA-approved oxidation-reduction agent for treating
methemoglobinemia, malaria, and vasoplegic syndrome [20]. Owing to
its robust NIR fluorescence property, reliable biocompatibility, and
biostability, MB is also widely applied in fluorescence imaging and
staining [21,22]. Recently, methylene blue was demonstrated with
highly efficient photoacoustic (PA) contrast property, enabling the
construction of PA probes for sensing drug release and tumor microen-
vironment (e.g., ROS, biothiols) in vivo [23-25]. Compared with fluo-
rescence imaging, photoacoustic (PA) imaging offers the advantage of
deeper detection depth [26-29]. Despite these advantages, MB
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demonstrates poor tumor targeting ability and cannot efficiently accu-
mulate in the tumor site. These flaws may lead to low photosensitive
potency and considerable toxicity towards normal cells and tissues, thus
significantly impairing the therapeutic specificity and efficacy during
the PDT treatment. Currently, several strategies have emerged to
improve the PDT performance by chemical functionalization of MB.
Typically, the most convenient way is to transform single MB into
activatable probes. By this means, NIR irradiation [30], endogenous
enzymes [31,32], and small intracellular molecules [23,33] may serve
as the specific stimulus to trigger the probe and selectively release MB in
the cancer region for precise PDT treatment. However, these strategies
alone are insufficient for upgrading the overall therapeutic precision.
Local accumulation of MB remains unsatisfied, thus resulting in limited
PDT efficacy. Besides, the diffusion and metabolism of MB into the
non-therapeutic cells and tissues still occur, bringing in potential risks
during the cancer PDT treatment. In comparison, another feasible
approach is to encapsulate MB with nanomaterials such as gold nano-
particles (AuNPs) [34], silver nanoparticles (AgNPs) [35], poly
lactic-co-glycolic acid (PLGA) [36], silica nanoparticles (SiNPs) [37,38],
and graphene [39]. With the help of these regular nanomaterials, MB
can be encapsulated as nanoparticles with enhanced tumor targeting
ability. Although these nanocarriers improve the enrichment of MB in
the tumor, the encapsulation still has the risk of leakage, which may
increase potential dark cytotoxicity. In addition, these nanocarriers are
often inorganic or organic nanomaterials. Hence their biocompatibility
and biodegradability require further consideration. Considering these
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Fig. 1. Design, mechanism, and illustration of this work.
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facts, a more sophisticated design is urgently desired to alter the single
MB into a versatile PS, thus promoting its therapeutic specificity and
efficacy and meeting the clinical needs.

Herein, for the first time, we report a rational molecular design by
transforming MB into cancer-targeted, selectively activated, and self-
assembled nano-photosensitizers, i.e., MBNPs. Theoretically, this
design systematically integrates multiple cancer-targeting strategies
with upgraded PDT tactics, based on the single MB molecular. As a
result, a diagnostic and therapeutic nanoplatform containing cancer
PDT treatment and NIR fluorescence/PA imaging has been proposed and
shown in Fig. 1. Specifically, the MB moiety is structurally blocked by a
disulfide trigger in its phenothiazine bridge via a carbamate bond. This
modification transforms the MB into an uncharged, nonfluorescent, and
hydrophobic form. The disulfide linker is responsive to the abundant
glutathione (GSH) in cancer cells, which could release the reductive MB
via an intramolecular elimination. The free reductive MB is active and
can be oxidized promptly, offering the resulting oxidic, charged MB as
potent PS in the local cancer environment. Given the high levels of GSH
at the tumor site [40,41], this design could enable specific therapeutic
action in the tumor microenvironment. Furthermore, the depletion of
endogenous GSH levels by the disulfide bond can retain more ROS
produced by the photosensitizers, thereby promoting the PDT efficacy
[42-48]. To further improve the cancer-targeting ability and consider
the overexpression of biotin receptors on the surface of cancer cells [49,
501, a hydrophilic biotin group could be conjugated to the other end of
the disulfide linker, thus offering the resulting MB-based probe, namely
MBP. Given the amphiphilicity of this molecular design, MBP could
self-assemble in the aqueous phase system, forming homogeneous
nanoparticles. Hence, the optimization of MB may endow the whole
strategy with extra tumor-targeting ability, better biostability, and a
higher cellular uptake ratio.

In summary, our design is expected with great cancer-targeting
ability, relying on both the EPR (enhanced permeability and reten-
tion) effect and the biotin cancer-targeting group. Furthermore, the di-
sulfide trigger can be selectively activated by excessive GSH in the
cancer environment, thus releasing and accumulating free MB as
powerful PS and fluorophore for precise phototherapy and responsive
cancer imaging. Basically, by integrating complementary strategies and
functionalities as many as possible into a single small NIR fluorophore-
based PS, this work demonstrates an advanced “one for all” strategy for
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novel, practical, biosafe, and highly efficient cancer phototheranostics.
2. Results and discussion

The proposed probe, MBP, was synthesized via three steps, including
reduction of MB, coupling to a disulfide moiety, and click chemistry with
biotin-azide (Fig. 2A). MBP and the intermediates (S1~S3) were suc-
cessfully obtained and verified by HRMS and NMR (Supporting Infor-
mation, Scheme S1~S54). With the MBP in hand, its amphipathic
property was first investigated. Interestingly, MBP exhibits poor solu-
bility in aqueous solutions such as PBS and cell medium. Instead of
directly precipitating out, MBP can be stably dispersed in these aqueous
phases, resulting in a homogeneous and cloudy solution. Hence, we
speculated that MBP might self-assemble in aqueous solutions and form
stable homogenous nanoparticles, namely MBNPs. To verify this self-
assembly phenomenon, TEM (transmission electron microscopy) imag-
ing and DLS (dynamic light scattering) were used to characterize the
morphology of the potential nanoparticles. MBNPs can be prepared by
directly diluting the high concentration of MBP (10 mM) stocked in
DMSO to 2-40 uM with deionized water, PBS, or cell medium, and self-
assembly immediately occurs. As expected, homogeneous particles were
observed in the TEM imaging (Fig. 2B), and the average lateral size was
around 200 nm (Fig. 2C). Hence, the self-assembly ability of MBP was
successfully proved, and MBP can be easily prepared as nano-
formulation and applied to the following PDT tests.

Before the PDT tests, in vitro experiments were performed to eval-
uate the reaction between MBNPs and GSH. The reaction was first
monitored by TEM imaging. MBNPs (5 pM) were first dispersed in PBS,
and GSH (200 pM) was subsequently added. The mixture was incubated
at 37 °C and continuously monitored for the morphological change with
TEM imaging in different reaction stages. The results showed that as the
reaction of MBNPs and GSH proceeded, the nanoparticles progressively
collapsed, and the lateral size of the MBNPs continuously decreased
(Fig. 2D). After 8 h incubation, all the nanostructures were destroyed,
indicating a step-by-step activation and disassembling process from the
surface of the nanoparticles by GSH.

Next, HPLC analysis was performed to measure the reaction rate of
MBNPs with GSH. Briefly, MBNPs (200 pM) and GSH (2 mM) were
mixed in PBS and incubated at 37 °C, and the mixture was monitored at
different incubating periods by HPLC. The results showed that the MBP
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Fig. 2. (A) Synthetic scheme of MBP. (B) TEM image of MBNPs. (C) Size distribution of MBNPs, measured by DLS. (D) Analysis of MBNPs/GSH reaction by TEM

imaging. Scale bar = 0.5 pm.
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peak decreased as the incubation time increased until MBP was entirely
consumed after 8 h (Fig. 3A). In the meantime, a new peak represented
the MB product gradually raised in both 254 nm and 660 nm channels
(Fig. S1A-B), suggesting the production of MB under the GSH condition.
The absorbance and emission spectra of the reaction solutions were
measured simultaneously. The spectra displayed time-dependently
increased absorption (Aph.x = 664 nm) and emission (Apax = 690 nm)
spectra as the reaction proceeded (Fig. S1C-D), demonstrating the time-
dependent MBNPs/GSH reaction equilibrium. To better understand the
reaction kinetics of MBNPs and GSH, in vitro dose-dependent and time-
dependent analyses were further initiated. For the dose-dependent test,
MBNPs (5 pM) were dissolved in 1 mL of PBS (pH = 7.4), and GSH was
subsequently added in increasing concentration (0-200 pM). The mix-
tures were incubated at 37 °C for 2 h before the absorption and emission
profiles were measured. As expected, the spectra exhibited noticeable
boosts in both absorption (Apax = 664 nm) and emission (Apmax = 690 nm)
as the GSH concentration increased (Fig. 3B, Fig. S2A). Meanwhile, the
relation between absorbance at 664 nm (Agg4) or fluorescence at 690 nm
(Fgoo) and the GSH concentration was characterized as linear
(Fig. S2B-C). In addition, the fluorescent detection limit was calculated
as 191 nM. For the time-dependent test, the results suggested that
MBNPs (5 uM) reacted efficiently with GSH (200 pM) in 2 h, and the
reaction rate was determined as 0.83 M~ s™! (Fig. 3C, Fig. $3). After
that, reaction selectivity tests were performed to assess the response of
MBNPs to different potential interfering species. MBNPs (5 pM) were
co-incubated with 100 pM of each analyte in PBS. The mixtures were
further incubated at 37 °C for 2 h before the spectra were measured.
Compared to other stimuli, superior reactivity towards biothiols,
including Cys, Hcy, and GSH, was observed for MBNPs (Fig. 3D,
Fig. S4).

Subsequently, in vitro tests were set to investigate the photosensi-
tivity of MBNPs by evaluating ROS generation with 1,3-diphenylisoben-
zofuran (DPBF). As shown in Fig. 3E, the absorption of DPBF kept
decreasing as the laser irradiation duration increased during the 20 min
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test. Based on the absorbance change at 420 nm, the consumption of
DPBF was determined as first-order kinetics (Fig. S5). Moreover, nearly
71.5% of the DPBF was consumed by the end of the test. Hence, these
results implied the high ROS-generating ability of MBNPs under GSH
and laser irradiation treatment. Additionally, in vitro PA tests were
conducted to monitor the MBNPs/GSH reaction, considering the
excellent PA property of MB. MBNPs were prepared in PBS in different
concentrations (0-20 uM), and GSH (200 pM) was subsequently added.
The mixtures were incubated at 37 °C for 8 h before the PA spectra were
recorded. The PA results showed that under the GSH activation, the PA
signals of MB could be detected, and the intensity increased linearly as
the concentration of MBNPs increased (Fig. 3F), demonstrating the
excellent PA responsive capability of MBNPs. The PA responsive ability
of MBNPs (10 pM) was also measured with increasing amounts of GSH
(Fig. S6). Likewise, the PA signal enhanced linearly as the concentration
of GSH increased from O to 100 pM. Therefore, these PA results provided
theoretical support for the further application of MBNPs in vivo cancer
PA imaging.

Live-cell fluorescence imaging experiments were performed to
investigate the cellular uptake, localization, and action of MBNPs. Time-
dependent imaging was first conducted with HeLa cells, and the results
suggested that MBNPs (2 pM) can be efficiently ingested by HeLa cells
and progressively activated by endogenous GSH in 12 h (Fig. S8). The
red MB fluorescence mainly distributed in the cytoplasm became
observable within 2 h incubation and reached maximum intensity
around 12 h. Hence, 12 h after the treatment of MBNPs was recognized
as the optimal phase for cellular PDT experiments. Meanwhile, with the
prior treatment of N-ethylmaleimide (NEM, 1 mM, a GSH scavenger) for
30 min, the fluorescence significantly dropped in HeLa and A549 cells
(Fig. S9-10), suggesting the key role of GSH in the cellular action of
MBNPs. After that, MBNPs were subsequently applied to a cellular
imaging comparison between cancerous cells (HeLa, A549) and healthy,
normal human cells (HDF, NP69). These cells were treated with MBNPs
(2 uM) for 12 h, washed twice with PBS, and stained the nucleus before
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confocal imaging. Distinct fluorescence, representing the released MB,
was observed in the cytoplasm of cancer cells (Fig. 4, Fig. S11),
including HeLa and A549 cells. In sharp contrast, only faint MB fluo-
rescence was seen in normal cells, i.e., HDF and NP69 cells. Hence, these
imaging results demonstrated the remarkable specificity of MBNPs to-
wards cancerous cells and neglectable interference on normal human
cells. To better understand the different cellular actions of MBNPs in
cancerous and normal cells, the intracellular GSH levels were deter-
mined by Ellman’s reagent (DTNB) based on previous protocols [23,51].
As expected, significantly higher intracellular GSH levels were observed
in cancerous cells than in normal cells, and the GSH levels can be
reduced by treating MBNPs (Fig. S7). In addition, the cellular imaging of
MBNPs was analyzed with HeLa cells in the presence of exogenous GSH
and biotin (Fig. S12). It was observed that the responsive fluorescence
was significantly enhanced by the addition of extrinsic GSH (1 mM),
indicating the activation of MBNPs can be promoted by increasing
intracellular GSH levels. Furthermore, excessive biotin (1 mM) was
added as a competitor to interrupt the binding of MBNPs to the mem-
brane biotin receptors during the cellular uptake process. As a result, the
fluorescence was significantly inhibited, suggesting that MBNPs are
highly likely to target cancer cells via the overexpressed biotin re-
ceptors. Overall, these cellular imaging results illustrate MBNPs’
consistent self-assembly capability, robust GSH-reactivity, excellent
cancer-targeting ability, and high photosensitizing potency, which
bodes well for further PDT tests.

The in vitro tests and intracellular imaging have verified the GSH-
triggering capability and high ROS generating efficiency of MBNPs,
offering the potential for further application in cancer PDT. To this end,
MBNPs were next applied to a series of cell-based PDT tests. The dark
cytotoxicity and phototoxicity towards cancerous and normal cells were
first measured with Cell Counting Kit-8 (CCK-8). To our surprise, MB

DAPI MBNPs

Hela

A549
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exhibited appreciable dark cytotoxicity towards HeLa and HDF cells
(Fig. S13C). By contrast, MBNPs showed negligible dark cytotoxicity
towards both normal cells (HDF, NP69) and cancerous cells (HeLa,
A549) at high concentrations (Fig. S13A-B), indicating MBNPs’ low
cytotoxicity and excellent biosafety. This differentiable cytotoxicity is
probably because of the specific properties of MBNPs, such as molecular
neutrality, biocompatible nanoformulation, and smooth biological
metabolism process. By contrast, MB is a fully charged and highly
penetrable small molecule. Therefore, it may quickly spread into normal
cells and cause acute toxicity at a high dose in local cellular sub-
structures, such as mitochondria. As for phototoxicity, MB imposed high
phototoxicity on both HDF and HeLa cells with no significant difference
(Fig. S13C). In contrast, MBNPs exhibited no apparent phototoxicity
towards HDF cells (Fig. 5A), which can be explained by the low speci-
ficity of MBNPs towards HDF cells as observed in the cellular imaging
experiments. As the most ubiquitous cells in human dermis, HDF is
particularly susceptible during the PDT treatment. Hence, the low dark
and photo cytotoxicity of MBNPs on HDF cells could ensure the
biosafety during the PDT treatment. Meanwhile, MBNPs displayed
prominent phototoxicity and excellent PDT efficacy towards HeLa cells,
which could be attributed to the superb cancer-targeting ability of
MBNPs and more efficient cellular uptake by cancer cells over normal
cells.

To further investigate the phototoxic mechanism, cellular ROS gen-
eration was next evaluated in detail. As expected, cells treated with
MBNPs and laser irradiation presented significant cellular ROS levels
(Fig. 5B and 5C) compared to no laser-treated cells. By treating exoge-
nous GSH (1 mM), the resulting ROS levels decreased dramatically,
which is likely due to the scavenging of ROS by additional GSH,
although the high intracellular GSH levels may promote the activation of
MBNPs. The cellular ROS levels were also evaluated in HDF cells. In
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Fig. 4. Cellular imaging of MBNPs (2 pM) in cancerous and normal cells. Scale bar = 50 pm.
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Fig. 5. (A) Cell viability of HeLa and HDF cells treated with NIR laser irradiation (658 nm, 0.5 W/cm?) and MBNPs at different concentrations. Data represent mean
+ SEM (n = 5). (B) Cellular ROS evaluation of MBNPs (20 pM) by H,DCFDA (10 pM) in HeLa cells. Scale bar = 100 pm. (C) Fluorescence quantification in (B). (D)
Flow cytometry analysis of cell-based PDT with MBNPs. (E) Calcein-AM (green) and propidium iodide (PI, red) analysis of the cells underwent the MBNPs-based PDT
tests. Scale bar = 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

sharp contrast, the treatment of MBNPs and laser did not significantly
increase the ROS levels in HDF cells (Fig. S14). These results may
explain the high phototoxicity of MBNPs on cancer cells and low
phototoxicity on normal cells, as observed in the cell viability tests.
Next, flow cytometry analysis verified the apoptosis of cancer cells
induced by the co-treatment of MBNPs and laser irradiation. As shown
in Fig. 5D, no apparent cell apoptosis was seen in blank control or dark-
treated groups. However, the apoptosis became appreciable under co-
treatment of MBNPs and laser irradiation, and the apoptotic levels
increased with the treatment of more MBNPs. Ultimately, most cancer

cells were killed by treating 20 pM of MBNPs and 10 min of laser
treatment. Likewise, the live and dead dual-stain was performed with a
fluorometric Calcein-AM and PI assay to estimate the cell-based PDT
efficacy of MBNPs. As a result, the staining proved the excellent cellular
PDT efficacy of MBNPs (Fig. 5E). For laser-treated groups, the cell
apoptosis turned appreciable with 1.25 pM of MBNPs and reached
saturated by treating 20 pM of MBNPs. By that time, nearly all cancer
cells were killed. By contrast, all MBNPs-only treated groups (no laser)
displayed negligible cell apoptosis or cytotoxicity. Hence, these cell-
based PDT results demonstrate the high cancer-targeting ability,
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superior PDT efficacy, and excellent biosafety of MBNPs, providing
prospects for the following in vivo PDT studies.

Encouraged by the cell-based PDT outcomes of MBNPs, in vivo time-
resolved fluorescence imaging was then performed to evaluate the dis-
tribution and accumulation of MBNPs in tumor-bearing nude mice,
which may reveal the accurate tumor location and specify the biological
metabolism of MBNPs, thus guiding the in vivo PDT tests. The model
mice (female BALB/c nude mice with HeLa tumor) were prepared and
injected intravenously with the freshly prepared MBNPs (20 pM in 100
pL PBS). After the injection, the mice were monitored with the animal
imaging system. The in vivo fluorescence imaging was acquired and
shown in Fig. 6A. The fluorescence appeared first in the kidney area,
then gradually accumulated in the tumor area after injection, and
reached the highest level after 12 h. Later, the fluorescence signal
decreased as the MB was eliminated via the kidney and liver after 24 h.
Meanwhile, the major organs and tumors of mice treated with MBNPs
for 12 h were resected for ex vivo fluorescence imaging. As expected, the
ex vivo fluorescence imaging results exhibited the most vigorous fluo-
rescence intensity in the tumor region, while lower fluorescence was
seen in other organs (Fig. 6B—C). For a comprehensive assessment of the
internal metabolism of MBNPs, in vivo PA imaging was next utilized to
image the deeper region of the tumor. The PA imaging at the tumor site
was captured and analyzed after tail vein injection of MBNPs (20 pM in
100 pL PBS). Similarly, the activation and accumulation of MB in the
tumor area were observable 2 h after the injection of MBNPs, and the PA
intensity was time-dependent and reached the maximum level within
12 h (Fig. 6D). The released MB were then gradually metabolized and
eventually eliminated in 36 h. According to the PA signal intensity
quantification (Fig. 6E), the strongest PA signal was noticed around 12 h
after the injection, implying the optimal phototherapeutic stage. Alto-
gether, in vivo fluorescence and PA imaging successfully demonstrate
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MBNPs’ excellent cancer-targeting capability, cancer responsive reac-
tivity, and favorable biodegradability, which offers a powerful approach
for tumor imaging and instructs the succeeding in vivo PDT
experiments.

Inspired by these in vivo fluorescence and PA imaging results,
MBNPs were finally applied to in vivo cancer PDT experiments. The
female BALB/c nude mice bearing HeLa tumor were established as the
cancer model and treated intravenously with freshly prepared MBNPs
(20 pM in 100 pL PBS). After 12 h, the tumor area was irradiated with
the 658 nm laser for 10 min. Mice’s body weight and the tumor volume
were recorded every two days until sacrificed on day 14. The tumor from
each group was extracted and photographed respectively. According to
the relative tumor volume change shown in Fig. 7A, the tumor growth
was significantly suppressed by the treatment of MBNPs and laser
irradiation. Consequently, mice treated with MBNPs and laser exhibited
far less tumor weight and volume than other control groups on day 14
(Fig. 7B-C). In contrast, control mice, including the dark-treated or laser-
only-treated, gained significant tumor growth during the 14 days. Of
note, no apparent body weight loss was seen for all mice (Fig. 7D),
indicating the negligible toxicity of these therapeutic regimens on the
mice. Next, H&E (Hematoxylin and eosin) stain and TUNEL (Terminal
deoxynucleotidyl transferase dUTP nick end labeling) assay were con-
ducted to inspect the necrosis and apoptosis levels inside tumor tissues
induced by the PDT treatments. As shown in Fig. 7E, cells of cancer
tissues that underwent the MBNPs-based PDT treatment were trans-
formed from original fiddle-shaped or polygonal smaller to round, nu-
clear pyknosis or fragmentation. By comparison, no significant
transformation was noticed for other control groups. For TUNEL anal-
ysis, compared with mice from control groups, high tumor necrosis
levels and massive TUNEL-positive cells were noted in MBNPs and laser
co-treated mice. These results suggested the high efficiency of MBNPs in
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inducing cancer cell necrosis and apoptosis during the PDT experiments.
In addition, tissues of major organs, including the heart, liver, spleen,
lung, and kidney, were collected from mice that underwent the PDT
experiments for H&E stain to assess possible histological changes. The
results showed no evident damage to tissues or organs in all groups after
the corresponding treatments (Fig. S15), suggesting insignificant histo-
logical abnormalities or lesions. At last, the routine blood tests were
systematically established to examine the side effects and overall
interference of the in vivo PDT treatment. All parameters remained at
normal levels for the mice, implying that no apparent infection or
inflammation was caused by the PDT treatments (Fig. S16). Overall,
these results demonstrate the excellent therapeutic efficacy of MBNPs
for in vivo cancer PDT and prove the reliable biological safety and
biocompatibility of this versatile nano-photosensitizer.

3. Conclusion

To summarize, we have developed a GSH-triggered, activatable, and
cancer-targeting probe, MBP, based on our rational design of a small
NIRF photosensitizer, methylene blue. This multifunctional probe can
self-assemble and present as nano-photosensitizer, MBNPs. Hence, an
“all-in-one” cancer phototheranostic strategy with multiple cancer-
targeting abilities and upgraded PDT mode has been proposed and
established. The specific activation of MBNPs by GSH has been suc-
cessfully verified by a series of in vitro tests. Then, MBNPs were applied
to cellular experiments to investigate their action and mechanism in
cancer cells. As expected, cellular imaging of MBNPs displays excellent
specificity and high functionality towards cancer cells. Meanwhile,
cellular PDT results demonstrate the high therapeutic precision and
superior PDT efficacy of MBNPs. Hence, this nano-photosensitizer was
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finally applied to in vivo imaging-guided cancer PDT experiments. In
vivo fluorescence and PA imaging illustrate the distribution and bio-
logical action of MBNPs in tumor-bearing mice. Based on the imaging
guidance, MBNPs can be smoothly implemented in mice model-based
PDT tests. Consequently, in vivo PDT experiments demonstrate the
remarkable PDT efficacy and precision of MBNPs in tumor ablation.
Meanwhile, the biological safety of the PDT treatment with MBNPs has
been assured. Overall, this study has developed a versatile small
fluorophore-based nano-photosensitizer integrated with multiple cancer
therapeutic properties. This “all-in-one” tactic achieves synergistic
fluorescence/PA-guided cancer phototheranostics with superior quali-
ties, including good biosafety, excellent therapeutic efficacy, and high
therapeutic precision. It is anticipated that this nano-photosensitizer and
strategy could eventually be applied to future clinical studies for cancer
treatment.

4. Methods
4.1. Materials and instruments

Vendor information for chemicals used in this study: methylene blue
(methylthioninium chloride, Sigma-Aldrich); 2,2’-disulfanediylbis
(ethan-1-ol) (Sigma-Aldrich); 3-bromoprop-1-yne (J&K); sodium
dithionite (Sigma-Aldrich); N,N-diisopropylethylamine (DIEA, J&K);
glutathione (GSH, Sigma-Aldrich); copper sulfate pentahydrate (Sigma-
Aldrich); Sodium bicarbonate (Sigma-Aldrich); bis(trichloromethyl)
carbonate (triphosgene, J&K); 4-dimethylaminopyridine (DMAP, J&K);
Biotin-PEGs-Azide (Sigma-Aldrich); 5,5-dithio-bis-(2-nitrobenzoic acid
(DTNB, Sigma-Aldrich); sodium ascorbate (Sigma-Aldrich); N-ethyl-
maleimide (NEM, J&K); D-biotin (Acros); 1,3-diphenylisobenzofuran
(DPBF, Sigma-Aldrich). 2’,7’-dichlorodihydrofluorescein diacetate
(HoDCFDA, Sigma-Aldrich). All chemical reagents were obtained from
vendors and used without purification. CCK-8 and Calcein-AM/PI Assay
were purchased from Dojindo. Dead Cell Apoptosis Kit was supplied by
KeyGen Biotech. H&E Stain and TUNEL Kit were obtained from Abcam.
658 nm NIR laser was supplied by Xi’an Bohr Optoelectronics Tech-
nology. The laser power was used at 0.5 W/cm? in this study. TEM
imaging was conducted on JEM-2010HR (200 kV).

4.2. ROS determination

MBNPs (10 pM) and GSH (200 pM) were mixed and incubated in PBS
at 37 °C for 2 h. Then, the mixture was irradiated with the 658 nm laser
for 20 min after 1,3-diphenylisobenzofuran (DPBF, 20 pg/mL) was
added, and the absorption spectra were measured continuously.

4.3. Cellular imaging

Cells were seeded in the dishes with glass bottoms and grown to 50%
confluence. Next, cells were treated with freshly prepared MBNPs (2
pM) in the cell medium in the presence or absence of inhibitors (NEM,
biotin). After incubation for 12 h, the cells were gently washed three
times with PBS, followed by nucleus staining. Fluorescence images were
then captured on confocal microscopy (LSN880, Zeiss).

4.4. Estimation of intracellular GSH levels

Cells were seeded in the dishes and grown to 80% confluence. Cells
were then treated with fresh medium with/without MBNPs (20 pM) for
12 h. Next, cells were washed with PBS, digested with trypsin, and
collected for cell number calculation. Cells (5 x 10°) were lysed with
200 pL of RIPA lysis buffer on ice for 30 min. After centrifugation at 4 °C
for 15 min (10,000 rpm), the supernatant was collected. 10 pL of the
resulting lysate was mixed with 50 pL of DTNB (0.5 mM in PBS) and
incubated at r.t. for 15 min before the absorbance at 405 nm was
measured by a plate reader. The GSH concentration of the lysate was
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calculated based on a standard GSH/DTNB absorbance curve measured
under identical conditions.

4.5. Cell viability assay

For the dark toxicity, cells were transferred to 96-well microplates
(5000 cells per well) to adhere overnight, followed by incubation under
MB or MBNPs (0-40 pM) containing medium for 24 h. Then, the CCK-8
reagent (10 pL/well) was added and incubated for 30 min. Afterward,
the plates were applied to a plate reader (VICTOR NivoTM Multimode
Plate Reader, PerkinElmer) to detect the absorbance at 450 nm (A4sg).
For phototoxicity, the cells were treated with MB or MBNPs containing
medium for 12 h before being irradiated with the laser for 10 min, fol-
lowed by further 12 h culture, treatment of CCK-8, and absorbance
determination. Cell viability was calculated as V = (A - Ag)/(As - Ag) %
100%. A represents the A4so of MB/MBNPs treated groups, Ag represents
the A4s9 of the DMSO group, and A represents the Ayso of the blank
group.

4.6. Intracellular ROS evaluation

The cellular ROS levels were determined by Cellular ROS Assay Kit.
HeLa or HDF cells were cultured in 12-well plates (5 x 10* cells per well)
for confluence. The next day, cells were washed with PBS and then
treated with freshly prepared MBNPs-containing medium (20 pM) for
12 h. Subsequently, the cells were treated with 2’,7’-dichlorodihydro-
fluorescein diacetate (10 uM, HoDCFDA) in the dark for 20 min. Then,
the cells were rewashed with PBS, and the experimental group was
irradiated with the 658 nm laser for 10 min. Finally, the cells were
deployed to a fluorescence microscope for imaging and quantified by
ImagelJ.

4.7. Cell apoptosis analysis

The cell apoptosis was investigated with Dead Cell Apoptosis Kit.
HeLa cells were grown in 12-well microplates (5 x 10* cells/well) to
adhere, followed by treatment of MBNPs-containing medium (0-20 pM)
for 12 h. Subsequently, experimental groups were treated with the laser
for 10 min. After that, Cells were cultured for another 24 h before
analysis by flow cytometry (CytoFLEX).

4.8. Calcein-AM/PI assay

The cell-based PDT efficiency of MBNPs was estimated by the
Calcein-AM/PI Assay. HeLa cells were first grown in 12-well microplates
(10° cells/well). Following that, the cells were treated with MBNPs
containing medium (0-20 pM) for 12 h. Laser irradiation (10 min) for
experimental groups was conducted. The cells were further cultured for
24 h before Calcein-AM/PI stain and visualization by fluorescence mi-
croscope (Eclipse Ti2, NIKON).

4.9. Establishment of tumor mouse model

In vivo experiments were authorized by the Administrative Com-
mittee on Animal Research, Sun Yat-sen University (Approval No. SYSU-
IACUC-2020-000321). Female BALB/c Nude mice (4-5 weeks) were
obtained and fed in the pathogen-free animal room. HeLa cells (100 pL,
106 cells) were subcutaneously injected into the right hip of the mice to
initialize the xenograft model. The tumor volume (V) was measured as:
Vi = 0.5 x length x width?. V¢/V was the relative tumor volume. Vy is
the original tumor volume before the phototherapy. The PDT experi-
ments were launched as the volume reached 100 mm?>.

4.10. In vivo fluorescence and PA imaging

The female BALB/c Nude mice were treated intravenously with
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freshly prepared MBNPs (20 pM in 100 pL PBS). The tumor and main
organs were inspected at different duration by an in vivo imaging system
(Night OWL II LB 983, Bertold). For PA imaging, the mice were treated
with MBNPs (20 pM in 100 pL PBS) via intravenous injection and
monitored by a small animal PA imaging system (Vevo LAZR Imaging
System, Fujifilm VisualSonics) at different stages.

4.11. In vivo PDT experiments

The mice were divided into 4 groups randomly (n = 5) before
treating with the following schemes via intravenous injection respec-
tively: (1) MBNPs (20 pM in 100 pL PBS) with laser irradiation; (2)
MBNPs (20 pM in 100 pL PBS) without laser irradiation; (3) Laser
irradiation only; (4) PBS only (100 pL). 12 h after the injection, mice
from schemes (1) and (3) were irradiated with the laser (658 nm) for 10
min. Tumor volumes and body weights were recorded every 2 days until
the mice were sacrificed on day 14, and the tumor was isolated and
imaged.

4.12. Histopathological and immunohistochemical analysis

After the PDT experiments, the H&E stain and TUNEL analysis were
performed to evaluate the apoptosis and necrosis levels in tumor tissues.
The mice were sacrificed on day 14, and the major organs were collected
and sliced for H&E and TUNEL staining. Then, stained slices were
examined and imaged with microscopy.

4.13. Blood routine examination

Blood samples of mice from the PDT experiments were collected
from the eye sockets on day 14. The standard hematology markers were
measured, including white blood cells, lymphocytes, monocytes,
neutrophilic granulocytes, lymphocyte percentage, monocyte percent-
age, neutrophilic granulocyte percentage, red blood cells, hematocrit,
mean corpuscular volume, RBC distribution width-CV, and platelet
count.
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