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ABSTRACT: Immunotherapy combined with phototherapy is
emerging as a promising strategy to treat omnipotent cancers.
In this study, a clustered regularly interspaced short
palindromic repeats (CRISPR)-associated protein 9 (Cas9)
system, aggregation-induced emission (AIE) photosensitizer
(PS) and surface coating of polyethylene imine/hyaluronic acid
were combined to construct a multifunctional nanoplatform,
denoted as TCPH nanoparticles (NPs), for comprehensive
cancer theranostics. TCPH NPs are featured by intrinsic
functions including efficient reactive oxygen species (ROS)
production, good photothermal conversion, programmed death-
ligand 1 (PD-L1)-eliminating capability, and effective intra-
cellular transport. The generated ROS and hyperthermia do not
only achieve primary tumor elimination but also regulate the tumor immune microenvironment. Genomic disruption of PD-
L1 conspicuously augments its therapeutic efficacy, especially in tumor metastasis and recurrence. Exceptional multimodal
imaging navigation has also been developed. Excellent theranostics performance was substantiated in diverse tumor models,
implying that this synergistic strategy of phototheranostics and immunotherapy provides a paradigm shift in emerging
CRISPR-mediated nanomedicines.
KEYWORDS: immunotherapy, phototherapy, cancer theranostics, CRISPR, aggregation-induced emission

The past decades have witnessed prosperous advancements in
immunotherapy consolidating its importance in cancer
therapy, among which, the immune checkpoint blockade
(ICB) is of substantial clinical superiority with a subset of
patients experiencing durable tumor regression.1−3 Pro-
grammed death-ligand 1 (PD-L1), which is commonly
upregulated on the surface of tumor cells, inhibits antitumor
T-cell immunity processes including cytolytic activity,
proliferation, and cytokine release, by binding to programmed
death 1 (PD-1) expressed on lymphocytes.4−6 Blocking PD-1/
PD-L1 has been highlighted as one of the most important
strategies for suppressing antitumor immunity, and mono-
clonal antibodies directed at PD-L1 have been approved by the
US Food and Drug Administration.7−11

Considering that PD-L1 monoclonal antibodies are facing
the drawbacks of immune-related adverse events, new
technologies are urgently needed. Recently, the clustered
regularly interspaced short palindromic repeats (CRISPR)-
associated protein 9 (Cas9) system, composed of a Cas9
nuclease and a single guide RNA (sgRNA), has emerged as a

promising technology for treating various diseases through
transformational genome editing of target tumorigenic or
antitumorigenic genes.12−19 The direct suppression of PD-L1
expression in tumor cells through CRISPR-Cas9 genome
editing enjoys superiorities in terms of specificity and
efficiency, and is considered highly promising for cancer
immunotherapy.20 Despite this significant progress, ICB
response rates vary across tumor types, and CRISPR suffers
from low targeting efficiency, leading to unsatisfactory
therapeutic efficiency in clinical trials.21,22

In order to improve the targeting and editing efficiency in
gene therapy, it is essential to exploit advanced strategies in
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delivering CRISPR-Cas9 system.23 Cas9 protein delivery
avoids many problems encountered during the transcription
and translation of DNA and mRNA, enabling rapid editing
with low immune responses and weak off−target activity.
However, therapeutic delivery of Cas9 protein is currently
limited due to the degradation or denaturation during
formulation and blood circulation, which further hinders the
therapeutic application.24 Thus, it is imperative to formulate
multifunctional materials that hold merits of efficient delivery
strategies and multifarious therapeutic models to improve
cancer treatment outcomes.25,26

As a promising protocol employing light to generate
localized reactive oxygen species (ROS) for conducting
photodynamic therapy (PDT) and hyperthermia for imple-
menting photothermal therapy (PTT), phototherapy has been
eagerly pursued in the field of tumor therapy by virtue of its
noninvasive and spatiotemporally controllable features.27,28

Apart from directly killing malignant cells through ROS or
hyperthermia, phototherapy also emerges as a favorable
modality to induce immunogenic cell death (ICD), which
can reshape the tumor microenvironment by releasing tumor-
associated antigens as immunostimulatory “danger” sig-
nals.29−33 Furthermore, the activation of tumors by photo-
therapy negatively upregulates the expression level of PD-L1,
which accounts for the immune regulation mechanism in
tumor cells. Accordingly, the ingenious construction of
versatile system allowing simultaneous CRISPR-Cas9 ge-
nome-mediated immunotherapy and synergistic phototherapy
would be vitally important.
Given the circumstances, photosensitizers with aggregation-

induced emission (AIEgens) features are admirable candidates
to implement synergistic phototherapy even multimodal
phototheranostic, due to their prominent performance in

both phototherapy and imaging navigation, including fluo-
rescence imaging (FLI), photoacoustic imaging (PAI) and
photothermal imaging (PTI), providing high diagnostic
sensitivity and temporal resolution.34,35 To facilitate the
practical applications of AIEgens, various proteins, including
bovine serum albumin (BSA) and fetal bovine serum (FBS),
have been widely used in loading and delivering AIEgens.36,37

The unique fold structure of proteins endows AIEgens with
ideal accommodation through a mechanism of restriction of
intramolecular motions (RIM), and improves surface proper-
ties of AIEgens through system engineering, encompassing
stability, compatibility, and functionality in physiological
environments.34,38,39 Consequently, it is highly necessary to
fabricate preeminent AIEgens-based protein nanoplatforms for
comprehensive cancer phototheranostics outcomes.
In this study, we developed a multifunctional nanoplatform

for potent cancer theranostics, denoted as TCPH, through a
layer-by-layer electrostatic adsorption process (Scheme 1A).
First, a typical AIEgen, namely TTT, was encapsulated in the
pleated interspaces of the Cas9 protein, which amplified
fluorescence emission by supplying compact accommodation.
Together with the sgRNA plasmid, designed to target PD-L1,
the composites were enveloped by the fluorinated polyethylene
imine (PEI), kind of low toxicity cationic polymer reported by
our group, which enabled lysosomal escape and facilitated
nuclear transport afterward by the nuclear localization
sequence (NLS) of the Cas9 protein.40,41 Hyaluronic acid
(HA), a natural polysaccharide found in the extracellular
matrix and synovial fluids of the body, has been investigated as
a targeting moiety for cancer therapy through the interaction of
cluster of differentiation 44 (CD44), which is a cell−surface
receptor overexpressed in various solid tumors compared with
normal tissues.42,43 Impressively, HA is featured of high

Scheme 1. Schematic illustration of Nanofabrication and Versatile Theranostic Application. (A) Construction of TCPH NPs
using an Assembly Strategy. (B) Illustration of the Application of TCPH NPs on NIR-I/II FLI/PAI/PTI Trimodal Imaging-
Guided PDT/PTT/Immunotherapy in Synergistic Cancer Theranostics
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biocompatibility and biodegradability. Rich hydroxyl and
carboxyl groups and negative charge characteristics of HA
are beneficial for binding hydrophobic substance with positive
charge. In addition, another advantage of HA as a carrier is that
it can be degraded by enzymes which are overexpressed in the
tumor environment resulting in the release of internal cargo.44

The downregulation of PD-L1 expression by CRISPR-Cas9
technology restores the antitumor activity of T cells and
suppresses tumor cell growth. In contrast, TTT molecules play
pivotal roles in phototheranostics, providing sufficient ROS/
heat and excellent imaging performance upon NIR laser
irradiation. Meanwhile, a slight temperature increase is
commendable in impeding the tumor thermo-resistance effect,
turning cold tumors to hot tumors, improving immunotherapy
outcomes.45−47 Particularly, it has been shown that the second
near-infrared (NIR-II, 1000−1350 nm) optical window
fluorescence of TTT offers additional advantages such as
reduced photon scattering, low tissue background, and deeper
tissue penetration.48,49 Consequently, multimodal imaging
(FLI/PAI/PTI) guided synergistic phototherapy-immunother-
apy has been realized for potent cancer phototheranostics in

various models, which poses immense potential for clinical
applications (Scheme 1B).

RESULTS AND DISCUSSION
Construction, Characterization, and Structural-Activ-

ity Investigation. TTT are structurally featured by extended
π-conjugation length, strong electron donor−acceptor−donor
(D−A−D) effect and twisted conformation.50 The AIE
tendency of TTT was determined by comparing its photo-
luminescence (PL) intensity in toluene and dimethyl sulfoxide
(DMSO) mixtures with different toluene fractions (Figure S1),
where the PL intensity gradually increased along with the
addition of toluene (Figure 1A). The maximum absorption
peak of TTT in DMSO was at 544 nm, and its maximum
emission peaked at 789 nm (Figure 1B, dashed line). Due to
the addition of proteins and their confinement effect, the
absorption band of TCPH increased remarkably in the UV
region, and a dramatic bathochromic shift of approximately
114 nm was observed in the emission spectrum (Figure 1B,
solid line), which extended to the NIR-II region.

Figure 1. Construction and characterization of TCPH. (A) Plots of the relative emission intensity (I/I0) versus the toluene fraction. I0 and I
are the peak values of the PL intensities of TTT in DMSO and DMSO/toluene mixtures, respectively. (B) Normalized absorption and PL
spectra of TTT in the DMSO solution (dash line) and TCPH in water (solid line). (C) The PL spectra when increasing concentrations of
Cas9 were introduced into 1 μg/mL TTT aqueous solution. (D) The maximum ratio of PL intensity between TTT and TC when TTT and
Cas9 were present in weight ratios of 0.01:1, 0.05:1, 0.1:1, 0.5:1, and 1:1, respectively. (E) The molecular docking model of TTT and Cas9.
(F) The TEM image of TCPH NPs. (G) The size distribution of TCPH NPs in an aqueous medium. (H) The zeta potential of TTT, TC,
TCP, and TCPH in aqueous medium. (I)The particle size tracking of TTT NPs and TCPH NPs stored in PBS at 4 °C for 7 days. (J) ROS
generation by TCPH upon 660 nm laser irradiation (0.3 W/cm2) in contrast with Ce6, indicated by DCFH-DA. (K) Linear time data versus
-ln θ obtained from the cooling period versus negative natural logarithm of the driving force temperature for TCPH.
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According to the unique characteristics of AIEgens, the
aggravated confinement environment resulting from the
protein constraints is considered responsible for the changes
in optical properties. To verify this conjecture, Cas9 (0−8 μg/
mL) was introduced into TTT aqueous solution (1 μg/mL) in
increasing quantities. Along with the addition of Cas9, the PL

intensity of the composites gradually increased, accompanied
by a discernible bathochromic shift of 32 nm, which implied a
conformational change in TTT (Figure 1C). Furthermore,
increasing amounts of TTT were introduced into a fixed Cas9
aqueous medium, where the weight ratios of TTT and Cas9
were 0.01:1, 0.05:1, 0.1:1, 0.5:1, and 1:1. As evident from the

Figure 2. In vitro antitumor study of TCPH in 4T1 tumor cells. (A) Cell viability of 4T1 cells incubated with TCPH for 24 h at various doses
with or without 660 nm laser irradiation (0.3 W/cm2, 10 min), determined by the CCK-8 assay (mean ± standard deviation, n = 6). (B) WB
patterns of 4T1 cells after different treatments. (C) Intracellular ROS generation (upper row), live/dead cell staining (middle row), and
comet assay (lower row) of 4T1 cells after different treatments. (D) CLSM images of 4T1 cells after incubation with TCPH or TTT NPs at 1,
3, and 6 h, including TTT channel (red), the lysosome channel and the mitochondrion channel (green) and nuclear channel (blue). (E)
Schematic illustration of the intracellular transport process of TCPH NPs. (F) Immunofluorescence staining of 4T1 cells showing HSP70
after the different treatments. (G) Analysis of the HMGB1 and (H) ATP quantities in each group after different treatments.
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PL spectra and the corresponding maximum intensity ratios
(Figures 1D and S2), the amplification effect reached a peak
when the weight ratio of TTT to Cas9 was ultimately 0.1:1,
which was determined to be the optimal feeding ratio.
Molecular docking calculations were performed to validate

the interaction between TTT and Cas9 (Figure 1E). The
benzothiazole segment was buried in a groove surrounded by
HIS-328, ILE-363, and TYR-325 through a π−π stacking with
HIS-328. The triphenylamine moiety is occupied the well-
tailored pocket formed by the residues HIS-160, ALA-157, and
LEU-153 through a T-shaped π−π interaction with HIS-160.
Detailed calculations demonstrated that the major interactions
between TTT and Cas9 were hydrophobic (Figures S3 and
S1), and the lowest binding energy was −8.47 kcal/mol,
indicating a promising construction strategy for hydrophobic
PSs.
Transmission electron microscopy (TEM) and dynamic

light scattering (DLS) were used to examine the morphology
of the developed TCPH nanoparticles (NPs), which were
deciphered as uniform nanospheres with a mean diameter of
approximately 191 nm (Figure 1F,G). The existence of TTT in
TCPH NPs was evidenced by energy dispersive spectrometer
element analysis, where the weight ratio of S, contributed by
TTT, was determined as 4.02%. Furthermore, a recurrent
reversal of the surface potential was observed, accompanied by
a lay-by-lay absorption process for each component, which
eventually resulted in a slightly negative surface, which was
beneficial for blood circulation (Figure 1H). Because of their
physiologically stable structure, TCPH NPs exhibited consid-
erably superior stability compared to bare TTT NPs. When
stored in phosphate-buffered saline (PBS) at 4 °C,
imperceptible changes in the size of TCPH NPs were observed
at 168 h, whereas obvious precipitation of TTT NPs was
observed within 24 h, which resulted in undetectable size
distribution (Figure 1I). Physiological stability is essential for
subsequent in vivo studies.
TCPH NPs possessed excellent capabilities for ROS

generation and photothermal conversion, which inherited
from TTT molecules. ROS generation was assessed using
dichlorodihydrofluorescein diacetate (DCFH-DA) as an
indicator, the fluorescence of which can be triggered by
ROS. A sharp increase in PL intensity was observed in the
TCPH sample compared to the commercial PS chlorin e6
sample (Ce6) (Figures 1J and S4). Specifically, the ROS
species produced by TCPH NPs were discriminated to be
•OH and •O2

−, as indicated by diverse indicators (Figure S5).
Furthermore, the photothermal conversion performance of
TCPH was evaluated, which demonstrated excellent photo-
thermal conversion capability and long-term stability (Figures
1K and S6). Overall, excellent antitumor performance can be
guaranteed in potent phototherapy.

Intracellular Function Route and Antitumor Perform-
ance Investigation. Before in vivo therapeutic investigation,
it is necessary to confirm the effectiveness of the designed
TCPH NPs against cancer cells. The light-induced tumoricidal
effects of TCPH on 4T1 cells were investigated using a CCK-8
assay (Figure 2A). TCPH NPs were faintly toxic to 4T1 tumor
cells in the dark at the tested concentration range of 0−100
μg/mL, indicating their extraordinary biosafety intuitively. At
660 nm laser irradiation, the profiles of cell viability versus
TTT concentration exhibited an IC50 value (the concentration
causing 50% growth inhibition) of 6.8 μg/mL, manifesting the
phototherapy-triggered tumoricidal effects. Western blot (WB)

analysis demonstrated that PD-L1 expression was apparently
suppressed by 75% in 4T1 cells treated with TCPH NPs after
genome editing for 48 h (Figure 2B). T7 endonuclease I
(T7EI) digestion assays were also employed to determine the
gene editing efficiency. In the samples treated with PBS, TTT,
and TTT + L, gel electrophoresis revealed a single band at 269
bp, indicating no gene editing had occurred. In contrast, the
samples from the TCPH and TCPH + L groups displayed two
distinct bands: one at 269 bp and another at approximately
134 bp, which implying that gene editing had taken place near
this location (Figure S7). The indel frequency, induced by
TCPH + L, reached 64.1%, which was similar to that in TCPH
(64.7%). These results indicated the significant gene-editing
performance of the CRISPR-Cas9 system in our case.
Their intracellular performances were investigated. Intra-

cellular ROS generation was indicated by DCFH (Figure 2C,
upper row). The introduction of laser irradiation on both TTT
and TCPH-treated 4T1 cells resulted in bright green
fluorescence, whereas the absence of laser irradiation resulted
in nonfluorescence, disclosing the feasibility and controllability
of ROS generation under NIR-mediation. Furthermore, calcein
and propidium iodide (CA/PI) double staining was applied to
distinguish between live (green) and dead (red) 4T1 cells
(Figure 2C, middle row). As predicted, numerous dead 4T1
cells were observed in the TTT + L group and the TCPH + L
group, indicating their excellent photoablation capabilities
against cancer cells.
Subsequently, the extent of DNA damage in treated 4T1

cells was assessed using the comet assay, where the degree of
DNA damage was signified by the tail length of fluorescence-
stained DNA. As preconceived, the most pronounced comet
tails were observed in the TCPH + L group, whereas the TTT
+ L group exhibited moderate comet tails (Figure 2C, lower
row). In detail, 68.59% DNA damage was observed in the 4T1
cells in the TCPH + L group, which starkly contrasted with
that in other control groups, as substantiated by the statistical
results of the tail DNA percentage (Figure S8). The olive
moment and tail moment analyses results demonstrated that
phototherapy-induced DNA damage was further exacerbated
with the assistance of the CRISPR delivery system, which was
further exacerbated in the following context.
To evaluate the intracellular delivery route of TCPH NPs, a

colocalization analysis of TCPH and TTT NPs with various
subcellular organelles in 4T1 cells was performed. The nuclear,
lysosomes, and mitochondria were stained with 4′,6-
diamidino-2-phenylindole (DAPI), Lyso Tracker Green, and
MitoTracker Green, respectively (Figure 2D). In the first hour,
TCPH NPs were efficiently captured by lysosomes with a
Pearson colocalization coefficient of 73.13%, whereas some
TTT NPs still enrich on the cell membrane. Benefiting from
the proton sponge effect of PEI, TCPH NPs effectively
escaped from the lysosomes and entered mitochondria after 3
h of incubation, with a Pearson colocalization coefficient of
83.05% (Figures 2D and S9). Approximately 6 h later, due to
the NLS of the Cas9 protein, red fluorescence of TCPH was
observed in the nuclear region, especially in the nucleolus
(Figures 2D and S10). In contrast, in the absence of PEI, TTT
NPs were always harbored in lipid droplets or lysosomes,
rather than in the mitochondria or nuclei (Figure 2D, lower
row, and Figure S11). The aforementioned intracellular
delivery route of TCPH NPs is intuitively illustrated in a
schematic illustration (Figure 2E). As anticipated, the designed
TCPH NPs exhibited exceptional performance in endocytosis,
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lysosomal escape, and nuclear targeting, which were beneficial
for theranostics afterward.
ICD in tumor cells was investigated by analyzing the release

of several damage-associated molecular patterns (DAMPs),

that can bind to pattern recognition receptors on the surface of
DCs, initiating a series of cellular reactions, and ultimately
activating innate and adaptive immune responses. Heat shock
protein 70 (HSP 70) is a member of the HSP family, and HSP

Figure 3. In vivo multimodal imaging of TCPH on 4T1 tumor-bearing BALB/c mice. (A) In vivo NIR-I and NIR-II FLI of mice after
intratumoral injection of TCPH at different monitoring times and positions. (B) Ex vivo NIR-I FLI and NIR-II FLI of major organs and
tumors harvested from the euthanized mice. (C) The corresponding normalized PL intensity of tumors and (D) major organs/tumors
harvested from the euthanized mice. (E) PAI of tumor after intratumoral injection of TCPH at different monitoring times. (F) PTI and (G)
the heating curves of tumor sites after 660 nm laser irradiation (0.3 W/cm2), 24 h postinjection of TCPH.
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Figure 4. Antitumor efficacy of TCPH in a unilateral subcutaneous 4T1 tumor model. (A) Schematic illustration showing the in vivo PDT/
PTT/immunotherapy experimental procedure. (B) Tumor volume and (C) body weight of mice after different treatments. (D)
Representative H&E, TUNEL, and Ki67 staining analyses of tumor tissues and H&E staining of liver and kidney tissues after 7 d of various
treatments. TUNEL positive cells were stained in green. (E) Tumor resection and (F) hemolysis test after various treatments. (G) Hepatic
function and renal function tests of mice after various treatments. (H) WB patterns and (I) various cytokines level in mice of 3 d
postinjection. (J) Representative flow cytometry plots of the percentages of mature DCs (CD86+/CD80+) in the TDLNs.
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70 was usually activated to protect cells from high temper-
atures. Calreticulin (CRT) is a pivotal molecular chaperone
protein involved in the immune response to tumors. As
demonstrated by the immunofluorescence images, the amount
of HSP 70 in the nuclear and CRT in the cytoplasm distinctly
increased after TCPH + L treatment (Figures 2F and S12),
which implied a thermal and immune response after the
intervention. High mobility group box 1 (HMGB1) and
adenosine-triphosphate (ATP) are highly correlated with ICD.
As demonstrated by the enzyme-linked immunosorbent assay
(ELISA), the intracellular secretion of HMGB1 increased and
that of ATP decreased after diverse therapeutic interventions
(Figure 2G,H). As anticipated, TCPH + L-mediated
synergistic phototherapy-immunotherapy can efficiently induce
ICD and promote antitumor effects.

Multimodal Diagnosis Performance on Different
Models. The in vivo multimodal diagnosis performance was
executed on unilateral, bilateral, and orthotopic subcutaneous
4T1 tumor models. Intratumoral injection was selected rather
than intravenous injection (IV injection) due to the superior
performance in accumulation and retention. The IV injection
was carried out but the result is unsatisfactory. The
biodistribution of TCPH NPs was visualized by in vivo NIR-
I and NIR-II FLI of 4T1 tumor-bearing BALB/c mice (Figure
S13). Apart from tumor, obvious retention was observed in
liver, spleen, lung, which implied the insufficient targeting
effect during the in vivo delivery and the ineluctable damages
to normal tissues. Furthermore, almost indistinguishable
fluorescence was observed in the NIR-II FLI due to the
relatively low quantum yields of TCPH NPs in NIR-II, which
exacerbated the imaging performance as a result. Thus, for
higher efficiency in navigation and therapy, direct injection was
employed rather than IV injection. After intratumoral injection
of TCPH NPs, their distribution in tumors was determined by
real-time monitoring using NIR-I and NIR-II FLI. Strong
fluorescent signals were obtained in the initial 24 h
postinjection period and gradually weakened due to organ
metabolism (Figure 3A,C). After 96 h, tumor resection was
successfully performed under FLI navigation in the unilateral
and bilateral subcutaneous 4T1 tumor models (Figure S14).
Furthermore, mice were sacrificed and the ex vivo FLI of
isolated tissues was captured, including the heart, liver, spleen,
lung, kidney, and tumor (Figure 3B,D). Compared to other
major organs, overwhelming fluorescence was observed in the
flank tumors, manifesting the excellent specificity of TCPH
NPs for tumors. Lung metastasis was observed as sporadic
NIR-II FLI signals in the orthotopic subcutaneous 4T1 tumor
model alone, implying the potential of TCPH NPs in tracking
lung metastasis.
The intensity of the photoacoustic signal at the tumor site

was evaluated as well. Strong PA signals were obtained in 1 h
postinjection and gradually decreased over the following 72 h
(Figure 3E), which was in good accordance with the FLI
results. Furthermore, in vivo PTI showed temperature changes
on the tumor surface under laser illumination with the
assistance of an infrared thermal camera (Figure 3F,G).
Accompanied by the laser irradiation, the surface temperature
of the tumor showed a rapid increase to 46.2 °C within 5 min,
which facilitated the PTT process monitoring by thermal
imaging.

In Vivo Synergistic Antitumor Performance on
Different Models. Synergistic phototherapy-immunotherapy
was sophisticatedly executed in a unilateral subcutaneous 4T1

tumor model (Figure 4A). The mice were randomly divided
into five groups for different treatments: (i) PBS, (ii) TTT,
(iii) TCPH, (iv) TTT + L, and (v) TCPH + L. Laser
irradiation (660 nm) was applied to the tumor sites at 0.3 W/
cm2 for 10 min. Changes in tumor volume were recorded
during the 15 day treatment period (Figure 4B,E). As shown in
the tumor growth curve, variable degrees of tumor growth
inhibition were observed, whereby TCPH + L treatment
eliminated the subcutaneous tumors, whereas the TCPH and
TTT + L treatments had a moderate effect on tumor
inhibition. In terms of safety, the body weight of each group
was recorded during treatment. Weight loss in the treatment
group was within the acceptable range during the 15 day
treatment period, indicating that the drug doses were within
the safe range (Figure 4C).
To verify therapeutic efficacy, mice treated with the above

formulations were euthanized on day 15 and subjected to
histological and immunohistochemical analyses (Figure 4D).
The proliferative activity of the tumors was estimated by
hematoxylin and eosin (H&E) staining. Gradually increasing
voids and conspicuous karyopyknosis were observed in the
TTT + L and TCPH + L groups, compared with the
superabundant and densely arranged tumor cells in other
groups, which manifested extensive damage to tumor tissues
due to synergistic phototherapy-immunotherapy. Similarly,
severe apoptosis and necrosis of tumor cells in the TTT + L
and TCPH + L groups were verified by a terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) immunofluorescence staining assay and proliferative
marker expression (Ki67).
To determine the in vivo side effects, H&E staining was

applied to the major organs (heart, liver, spleen, lung, and
kidney) of the euthanized mice in the TCPH + L group after
complete treatment. Apparently, neglectable tissue impairment
and inflammatory lesions were observed in the TTT + L and
TCPH + L groups (Figures 4D and S15). As a supplement,
blood biochemical analyses were also performed, where
indiscernible distinction was found in both the hemolysis
test (Figures 4F and S16) and blood biochemistry parameters,
including hepatic function markers and renal function markers
(Figure 4G). These collective findings offered solid evidence
for the great biosafety of TCPH NPs. Based on the protein
gray value analysis of WB, PD-L1 expression was apparently
suppressed by 83.39% in the TCPH + L group, indicating the
significant outcomes of the CRISPR-Cas9 system in vivo
(Figure 4H).
To further investigate the ICD effect, multiple cytokines

were examined by ELISA 3 days after treatments, including
tumor necrosis factor α (TNF-α), interferon γ (IFN-γ),
interleukin 6/10/12 (IL-6/10/12), HMGB1, CRT, ATP and
HSP 70/90 (Figures 4I and Figure S17). The corresponding
heatmap was presented as well (Figure S18). TNF-α is a
critical mediator of cellular immunity, IFN-γ can positively
regulate immune activity, and IL-6 is a typical marker of
inflammation. It was found that the secretion levels of TNF-α,
IFN-γ, IL-6/12, HMGB1, CRT, ATP and HSP 70/90 were
elevated after different treatments. Activated IL-6, IL-12, and
IFN-γ further enhanced the antitumor immune response of T
cells then activated the adaptive immunity of macrophages and
B cells. The significant decrease in the expression of the anti-
inflammatory factor IL-10 would reduce the inhibition of
effector T cells and the immune escape of tumor cells.
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To reveal the mechanisms of TCPH-mediated antitumor
immunity under laser irradiation, DC maturation in tumor-
draining lymph nodes (TDLNs) was evaluated. DCs in the
TDLNs of unilateral 4T1 tumor-bearing mice 7 d after
treatment were collected and stained with anti-CD11c, anti-
CD80, and anti-CD86 antibodies for flow cytometry analysis.
Apparently, the percentage of CD80+ was elevated from 10.1%
to 13.3% due to PD-L1 knock out performance (Figure 4J).
When combined with laser irradiation, the percentage of
mature DCs increased substantially to 18.1% due to the ICD
effect of phototherapy.
To further evaluate the performance of TCPH-mediated

phototherapy-immunotherapy on tumor metastasis and
recurrence, a bilateral subcutaneous 4T1 breast tumor-bearing

mouse model was used (Figure 5A). First, a primary tumor was
established on the right flank of each mouse. When the tumor
volume reached ∼100 mm3, they were surgically removed, and
the left flank of each mouse was inoculated with 4T1 cells on
the following day. Once the secondary tumor volume reached
∼100 mm3 approximately 7 d later, the corresponding
treatments were administered, and the tumor volume and
body weight were monitored every other day. Based on the
tumor growth curves (Figures S19a and S20), PBS and TTT
treatments had no distinct effect on tumor inhibition, whereas
TCPH and TTT + L treatments exhibited comparable tumor-
inhibition effect. In contrast, considerable tumor elimination
was observed in the TCPH + L group, indicating a synergistic
immune boosting and phototherapeutic effect. In the survival

Figure 5. Antitumor efficacy of TCPH in a bilateral and orthotopic subcutaneous 4T1 tumor model. (A) Schematic illustration of the in vivo
PDT/PTT/immunotherapy experiment procedure in a bilateral subcutaneous 4T1 tumor model. (B) The survival function of mice after
different treatments. (C) Representative flow cytometry plots of the percentages of CD3+ and CD8+ T cells. (D) Lung resection after
different treatments and the corresponding photographs, and H&E staining and LiSM images.
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analysis, it was demonstrated that all mice in the TCPH + L
group survived until day 60, with no evidence of tumor relapse,
whereas none of the mice in the PBS group survived (Figure
5B). Body weight and photographs of the mice were recorded
during the treatments (Figures S19b and S21). Negligible body
weight loss and a drastic elimination of both primary and
distant tumors further supported the excellent tumor meta-
stasis and recurrence inhibition efficacy of the TCPH + L
treatment.
To further reveal the mechanism of the TCPH-mediated

phototherapy-immunotherapy under light irradiation, we
collected distant tumors 10 d after the indicated treatments,
obtained a cell suspension, and analyzed cytotoxic T
lymphocytes (CTLs, CD3+, and CD8+) expression levels
through flow cytometry. The percentage of CD8+ cells
increased significantly from 8.35% to 13.7% and reached
28.9% after the introduction of the gene-editing process and
laser irradiation (Figure 5C). Due to the synergistic effect of
ICD through phototherapy and PD-L1 knockout using
CRISPR, the immunosuppressive microenvironment was
significantly improved in tumor tissues, promoting CTLs
recruitment.
Considering that pulmonary metastasis threatens breast

cancer therapeutics, an orthotopic subcutaneous 4T1 tumor
model was established in the first left first mammary gland of
each mouse (Figure S22a). Therefore, the TTT and TCPH
group exhibited undesirable tumor-inhibition results, whereas
laser irradiation considerably improved therapeutic outcomes
(Figures S22b and S23). The tumors appeared to shrink after
effective treatments, as shown in the photographs of the mice
before and after treatment (Figure S24). Biosafety was verified
by the gradual increase in body weight of each treatment group
(Figure S22c). To investigate the pulmonary metastasis,
pulmonary anatomy and pathological studies were performed
after different treatments (Figure 5D). As depicted in the
photos of the excised lungs, large amounts of metastatic
nodules were present in the control group, whereas they were
almost absent from the TCPH + L group. The inhibition of
pulmonary metastasis was also supported by the H&E staining
images of the lung, in which widely distributed tumor
infiltration was observed in the control groups, whereas the
TCPH + L group exhibited a healthy appearance. Light-sheet
microscopy (LiSM) images of the lung also supported the
pulmonary infiltration effect of the treated group, where a
significantly fewer fluorescence signals of tumors was observed
in the TCPH + L group (Figure 5D lower row, indicated by
the yellow circle line, and Figure S25). The therapeutic effects
of the representative nanomaterials related to phototherapy
and CRISPR reported in the latest five years has been
demonstrated in Table S2. Compared with them, our materials
are spoken highly of prominent advantages in imaging
navigation and synergistic therapies.
In order to further validate the safety of therapy, TCPH NPs

appealing to rabbits were established by adjusting the sgRNA
plasmid of CRISPR-Cas9/PD-L1 system. In an orthotopic
subcutaneous VX2 tumor model, which was established by
implanting VX2 tumor tissue into the left first mammary gland
of New Zealand white rabbits, TTT NPs and TCPH NPs were
applied, respectively (Figure S26a). As shown, both routine
blood and biochemical indices were in the normal range after
TCPH + L therapeutic intervention (Tables S3 and S4). In
stark contrast, slighter hepatic injury was found in the TCPH +
L group, as disclosed by the hepatic function markers results

(Table S4), indicating the good biosafety of TCPH NPs in
therapeutic interventions.
Considering the diversification of actual application

scenarios of phototherapy, we have attempted to carry out
therapy in rabbit bearing an orthotopic subcutaneous VX2
tumor in breast. After successively administration and
irradiation for twice, the tumor volume was recorded.
Unfortunately, diminutive tumor shrinkage was obtained
(Figures S26b,c), which was attributed to the obstruction
effect of rabbit skin (∼3 mm) for light. Consequently, the
scope of applicable cancer treatments are currently limited to
extremely superficial tumors.

CONCLUSION
We have successfully developed a versatile nanoplatform,
namely TCPH NPs, for synergistic cancer theranostics. TCPH
NPs were established by integrating an AIE-active agent TTT
and CRISPR-Cas9/PD-L1 in a single formulation. Taking
advantage of the unique fold structure of Cas9 proteins, the
AIE features of molecules were amplified with ideal
accommodation through a mechanism of RIM, resulting in
exceptional imaging navigation performance. By employing
various mouse models, encompassing unilateral, bilateral, and
orthotopic subcutaneous 4T1 tumor models, the presented
protocol was substantiated to be effective in eliminating
primary tumors and restricting lung metastasis through the
synergistic intervention of phototherapy and immunotherapy.
These collective findings intuitively substantiate that TCPH
NPs can be used as highly versatile phototheranostic agents for
FLI/PAI/PTI trimodal imaging-guided synergistic PDT/PTT/
immunotherapy for cancer therapy, which holds immense
potential for potent cancer theranostics.

EXPERIMENTAL SECTION
Preparation of TCPH. The TTT solution (1 μL; concentration: 1

mg/mL in DMSO) was added to Cas9 protein solution (11.4 μL;
concentration: 875 μg/mL in PBS), followed by sgRNA plasmid
solution (5 μL; concentration: 1 mg/mL in PBS). The mixture
solution was vortexed for 10 s to obtain a transparent solution of TC
NPs. After 10 min, PEI solution (0.1 μL; concentration: 1 mg/mL in
water) was added, followed by the addition of HA solution (0.1 μL;
concentration: 1 mg/mL in water) to produce TCP NPs and TCPH
NPs, respectively. After low-speed ultrafiltration at 4 °C, TCPH
solutions with specific TTT concentrations were obtained, according
to the concentration calibration curve (Figure S27). In this study, the
concentration of TCPH was indicated by the TTT concentration.
Bare TTT NPs represented the aggregates of TTT molecules formed
in the mixture solution of DMSO and PBS.

Characterization of TCPH. TCPH aqueous solutions with
different concentrations were continuously exposed to 660 nm laser
irradiation at different intensities. The temperature was recorded
every 30 s until the maximum value was obtained. TCPH aqueous
solutions were exposed to repeated on−off irradiation cycles at 660
nm (0.3 W/cm2) for 50 min. Real-time thermal images were recorded.
The total ROS generation was investigated using DCFH-DA as the
indicator. Generally, 3 μL of DCFH-DA solution (5 mM in PBS) was
added to 3 mL of a sample solution (containing 0.1 μg/mL TCPH).
The mixture was then exposed to 660 nm laser irradiation for 1 min.
The indicator fluorescence was measured using a PL instrument at
525 nm upon excitation at 488 nm. TCPH and TTT were stored in
PBS at 4 °C (containing 100 μg/mL TTT). The size distribution was
monitored using DLS at fixed time points.

In Vitro Fluorescence Imaging and Synergistic Antitumor
Efficacy of TCPH. 4T1 cells were seeded at a density of 5 × 103 cells
per well in a 96-well plate and cultured overnight, after which the
existing medium was replaced with fresh medium containing different
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concentrations of TCPH. After 24 h of incubation and treatments, the
cells were cultured overnight. The cells were washed thoroughly with
PBS and incubated in a serum-free 10% CCK-8 medium for 2 h.
Finally, the absorbance was monitored at 450 nm using a microplate
reader. The results are expressed as the percentage of cell viability
after different treatments compared to the group with no treatment.
4T1 cells were cultured in a glass-bottom dish, followed by incubation
with TCPH in a fresh medium for 24 h (containing 10 μg/mL TTT),
and various treatments. The cells were incubated in 1 mL of serum-
free medium containing 5 μM DCFH-DA for 30 min at 37 °C. The
cells were then irradiated at 660 nm (0.3 W/cm2) for 10 min,
followed by incubation at 37 °C for another 30 min before CLSM
imaging (emission filter: 500−550 nm; excitation wavelength: 488
nm). 4T1 cells were cultured in a glass-bottom dish, followed by
treatment with TCPH in a fresh medium (containing 10 μg/mL
TTT). The cells were incubated for 24 h, and further exposed to 660
nm laser (0.3 W/cm2) irradiation for 10 min. The cells were then
incubated at 37 °C for another 4 h, followed by staining with PI (60
μg/mL) and CA (100 μg/mL) in PBS for 10 min prior to CLSM
imaging (emission filter: 550−650 nm for PI and 500−550 nm for
CA; excitation wavelength: 534 nm for PI and 488 nm for CA).
TCPH or TTT solution (containing 1 μg TTT) was added to 1 mL
of the 4T1 cell incubation medium. After incubation for 1, 3, and 6 h,
and washing with PBS, the cells were further costained with different
bioprobes. The cells were washed with PBS and imaged using CLSM
(emission filter: 650−730 nm for TCPH and TTT, and 410−500 nm
for DAPI; excitation wavelength: 535 nm for TCPH and TTT, and
405 nm for DAPI). Lysosomes and mitochondria were tracked using
LTG and MitoTracker Green, respectively (emission filter: 500−550
nm; excitation wavelength: 488 nm).

In Vivo Biodistribution Analysis Using FLI/PAI/PTI. When
tumor volume reached ∼100 mm3, mice were administered 10 μL of
TCPH solution by intratumoral injection. At predetermined time
points (0, 1, 6, 24, 48, 72, and 96 h), in vivo images were captured.
Furthermore, in vivo PAI was also performed using an opt-acoustic
tomography system at designated time intervals after the admin-
istration of TCPH. To evaluate the tissue distribution of TCPH, the
corresponding tumors and major organs (heart, liver, spleen, lungs,
and kidneys) were collected for ex vivo FLI, 96 h postinjection. The
optimal excitation wavelength and emission filter for FLI of TCPH
were 535 and 700 nm, respectively. For in vivo PTI, the infrared
thermal images of mice were acquired using an E6 IR camera during
irradiation at 660 nm (0.3 W/cm2) for 5 min, 24 h after TCPH
administration.

In Vivo Synergistic Antitumor Therapy. When tumor volume
reached ∼100 mm3, mice were randomly divided into five groups (n =
5), and the following treatments were implemented by intratumoral
injection: (i) PBS (ii) TTT (iii) TCPH (iv) TTT + L and (v) TCPH
+ L. Laser irradiation at 660 nm (0.3 W/cm2) was applied to the
tumor sites for 10 min. The body weight and tumor volume of the
treated mice were measured every 2 days. The tumor volume was
calculated using the following formula: volume = width2 × (length/2).

Statistical Analysis. Data analyses were performed using the
GraphPad Prism 9.0 software. The significance between two groups
was calculated using Student’s t-test (*P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001).
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