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Patients with oral squamous cell carcinoma (OSCC) encounter challenges in achieving efficient antitu-
mor immunity, primarily due to the inherent pathophysiological characteristics of solid tumors affecting
drug accumulation and penetration. Insufficient T-cells and immune escape induced by tumor-associated
macrophages (TAMs) further exacerbate these issues. This study utilized M1 macrophage membrane-
modified spatial dimension conversion drug delivery systems (SDDDSs) and introduced photosensitizers
chlorophyll Pyro and the immune agonist R848. This innovative approach enhanced tumor targeting and
accumulation by transforming stimulus-responsive size-reductive SDDDSs into smaller-sized iRGD-Pyro
and R848 within the extracellular tumor microenvironment (TME). This facilitated effective drug pene-
tration into deep tumor regions and cellular uptake. The synergistic treatment strategy for OSCC, com-
bining photodynamic therapy (PDT) and tumor immunotherapy, induced tumor cell apoptosis, triggered
immunogenic cell death (ICD), polarized TAMs towards the M1 phenotype, promoted sufficient T-cell in-
filtration, and resulted in significant therapeutic outcomes. This approach offers a promising avenue for

future OSCC therapeutic interventions.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Oral squamous cell carcinoma (OSCC) typically originates from
the epithelium of the oral mucosa and has a relatively shallow lo-
cation. Its unique anatomic structure makes tumors susceptible to
invasion and metastasis, making complete surgical removal diffi-
cult, increasing the risk of recurrence, and driving rapid progres-
sion to advanced stages [1]. Despite the impressive clinical efficacy
of immune checkpoint inhibitors, such as programmed cell death-
ligand 1/programmed cell death-1 (PD-L1/PD-1) and cytotoxic T
lymphocyte-associated antigen-4 (CTLA-4), in activating anti-tumor
immune responses, preventing invasion, metastasis, and recur-
rence, and prolonging survival in OSCC patients with advanced
cancer, a significant challenge remains [2]. The inherent patho-
physiological characteristics of solid tumors such as OSCC affect
drug accumulation and penetration, limiting the bioavailability of
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therapeutic agents. This impact is a critical determinant of the effi-
cacy of immunomodulatory drugs, acting synergistically with T cell
deficiency [3] and tumor-associated macrophages (TAMs)-induced
immune escape to collectively impede effective immunotherapy
[4]. These challenges contribute to the difficulty in achieving ef-
ficient antitumor immunity in patients with OSCC. Therefore, de-
veloping strategies to effectively achieve drug accumulation at the
tumor site, enable deep tumor penetration, and induce anti-tumor
immunity holds great promise for treating OSCC. Fortunately, drug
delivery systems (DDSs) are a new perspective for the realization
of this treatment strategy.

Research suggests that the intricacies of the tumor microenvi-
ronment (TME) present challenges to DDSs in achieving effective
accumulation at the tumor site and facilitating deep tumor pen-
etration and cellular uptake [5]. Yet, larger DDSs favor prolonged
in vivo retention, while smaller DDSs, especially small molecule
drugs, facilitate deep tumor penetration [6]. To overcome this con-
tradiction, developing size-variable DDSs is essential. Significantly
DDSs can change size in response to specific TME characteristics,
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Scheme 1. Diagram depicting the design of SDDDSs (R-PD-Pyro NPs@M) of synergistic PDT and enhance immunotherapy for OSCC. (i) ROS cleavage site. (ii) MMP2 cleavage
site. (a) Augmented tumor targeting and (b) accumulation. (c) Transformation of stimulus-responsive size-reductive SDDDSs into smaller-sized tumor targeted iRGD-Pyro and

R848. (d) Deep tumor penetration and cellular uptake.

thereby achieving tumor-adaptive transformation for precise spa-
tial and temporal delivery and releasing therapeutic components
as stimulus-responsive size-reductive spatial dimension conversion
drug delivery systems (SDDDSs). However, existing SDDDSs face
challenges such as complex preparation, poor biocompatibility, and
low drug loading, which necessitate the design of efficient SDDDSs
[7].

Almost all extracellular TME contain high levels of matrix
metalloproteinase-2 (MMP2) and reactive oxygen species (ROS) [8].
MMP2- and ROS-cleavable peptide-modified DDSs are an inno-
vative approach for developing stimulus-responsive size-reductive
SDDDSs to enhance drug accumulation, penetration and cellular
uptake in tumors [9,10]. In addition, full utilization of macrophage
membrane-modified SDDDSs can prolong their in vivo circulation
time, improve active targeting effects, and reduce side effects [11].
Recent studies suggest that M1 macrophage membrane-modified
SDDDSs exhibit higher efficacy in targeting, deep tumor accumula-
tion [12,13].

Photodynamic therapy (PDT) has emerged as a promising
modality for treating OSCC with a relatively shallow location due
to its specificity and non-invasive nature [14]. In addition, insuf-
ficient immunogenicity is observed in deep tumor tissues due to
inadequate penetration of photothermal agents, resulting in local-
ized tumor regions remaining non-responsive to treatment [15].
Additionally, TME poses a challenging problem for the efficacy of
PDT-induced immunogenic cell death (ICD) in activating tumor im-
munity [16]. Therefore, the synergistic potential of combining pho-
todynamic therapy with immunotherapy holds great promise for
achieving remarkable clinical outcomes in OSCC [17]. SDDDSs play
a critical role in integrating PDT and immunotherapy by overcom-
ing challenges such as insufficient drug accumulation in tumors,
limited permeability and uptake, and significant systemic toxicities.

The present study exploited MMP2- and ROS-responsive pep-
tides to construct SDDDSs. Combining the photosensitizers chloro-
phyll Pyro and the Food and Drug Administration (FDA)-approved
immune agonist R848 with responsive, functional peptides by
self-assembly exploits the masking and targeting effects of M1
macrophage membranes. Consequently, it enables more selective
targeting and accumulation of SDDDSs at tumor sites. Within the

extracellular TME, elevated levels of MMP2 and ROS facilitate the
rapid degradation of SDDDSs into smaller-sized tumor-targeting
iRGD-Pyro and R848. This process achieves deep tumor penetration
and efficient uptake, leading to synergistic treatment of OSCC by
PDT and tumor immunotherapy. The synergistic approach induces
apoptosis in tumor cells, triggering ICD, while polarizing TAMs to-
ward the M1 phenotype and promoting adequate T-cell infiltration.
These combined effects result in remarkable therapeutic outcomes,
highlighting the significant clinical translational potential for the
treatment of OSCC using highly synergistic PDT and tumor im-
munotherapy (Scheme 1).

In this investigation, all in vivo experiments adhered to
the guidelines of the Institutional Animal Care and Use Com-
mittee (IACUC) of Shandong University School of Stomatology
(No. 20220503) and the regulations for the administration of lab-
oratory animals. We synthesized R-PD-Pyro (Fig. S1 in Support-
ing information) and R-PL-Pyro (Fig. S2 in Supporting information)
by solid-phase peptide synthesis using amide condensation and
thiol-disulfide exchange reactions. '"H NMR analysis (Figs. 1A and
B, Fig. S3 in Supporting information) validated the structural in-
tegrity of the target products. In addition, ultraviolet-visible spec-
troscopy (UV-vis) detection (Fig. S4 in Supporting information)
confirmed the compositional structures of R-PD-Pyro and R-PL-
Pyro. R848 has a robust ultraviolet absorption peak at 274 nm,
while Pyro exhibits a pronounced ultraviolet absorption peak at
675nm. To improve in vivo circulation time, active targeting, tu-
mor accumulation, and penetration of SDDDSs, we functionalized
the surface with M1 macrophage membranes, resulting in R-PD-
Pyro NPs@M. Gel electrophoresis analysis (Fig. 1C) indicates that
R-PD-Pyro NPs@M experiences minimal protein loss. This not only
imparts functional similarity to M1 macrophages but also confers
the R-PD-Pyro NPs@M with the ability to evade the mononuclear
phagocyte system. Dynamic light scattering (DLS) analysis revealed
that R-PD-Pyro NPs have a diameter of 94 +2.5nm, while R-PD-
Pyro NPs@M exhibits only a minimal increase in size (Fig. 1D).
This aligns with prior studies, affirming the successful camou-
flage with sizes well-tolerated by the mononuclear phagocyte sys-
tem. The size is 108 £4nm, with a favorable polydispersity index
(PDI). Subsequent tests assessed R-PD-Pyro NPs@M'’s size and PDI
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Fig. 1. Characterization of SDDDSs. (A) Structural formula and (B) "H NMR structure of R-PD-Pyro. (C) Gel electrophoresis analysis protein expression of R-PD-Pyro NPs@M.
(D) DLS analysis of R-PL-Pyro NPs, R-PD-Pyro NPs, R-PD-Pyro NPs@M, R-PD-Pyro NPs@M-+MMP2. (E) TEM images of R-PL-Pyro NPs, R-PD-Pyro NPs, R-PD-Pyro NPs@M, R-PD-
Pyro NPs@M-+MMP2 (scale bar: 100 nm). (F) Changes in diameter of R-PD-Pyro NPs@, R-PL-Pyro NPs@M incubated with MMP2 for 12 h. (G) Confocal images of SCC7 cells at
different depths after 12 h incubation with R-PL-Pyro NPs, R-PD-Pyro NPs, R-PD-Pyro NPs@M (scale bar: 250 um). (H) Fluorescence images of CRT exposure on the surface of
SCC7 cells (scale bar: 100 pm). M1: macrophage membranes; I: R-PL-Pyro NPs; II: R-PD-Pyro NPs; III: R-PL-Pyro NPs@M; 1V: R-PD-Pyro NPs@M-+MMP2. Data are represented

as mean + SD (n=3).

variations of R-PD-Pyro NPs@M in phosphate buffered solution
(PBS) and 10% fetal bovine serum (FBS) (Fig. S5 in Supporting in-
formation). It demonstrated stability in PBS and remarkably main-
tained stability in 10% FBS. This robust stability is credited to the
M1 camouflage, enabling R-PD-Pyro NPs@M to resist protein ad-
sorption. Coating with the M1 macrophage membrane minimally
altered the size of the R-PD-Pyro NPs@M, which was confirmed by
transmission electron microscopy (TEM) results revealing the core-
shell structure (Fig. 1E).

The expression of MMP2 has been reported to be elevated in
nearly all malignant tumors and is closely associated with tu-
mor progression. Therefore, utilizing MMP2 to develop SDDDSs
that specifically respond to the tumor microenvironment, partic-
ularly by achieving cleavage outside tumor cells, appears to be a
favorable choice. The adaptive stimulus-responsive effects of SD-
DDSs were characterized by co-cultivation with MMP2 enzyme us-
ing DLS and TEM (Figs. 1E and F). After 12h of co-cultivation
with MMP2, the size of R-PD-Pyro NPs@M significantly decreased
to 62.97 £10nm. TEM also revealed a reduction in size and even
the loss of the stable structure of R-PD-Pyro NPs@M, indicating
its adaptive response within TME. The release of R848, linked to
the peptide chain by disulfide bonds, was evaluated under differ-
ent concentrations of ROS (Fig. S6 in Supporting information). Un-
der high ROS stimulation, R-PD-Pyro NPs@M showed an increase
in R848 release within 12 h, demonstrating rapid and stable release

in the TME at abnormal ROS levels. This smart, stimulus-triggered
drug release ensures the accurate release of the drug at the tumor
site, thereby avoiding toxic side effects such as fever, reduced lym-
phocytes, and severe cytokine storms caused by R848.

Tumor penetration of SDDDSs was evaluated using multicellu-
lar spheroids as a simulated SCC7 tumor model in vitro. The flu-
orescence intensity of the R-PD-Pyro NPs@M group was signifi-
cantly higher than that of the control groups (R-PL-Pyro NPs and
R-PD-Pyro NPs) (Fig. 1G), which was attributed to the adaptive
response capability that allowed iRGD-Pyro to penetrate the tu-
mor more effectively, facilitated by the M1 macrophage membrane.
These results validate the successful preparation of stable R-PD-
Pyro NPs@M, demonstrating its capability to respond to MMP2 and
ROS in TME, leading to the cleavage into iRGD-Pyro and R848, and
facilitating enhanced deep tumor penetration.

The uptake of SDDDSs by tumor cells and the resulting ROS
generation are critical factors for PDT efficacy [18]. SDDDSs co-
cultured with SCC7 cells for 4h at the same concentration (Fig. S7
in Supporting information) showed Pyro fluorescence intensity in
both R-PD-Pyro NPs and R-PD-Pyro NPs@M groups, with the latter
showing the most robust fluorescence intensity. The enhanced cel-
lular uptake in the R-PD-Pyro NPs@M group was attributed to an
adaptive response to the high concentration of MMP2, which pro-
moted effective uptake by tumor cells. ROS generation induced by
PDT with laser irradiation for different SDDDSs groups showed that
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Fig. 2. (A, B) Flow cytometric quantification of DCs maturation. (C, D) Flow cy-
tometric quantification of M1 macrophages. Data are represented as mean + SD
(n=3). *P < 0.05, **P < 0.01, ***P < 0.001.

the R-PD-Pyro NPs@ML group exhibited the most vigorous green
fluorescence intensity, indicating effective Pyro uptake and ROS
generation (Fig. S8 in Supporting information). Cell counting kit-8
(CCK8) assay results (Fig. S9 in Supporting information) confirmed
the robust in vitro anti-tumor activity of the R-PD-Pyro NPs@ML
group induced by PDT with laser irradiation. This is primarily at-
tributed to the ability of PDT to inhibit tumors by generating ROS.

As is well known, calreticulin (CRT) serves as the primary
marker of ICD induction, and PDT can induce ICD, promoting the
maturation of dendritic cells (DCs) and antigen presentation. CRT
expression in SCC7 cells induced by PDT when the laser is on
(Fig. 1H) showed the strongest significantly increased exposure of
CRT in the R-PD-Pyro NPs@ML group, indicating a potent ICD. DCs
are crucial antigen-presenting cells (APCs). The complex interac-
tions within the TME lead to their functional impairment, signifi-
cantly diminishing the effectiveness of tumor immunotherapy. This
has laid the foundation for a series of immune restoration ap-
proaches targeting DCs, aiming to improve the immunosuppres-
sive microenvironment and enhance tumor immunotherapy [19].
Maturation of DCs after co-culture with SCC7 cells and SDDDSs
showed approximately 2.1-fold higher DCs maturation in the R-PD-
Pyro NPs@ML group compared to the PBS control, suggesting syn-
ergistic promotion of DCs maturation by PDT and R848 (Figs. 2A
and B). M1 macrophages play a critical role in the immune sys-
tem [20]. And their abundance is closely linked to the low survival
rates observed in various cancers, especially when TAMs lean to-
ward the M2-polarized state [21]. M2 polarization tends to pro-
mote tumor growth and immune evasion. Consequently, interven-
tions aimed at modulating macrophage polarization, particularly
inducing a shift towards the M1 phenotype, emerge as a promis-
ing avenue in cancer therapy. The expression of CD86, a surface
marker for M1 macrophages, increased by 11% in the R-PD-Pyro
NPs@ML group compared to the PBS group (Figs. 2C and D). This
finding suggests that R-PD-Pyro NPs@ML exhibits potential efficacy
in promoting TAMSs’ polarization towards the M1 phenotype.

Chinese Chemical Letters 35 (2024) 109619
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Fig. 3. (A) Fluorescence images of mice in (a) R-PD-Pyro NPs@M, (b) R-PD-Pyro
NPs-injected groups. (B) Ex vivo fluorescence imaging of tumors and main organs at
36 h post intravenous injection. (C) Fluorescence images of tumor frozen sections at
36h post intravenous injection. Treatment groups: (a) R-PD-Pyro NPs@M, (b) R-PD-
Pyro NPs (scale bar: 200um). (D) Changes of Tumor volume during the treatment.
(E) Changes of Tumor weight from each group at the end of the treatment. (F) The
tumor sections were stained with KI67, TUNEL and H&E (scale bar: 100 um). Treat-
ment groups: (a) PBS, (b) R-PD-Pyro NPs, (c) R-PL-Pyro NPsL, (d) R-PD-Pyro NPsL,
(e) R-PD-Pyro NPs@ML. Data are represented as mean + SD (n=4). *P < 0.05, **P
< 0.01, ****P < 0.0001.

Tumor accumulation and organ distribution of SDDDSs were in-
vestigated using an in vivo imaging system. Over time, the fluo-
rescence intensity of R-PD-Pyro NPs@M exceeded that of the R-
PD-Pyro group, highlighting the evaded surveillance active target-
ing capability of the M1 macrophage membrane (Fig. 3A). After
36h, R-PD-Pyro NPs@M fluorescence intensity decreased signifi-
cantly, indicating easy metabolism, clearance, and good biologi-
cal safety. Mouse necropsy confirmed the successful evasion of
the liver’s phagocytic system by R-PD-Pyro NPs@M, demonstrating
its enhanced capability for tumor accumulation (Fig. 3B). Tumor
sections showed enhanced fluorescence images in the R-PD-Pyro
NPs@M group, confirming effective accumulation and penetration
(Fig. 3C).

Tumor suppression by SDDDSs was evaluated by comparing rel-
ative tumor volume and weight (Figs. 3D and E, Fig. S11 in Sup-
porting information). R-PD-Pyro NPsL and R-PL-Pyro NPsL groups
exhibited superior inhibitory effects compared to the PBS control,
attributed to the high ROS concentration, which promoted R848
release and inhibited OSCC growth R-PD-Pyro NPsL showed supe-
rior inhibition to R-PL-Pyro NPsL due to high MMP2 levels, pro-
moting iRGD-Pyro release and enhanced penetration. R-PD-Pyro
NPs@ML showed the best tumor suppression, maximizing efficacy
through efficient M1 macrophage membrane-mediated accumula-
tion.

Validation by KI67, terminal deoxynucleotidyl transferase me-
diated dUTP nick end labeling (TUNEL), and haematoxylin and
eosin (H&E) staining further supported tumor suppression by R-
PD-Pyro NPs@ML, demonstrating reduced proliferation, increased
apoptosis, and consistent histological changes (Fig. 3F). These re-
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Fig. 4. (A) Fluorescence images of CRT exposure in the tumor sections from each treatment group (scale bar: 50 pm). (B) Fluorescence images of M2 macrophages marked as
CD206" (red) and M1 macrophages marked as CD80" (green) from each treatment group (scale bar: 200 um). (C, D) Flow cytometric quantification of DCs maturation from
each treatment group. (E-G) Flow cytometric quantification of CD8+, CD4* T cells from each treatment group. a: PBS, b: R-PD-Pyro NPs, c: R-PL-Pyro NPsL, d: R-PD-Pyro
NPsL, e: R-PD-Pyro NPs@ML. Data are represented as mean + SD (n=3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

sults highlight R-PD-Pyro NPs@ML’s efficient accumulation, adap-
tive response-induced release of iRGD-Pyro, and deep penetration
into the TME, thereby realizing synergistic PDT and tumor im-
munotherapy against OSCC.

The preceding findings have validated the efficacy of R-PD-Pyro
NPs@M in inhibiting tumor proliferation. A subsequent in-depth
exploration of its mechanism uncovered that PDT induces ICD re-
actions, activating the immune microenvironment, while R848 pro-
motes DCs maturation and repolarizes TAMs toward the M1 phe-
notype. CRT expression in different tissues was examined to gauge
the extent of ICD reactions post-nanoparticle action (Fig. 4A). The
R-PD-Pyro NPs@M group exhibited a robust ICD reaction under
laser stimulation, a factor conducive to subsequent DCs matu-
ration. Furthermore, macrophages within tumors exhibit notable
plasticity, with a shift toward the M1 phenotype demonstrating an
anti-tumor effect. Following treatment with R-PD-Pyro NPs@M, M1
macrophage expression markedly increased, while TAMs decreased
(Fig. 4B). Subsequent evaluation focused on the maturation of DCs
within lymph nodes. Mature DCs migrating from tumors to lymph
nodes contribute to effective antigen presentation (Figs. 4C and D)
[19]. In comparison to other groups, the R-PD-Pyro NPs@M group
demonstrated outstanding anti-tumor immunity (Figs. 4E-G). This
success was attributed not only to the efficient tumor site accu-
mulation and deep tumor penetration but also to PDT’s indirect

induction of DCs maturation through ICD and the direct benefits
derived from the action of R848. The subsequent examination of T
cell activation in tumor tissue revealed, as anticipated that the R-
PD-Pyro NPs@M group exhibited the highest proportion of CD8*
T cells (Figs. 4E and G). Based on the above, it is inferred that
the outstanding intratumoral immunotherapeutic effect of R-PD-
Pyro NPs@M is not only due to the synergistic immune action of
PDT and R848, but also inseparably linked to the deep tumor in-
filtration by Pyro and R848, enabling them to function more effec-
tively. Therefore, R-PD-Pyro NPs@M possesses the potential to re-
shape the immune dynamics within the tumor microenvironment,
enhancing the body’s ability to resist tumor progression.

Concerns about the immunotoxicity of R848 were addressed
by prioritizing the biosafety of the SDDDSs during OSCC inhibi-
tion using PDT and an immunostimulatory agent. Blood samples,
liver function, and blood biochemical indicators in SDDDSs-treated
mice showed no significant abnormalities (Fig. S12 in Supporting
information). Consistent body weight (Fig. S13 in Supporting infor-
mation) and H&E staining of major organs (Fig. S14 in Support-
ing information) further confirmed the reliable safety profile of
STDDS.

In conclusion, our study successfully developed SDDDSs (R-
PD-Pyro NPs@M) with stimuli-triggered downsized functionality
specifically tailored to the extracellular TME. This innovative de-
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sign effectively exploits the synergistic therapeutic potential of PDT
and enhanced tumor immunotherapy. Our treatment strategy skill-
fully addresses the challenges of precise tumor targeting and ac-
cumulation, deep tumor penetration and efficient cellular uptake.
In particular, it significantly overcomes the limitations associated
with conventional PDT and immunotherapy approaches. Our ther-
apeutic approach demonstrates the ability to induce apoptosis in
tumor cells, induce ICD, polarize TAMs toward the M1 pheno-
type, and promote substantial T-cell infiltration into tumors. Con-
sequently, these results culminate in exceptional therapeutic effi-
cacy for OSCC.
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