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A B S T R A C T   

Photoactive metal–organic frameworks have achieved great success in the photodynamic therapy (PDT). How-
ever, poor therapeutic effect under near-infrared (NIR) irradiation becomes a big changllege for the fully 
eradication of tumors by using photodynamic MOFs. Herein, a spindle-shaped PCN-222-SO3H (PCN-SU) with the 
enhanced NIR absorption was synthesized by the sulfonating reaction. After sulfonation, the strong intra-
molecular hydrogen bonds between the introduced sulfonic anions and TCPP ligands could induce the distortion 
of porphyrin rings. This distortion leads to the lower energy gap of HOMO and LOMO, thereby increasing the 
absorption in the near-infrared region. Comparing with PCN-222, great improvements of photoactive perfor-
mances in PCN-SU result in the boosting generation of singlet oxygen under NIR irradiation. Furthermore, PCN- 
SU gives high efficiency to trigger the immunogenic cell death (ICD) and also to stimulate the maturation of 
dendritic cells than that of prototype PCN-222. The combination of immune checkpoint inhibitors (anti-PD-1) 
with the photodynamic PCN-SU largely enhances the infiltration of cytotoxic T cells in the tumor site under NIR 
irradiation, and thus to obtain the tumor suppression of 99.6 % in vivo. This new sulfonating strategy provides a 
new idea for enhancing the photoactivity of the porphyrin-based delivery system, which is beneficial to the 
improvement of PDT and related combined treatments.   

1. Introduction 

Photosensitizers-assisted photodynamic therapy (PDT) is a non- 
invasive method to generate more toxic reactive oxygen species (ROS) 
for the treatment of various diseases.[1–4] The distortion of blood ves-
sels and the rapid proliferation of tumor cells cause hypoxia in the tumor 
microenvironment (TME).[5–7] That makes it is difficult to completely 
inhibit tumor growth by the oxygen-dependent PDT. Recently, many 
synergistic anti-tumor strategies are carried out to improve the thera-
peutic effect of PDT, such as photothermal therapy,[8–10] chemo-
therapy,[11–14] radiotherapy,[15–17] and immunotherapy.[18–21] 
Especially in photodynamic immunotherapy, PDT has already been 
confirmed to in situ generate immunogenic cell death (ICD), release 
tumor-specific antigens, and thus to enhance immunogenicity.[22] 
Undergoing ICD is accompanied by the release of danger-associated 
molecular patterns (DAMPs).[23] These DAMPs are identified to upre-
gulate the expression of CD80 and CD86 of dendritic cells (DCs) and 
facilitate antigen presentation to naive T cells.[24–26] The activation of 

T cells leads to the infiltration of cytotoxic T cells (CTLs) into the tumor 
site, thereby promoting the tumor-specific cellular immunity.[27] Un-
fortunately, tumor cells can weaken immune cell attacks via immune 
escape and suppression.[28] To improve tumor immunogenicities, 
immunoadjuvants and immune-checkpoint inhibitors (anti-PD-1, anti- 
PD-L1, and anti-CTLA4 antibodies) have been developed to enhance 
the cytotoxicity of CD8+ T cells, and thus to improve tumor infiltration. 
[29–31] Great successes have recently been achieved by the combina-
tion of PDT and immune-checkpoint inhibitors to substantially enhance 
the anti-tumor effect and the inhibition of metastasis.[32] 

Porphyrin with nitrogen heterocyclic and tetrapyrrole macrocycle 
plays important roles in nature in the form of heme in animal blood, 
chlorophyll in green plants and bacterial, several catalytic enzymes, and 
cyanocobalamin (vitamin B12) for cellular metabolism.[33] After the 
introduction of functional groups, for example, carboxylic group and 
pyridine, to porphyrin and its derivatives, they could be utilized as 
organic ligands to coordinate with metal nodes to construct metal-
–organic frameworks (MOFs).[34–35] Those formed porphyrin-based 
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Scheme 1. Schematic illustration of preparation and comparison of photodynamic-immunotherapy of PCN-222 and PCN-SU.  

Fig. 1. Structural characterizations of PCN-222 and PCN-SU. TEM images of (a) PCN-222 and (b) PCN-SU. c) Energy dispersive spectroscopic (EDS) elemental maps 
of C, N, O, Zr, Cl, and S of PCN-SU displayed in the corresponding color. d) PXRD patterns of PCN-222 and PCN-SU. e,f) The high-resolution XPS spectra of S 2p and O 
1 s in PCN-SU. g) Raman scattering spectra of PCN-222 and PCN-SU. 
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MOFs with tunable topologies, good biocompatibility, and excellent 
photoactivity show great promises in the fields of cancer therapy, 
[36–37] catalysis,[38–42] and sensing.[43] Taking PDT as an example, 
the periodic pore structures of the porphyrin-based MOFs can not only 
largely avoid the aggregation-induced quenching (ACQ) to produce 
more singlet oxygen (1O2), but also those benefit for the fast diffusion of 
generated 1O2 to enhance the photodynamic efficiency.[34] However, 
the Q-band absorption of typical porphyrin-based MOFs usually locates 
at the visible light region, hampering the further in vivo application due 
to the poor tissue penetration.[44] To extend the absorption of 
porphyrin-based MOFs into the near-infrared (NIR) region, the ab initio 
synthesis of porphyrin ligands and the MOF-based composite have been 
developed recently. For the ab initio ligand synthesis, π-extended 
benzoporphyrin-based MOF-mediated PDT induced immune response to 
suppress the growth and metastasis of tumors with 660 nm LED light. 
[45] A bacteriochlorin-based Nano-MOF realized highly effective 740 
nm-irradiated PDT for the treatment of breast and colon cancers.[46] On 
the other hand, the core–shell upconversion nanoparticle@porphyrinic 
MOFs nanocomposite has been synthesized by the secondary growth 
strategy to obtain the efficient NIR-triggered generation of cytotoxic 
1O2.[47–48] But the time-consuming and uncontrollable preparation 
restrict the potential application in the medical field. Therefore, it is 
necessary to develop a new and facile approach to tune photoactivity for 
enhancing tissue penetration and improving the therapeutic effect of 
PDT in vivo. 

The introduction of sulfonic anions into the MOFs skeletons could 
endow the prototypical structures with improved ion conductivity and 
new Bronsted acid sites, and exhibit great promise in the fuel cells,[49] 

water electrolyzers,[50] and heterogeneous catalysis.[51–52] But little 
is known for the tunable photoactivity of MOFs via heteroatom doping. 
Herein, the rod-like PCN-222 with tunable particle size has been 
selected as the model to illustrate sulfonating strategy due to its meso-
scale 1-D pore structure, strong ROS generation and morphology- 
depended internalization.[35] After sulfonating reaction, as- 
synthesized PCN-222-SO3H (PCN-SU) shows a spindle shape due to 
the etching in the (110) plane, and also a great improvement in the 
photoactivity in comparison with the prototype PCN-222, especially in 
the NIR-activated photodynamic performance (Scheme 1a). Therefore, 
under the irradiation at 730 nm, sulfonated PCN-SU exhibits a more 
powerful ability to induce ICD via generated 1O2 than that of PCN-222. 
Meanwhile, the high mobility group protein B1 (HMGB1), calreticulin 
(CRT), and ATP are released to upregulate the proportion of matured 
DCs and stimulate the production of CTLs to activate immunity (Scheme 
1b). 

2. Results and discussion 

2.1. Synthesis and characterization of PCN-222 and PCN-SU 

To illustrate our sulfonating strategy, the rod-like PCN-222 with 
tunable sizes were synthesized by reacting ZrOCl2 and tetrakis(4- 
carboxyphenyl)porphyrin (TCPP) ligand in the presence of dichloro-
acetic acid as a modulator. Next, those obtained PCN-222 nanorods 
further reacted with thionyl chloride in the CH2Cl2 to form the final 
PCN-222-SO3H (PCN-SU) with darker purple color. After the fully 
washing with CH2Cl2 and MeOH, the dried PCN-SU sample was 

Fig. 2. a) UV–vis spectra of PCN-222 and PCN-SU dispersed in water. Inset shows expanded views of the Q-band regions. Comparison of PDT performance of PCN- 
222 and PCN-SU under b) 730 nm (0.17 W cm− 2) and c) 635 nm (0.47 W cm− 2) laser irradiation. d) The distributions, energy, and energy gap of the HOMO and 
LUMO of TCPP and TCPP-SU. 
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collected for the following characterizations. The rod-like PCN-222 with 
an average size of 280 × 80 nm was selected to investigate the sulfo-
nation process. After the reaction at 45 ◦C for 4 h, a remarkably 
decreasing thickness in the middle of each PCN-222 nanorods has been 
observed in the (110) plane, and their morphology change to the 
nanospindle or even breakage in the TEM images (Figure S1b). The 
similar phenomenon is also found in the PCN-222 sample with a much 
larger size of 720 × 260 nm (Fig. 1a-b), but it needs a higher reaction 
temperature (60 ◦C) to the morphology transformation. Only partial or 
no etching occurs at lower reaction temperatures (Figure S1a and S2a- 
b), which can be ascribed to the higher surface energy of smaller PCN- 
222 nanorods. To deeply investigate the reaction mechanism, several 
structural and spectra measurements were carried out after sulfonation 
process. The energy dispersive spectroscopic (EDS) images of PCN-SU 
clearly show the existence of sulfur atoms, indicating the successful 
sulfonation process (Fig. 1c). Meanwhile, all detected elements in PCN- 
SU give spatial heterogeneity in the (110) plane of PCN-222 nanorod as 
shown in the linear scanning form (Figure S3). The Zeta potential of 
PCN-222 significantly decreased from − 3.77 eV to − 8.21 eV after the 
reaction (Figure S4a). There is no change in the particle size distribution 
after sulfonation (Figure S4b). The powder X-ray diffraction (PXRD) 
pattern of PCN-SU in Fig. 1d has the same crystalline peaks with PCN- 
222, indicating still maintaining the prototype topology. The first 
weight loss of PCN-SU is due to the loss of solvent before 200 ◦C in 
thermal gravimetric analysis (TGA). The following weight loss from 200 
to 800 ◦C belongs to the decomposition of the framework (Figure S5a). 
And the calculated content of sulfonic anions is 1.68 wt%. Those few 
sulfonic anions within PCN-SU framework could largely change the 
decomposition temperature in the derivative thermogravimetric (DTG) 
curves (Figure S5b). In comparison with the PCN-222 with endothermic 
peaks at about 315.7 and 432.1 ◦C, only one peak at about 397.1 ◦C has 
been recorded in the PCN-SU. 

The sulfonation process may take place at the zirconium oxygen 
cluster or the pyrrole ring of TCPP ligands in the PCN-SU structure. 
[53–54] To clarify this, the Fourier transform infrared spectra (FTIR) 
and Raman scattering spectra were firstly used to detect changes in 
functional groups before and after sulfonation. Comparing with PCN- 
222, FTIR spectra of PCN-SU display much stronger absorption bands 
at 2880 cm− 1 (–CH2), 1507 cm− 1 (-phenyl), 1302 cm− 1 (O = S = O), 
1175 cm− 1 (C-N), and 986 cm− 1 (C = C), confirming the presence of 
sulfonate and distortion of the porphyrin ring (Figure S6). After sulfo-
nation, the Raman scattering spectrum of PCN-SU exhibit the more clear 
absorption of 1570 cm− 1 (C-N) and 1346 cm− 1 (C–C) in comparison to 
that of PCN-222 (Fig. 1g). Besides, the new peak of CH deformation at 
894–904 cm− 1 has also been observed in the curve of PCN-SU, indicating 
the existing strong intermolecular interactions between sulfonate and 
porphyrin ligands. Furthermore, X-ray photoelectron spectroscopy 
(XPS) was measured to determine the influence of the sulfonation pro-
cess on surface chemical structures. As shown in Fig. 1e, 1f, S7, and S8, a 
single S 2p peak at 168.8 eV and the peak of O 1 s at 530.85 eV attribute 
to the existed sulfonic acid groups in PCN-SU. The XPS spectra of Zr 3d in 
both samples PCN-222 and PCN-SU locate at 182.16 eV and 184.56 eV, 
and no additional contribution from Zr-O-S bonds is observed. It con-
firms that the unchanged coordination environments of zirconium ox-
ygen clusters during the sulfonation process. Besides, no peaks of C-S 
and N-S bonds are found in high-resolution C 1 s and N 1 s, displaying 
sulfur atom is not covalently connected to the TCPP ligands. Addition-
ally, the model reaction of 5,10,15,20-Tetraphenylporphyrin (TPP) and 
thionyl chloride was carried out at 60 ◦C. 1H NMR spectra of the prod-
ucts (TPP-SU) illustrate the splitting of the peak of N–H on the porphyrin 
ring, and the partial appearance of multiple peaks of hydrogen in the 
benzene ring region, relative to the spectrum of TPP (Figure S9). So we 
conclude that the sulfonic anions may have strong intermolecular in-
teractions with the nitrogen atoms of TCPP ligands within the PCN-SU, 
and these twisted porphyrin rings could induce some new 
photoproperties. 

2.2. Photophysical properties and theoretical calculations of PCN-222 
and PCN-SU 

Those introduced sulfonic anions may make a big contribution to the 
performance of PCN-SU. To further understand the correlation between 
those introduced sulfonate groups and the photoactive performance, 
UV–vis spectra, fluorescence spectra, and lifetime were measured, and 
their corresponding photophysical parameters were listed in Table S1. 
Noticeably, the UV–vis spectrum of PCN-SU exhibits an obvious 
enhancement of absorption within the whole region in comparison with 
prototypical PCN-222 under the same experimental condition (Fig. 2a). 
Particularly, besides the slightly widening B-band adsorption, Q-band 
absorption intensity is significantly stronger than that of PCN-222 with 
broadening the absorption into the 750 nm. PCN-SU shows slight red-
shifts for whole Q bands and has 5 times higher absorption intensity 
compared to PCN-222 in the inset of expanded Q-band regions of Fig. 2a. 
The maximum fluorescence emission of PCN-SU gives a 31 nm of 
redshifted wavelength but its corresponding intensity largely reduces 
more than 3.8 times in comparison to PCN-222 (Figure S10a). Mean-
while, the fluorescence lifetime of PCN-SU decreases from 1.89 to 0.87 
ns after sulfonation (Figure S10b). The quantum yield of sulfonated 
PCN-SU is 0.039 lower than 0.056 of prototypical PCN-222. These dif-
ferences in the photophysical performances could significantly regulate 
the transition of energy level and bandgap, especially in the intersystem 
transition from the singlet state to the triplet state of PCN-SU. Conse-
quently, it could realize some new photochemical properties under the 
near-infrared region. Next, the 1O2 generation ability of both PCN-222 
and PCN-SU samples were studied by using the 9,10-anthracenediyl- 
bis(methylene)dimalonic acid (ABDA) as a ROS detector. Unlike the 
usage of 635 nm in typical porphyrin systems,[55–56] PCN-SU sample 
shows great enhancement of photoactivity under the NIR irradiation. 
Under the 730 nm laser irradiation, the UV absorbance at 399 nm of 
ABDA detector reduces to 75% within 7 min, which is 2.77 times higher 
than the 27% of prototype PCN-222 (Fig. 2b and S11b-c). Additionally, 
under the irradiation at 635 nm, as-synthesized PCN-SU also gives a 54% 
of decreasing UV absorbance within 35 s, which is 2.7 times higher than 
PCN-222 (Fig. 2c and S11e-f). Without adding samples, negligible UV 
changes are observed in the ABDA + Laser group under both 730 and 
635 nm irradiation (Figure S11a and S11d). 730 nm irradiation could 
benefit for the penetration of tumor tissue and thus to improve the effect 
of PDT in vivo. To complete the whole photochemical process, we also 
monitored the temperature elevations curves of PBS and PCN-SU under 
730 nm irradiation, and no heating effect has been observed 
(Figure S12). 

To make an in-depth insight into the influence of introduced sulfonic 
groups on the photoactivity of PCN-SU, density functional theory (DFT) 
and time-dependent density functional theory (TD-DFT) by using den-
sity functional methods (B3LYP) with 6-31G basis set combinations were 
used to simulate the geometric and electronic structures of TCPP and 
TCPP-SU, respectively. As shown in Figure S13, the sulfur in the sulfo-
nate and the nitrogen on the porphyrin ring are relatively close (1.94 Å) 
in the optimized TCPP-SU motif, indicating there may exist a strong 
hydrogen bond within those groups. So the Multiwfn software was used 
to simulate the forces between molecules.[57] The calculated results 
confirm that there is a strong attraction between sulfur and nitrogen as 
shown in the blue color, and the green color indicates the existed van der 
Waals interactions within oxygen and hydrogen (Figure S14). From the 
structural view, those triangular motifs in PCN-222 topology, con-
structed by three TCPP ligands and their neighboring Zr clusters, may 
further stabilize the introduced sulfonic anions by enhancing the inter-
molecular interactions (Fig. 2d). The calculated energy gap between 
HOMO and LUMO has been used to simulate the optical and electronic 
properties of TCPP and TCPP-SU motif. As shown in Fig. 2d, both the 
HOMO and LUMO of TCPP-SU give a much lower energy level due to the 
sulfonic anions induced charge dispersion in comparison with that of 
TCPP. The calculated gap between HOMO and LUMO of TCPP-SU (2.58 
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eV) is smaller than that of TCPP (2.72 eV), which meets well with the 
change of UV–vis spectra after sulfonation process. Likewise, the 
distortion of the porphyrin ring and the induction of sulfonic anions also 
make TCPP-SU adopt the lowest excited singlet state (S1) and lowest 
excited triplet state (T1) of lower energy than TCPP-222 (Table S2). The 
above experimental data and theoretical simulations demonstrate that 
the introduction of sulfonic anions with less content endows PCN-SU 
higher photoactivity than prototype PCN-222. 

2.3. In vitro photodynamic performance of PCN-SU 

ROS detection results have proved the much stronger ability of PCN- 
SU to generate 1O2 than PCN-222 under the same conditions, available 
for the subsequent NIR-activated PDT in vitro. The 4 T1 murine mam-
mary cells were selected to study the internalization of PCN-222 and 
PCN-SU samples firstly. As shown in the confocal laser scanning mi-
croscopy (CLSM) images and mean fluorescence intensity (Figure S15 
and S16), both PCN-222 and PCN-SU exhibits time-dependent inter-
nalization from 0.5 to 5 h incubation, which reveals that it has no effect 
on endocytosis after sulfonation.[35] The cell viability of PCN-222 and 
PCN-SU against 4 T1 cells was investigated by standard methyl thiazolyl 
tetrazolium (MTT) assay with or without 730 nm laser irradiation. As 
shown in Fig. 3a, the incubation of PCN-222 and PCN-SU with 4 T1 cells 
did not cause any toxicity in absence of irradiation, and nearly 90 % of 
cells live well even at the maximum concentration of 100 μg mL− 1, 
indicating the good cytocompatibility of those samples. Under laser 
irradiation at 730 nm, the cell viability of 4 T1 gradually decreases with 
the increasing PCN-SU concentrations, while only slight phototoxicity is 
found in PCN-222 group. That is in agreement with the above ROS 
detection results. The calculated logarithm of half maximum inhibitory 

concentration (logIC50) values of PCN-SU and PCN-222 are 1.67 and 4.7 
μg mL− 1 (Fig. 3b). This better phototoxicity of PCN-SU has also been 
confirmed in the live/dead staining assay, and the PCN-SU + light (L) 
group shows more red fluorescence from dead cells and less green 
fluorescence from live cells (Fig. 3c and S17). To further illustrate the 
apoptosis mechanism, 4 T1 cells were double-labeled with annexin V- 
FITC (fluorescein isothiocyanate) and PI (propidium iodide) for flow 
cytometry (FCM) analysis (Figure S18). Undoubtedly, PBS group, PBS +
L group, PCN-222 group, PCN-SU group, and PCN-222 + L group have 
more than 75% of high living rate (Q4). Under 730 nm laser irradiation, 
the apoptotic rates (Q2 + Q3) of PCN-SU have rapidly increased to 
47.1% and necrosis rate (Q1) remained 0.17%, indicating that PCN-SU 
could cause more apoptosis than PCN-222 through the NIR-induced 
photodynamic process. Afterward, intracellular reactive oxygen spe-
cies (ROS) levels were performed through 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFH-DA) staining assay (Fig. 3d). Strong ROS- 
related green fluorescence appeared in the PCN-SU + L group. 
Scarcely fluorescence signals are observed in the PCN-222 groups, 
further demonstrating that PCN-SU can generate more ROS than PCN- 
222 under the NIR irradiation. 

3. Anti-tumor efficacy and ICD induced by the PCN-SU NPs in 
vitro 

PDT induces ICD to release more DAMPs as “eat me” and “find me” 
signals, which could further stimulate and recruit macrophages and 
antigen-presenting cells (APCs) to trigger an anti-tumor immune 
response.[58] To evaluate the PCN-SU-induced ICD effect towards 
tumor cells under NIR irradiation, the associated DAMPs as evidenced 
by translocation of CRT, departure of HMGB1 protein from cell nuclear, 

Fig. 3. a) The cell viability of 4 T1 cells after incubation with different conditions. ***p < 0.001. b) LogIC50 values of PCN-SU and PCN-222 under 730 nm laser 
irradiation at 0.17 W cm− 2 for 5 min. c) Live/Dead staining for identifying the live or dead cells (100 μg mL− 1, 0.17 W cm− 2 for 5 min). d) DCFH-DA probe for 
evaluating the ROS level (80 μg mL− 1, 0.17 W cm− 2 for 1 min). 
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and release of ATP secretion were detected in vitro. After irradiation at 
730 nm, the HMGB1 protein migrated from the nucleus was examined 
by immunofluorescence analysis and labeled in the green color. As seen 
in Fig. 4a, the PCN-SU + L group displays the weaker green fluorescence 
than PBS group, PBS + L group, PCN-222 group, PCN-222 + L group, 
and PCN-SU group, proving the rapid release of HMGB1 from 4 T1 cells. 
Similarly, translocation of CRT exposure is also displayed by CLSM, 
PCN-SU + L group shows much stronger green fluorescence compared 
with other groups (Fig. 4b and S19). The changes of extracellular 
released ATP content were monitored by the ATP detection kit. The 
content of extracellular ATP in PCN-SU + L group is 10-fold than that in 
the other groups (Fig. 4c). Afterward, maturate DCs as important APCs 
can efficiently ingest, process, and present antigens to cause immune 
responses. The supernatant of treated 4 T1 cells stimulated and subse-
quently maturated DC2.4 cells (mouse bone marrow-derived dendritic 
cells), and the expression of costimulatory molecules CD80 and CD86 
were measured by flow cytometry. As shown in Fig. 4d, PCN-SU + L 
group trigger an expressively increased population of mature DCs 
(CD80+CD86+, 28.5%) comparable to PBS (12.2%), PBS + L (11.2%), 
PCN-222 (7.88%), and PCN-SU (8.78%). It is worth noting that PCN-SU 
+ L group is 2 times higher than PCN-222 + L group (15.1%). These data 
suggested that NIR-triggered PDT of PCN-SU can induce more ICD and 
stimulate DCs maturation to activate systemic immune activities in vitro. 

3.1. In vivo synergistic photodynamic immunotherapy 

The above excellent experimental results of PCN-SU encourage us to 
further evaluate the antitumor efficacy of PCN-SU for 4 T1 tumor- 
xenograft BALB/c mice in vivo. For the antigen-specific T cells immune 
response, the combination of programmed cell death ligand 1 (PD-L1) 
on the surface of cancer cells and programmed cell death 1 (PD-1) on the 

surface of T cells inhibits the activation of T cells and subsequent specific 
killing to tumor cells. Therefore, the checkpoint inhibitor anti-PD-1 
(aPD-1) was utilized to prevent the binding of PD-L1 and PD-1, so that 
T cells can regain the ability to activate and kill cancer. To evaluate the 
antitumor efficacy of photodynamic-immunotherapy in vivo, 4 T1 tumor 
model was established by injecting 2 × 106 of cells subcutaneously into 
the flank of female BALB/c mice. The protocol of the animal experiments 
is displayed in Fig. 5a, and the mice were divided into 6 groups and 
treated with PBS, aPD-1, PCN-SU, PCN-SU + L, PCN-SU + aPD-1, and 
PCN-SU + aPD-1 + L at the PCN-SU dose of 5 mg kg− 1, respectively. 
Meanwhile, aPD-1 (4 mg kg− 1) was intraperitoneally injected into mice 
on the 2nd, 4th, and 6th days. As shown in Fig. 5b, no obvious inhibition 
effect toward tumor growth in PBS group, PCN-SU group, and aPD-1 
group during the whole experiments. But the relative inhibition rates 
of PCN-SU + aPD-1 + L group were 99.6%, superior to the 57.6% from 
the only PDT in the group of PCN-SU + L, which is relative to the syn-
ergistic treatment of the anti-PD-1. Similarly, the weight of excised 
tumor tissue in PCN-SU + aPD-1 + L group is the smallest among all 
other groups on the 11th day (Fig. 5c), and the photograph of tumor 
tissue is shown in Figure S20. Notably, the weights exhibit a negligible 
change during the treatments, implying there are no almost undesirable 
side effects (Fig. 5d). Even if the concentration of PCN-SU reaches 250 
μg mL− 1, it does not obviously destroy blood cells and cause hemolysis 
(Figure S21). The hematoxylin and eosin (H&E) staining of the excised 
organs illustrates that all the treatments do not damage the organs 
(Figure S22). Moreover, H&E and TdT-mediated dUTP nick-end labeling 
(TUNEL) assays show that PCN-SU promotes tumor tissue apoptosis with 
730 nm light, and the anti-cancer effect is greatly improved with the 
combination of anti-PD-1 (Fig. 5e). 

To confirm the PDT triggering antitumor immunity via ICD in vivo, 
the immunocytochemistry staining assay was applied to evaluate CRT 

Fig. 4. Immunogenic cell death induction and DCs maturation. a) Immunofluorescence of 4 T1 cells stained with anti-HMGB1 antibody. b) Quantification of relative 
CRT mean fluorescence intensity. c) Detection of extracellular ATP content by ATP assay kit. d) Expression levels of CD80 and CD86 on DCs after cultured with 
different treatments. 
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exposure and HMGB1 release. As shown in Fig. 6a, the images of 
immunohistochemical staining indicate more significant expression of 
CRT and HMGB1 in the PCN-SU + L group than both PBS and PCN-SU 
groups, suggesting PCN-SU could induce ICD upon the NIR light in 
vivo. Furthermore, we extracted lymph nodes from sacrificed mice to 
detect the level of DCs maturation by flow cytometry. The PCN-SU + L 
group indicates higher expression of mature markers CD80 and CD86 
than other groups (Figure S23). DCs present tumor antigen to antigen- 
specific T cells and induce CD8+ CTLs responses as well as infiltration 
toward tumors. Therefore, T cells infiltration in tumor tissues is explored 
by measuring the proportion of activated CD4+ T cells and CD8+ T cells. 
More activated CD8+ T cells is found in PCN-SU + L + aPD-1 group 
(19.1%) than the groups of PBS (1.92%), aPD-1 (1.21%), PCN-SU 
(1.91%), PCN-SU + L (6.40%), PCN-SU + aPD-1 (6.70%), but the pro-
portion of CD4+ T cells almost remained unchanged (Fig. 6b and S24). 
Immunofluorescence technology was used to clarify the expression of 
CD8+ T cells to evaluate T cells infiltration in tumor tissues treated by 
different groups. As shown in Figure S25, more CD8+ T cells (green 
fluorescence) are observed in PCN-SU + L + aPD-1 group than that in 
other groups. Additionally, cytokine secretion is also significant to study 
antitumor immunity. After immune activation, the up-regulation of 
interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) could enhance 
the humoral immunity and cellular immunity. The serum levels of IL-6 
and TNF-α increased by about 1-fold and 2-fold in PCN-SU + L + aPD- 
1 group compared to other groups (PBS, PCN-SU, PCN-SU + L, PBS +
aPD-1, and PCN-SU + aPD-1), respectively. The results of cytokine levels 
evaluation further illustrated that the combination of PDT and αPD-1 

treatment triggered a strong immune response (Fig. 6c and 6d). 

4. Conclusions 

In summary, we prepared a spindle-shaped PCN-SU for NIR-boosted 
photodynamic immunotherapy against 4 T1 tumor by the sulfonating 
reaction. After sulfonation, obvious etching and spatial heterogeneity in 
the (110) plane are observed in the TEM images and the EDS spectra of 
PCN-SU. Moreover, the location of sulfonic anions near the nitrogen 
atom of TCPP ligands was confirmed by both spectra and theoretical 
simulation. The strong intramolecular hydrogen bond between those 
introduced sulfonic anions and each TCPP ligand could obviously induce 
the distortion of the porphyrin ring. Meanwhile, the reduction of the 
energy gap between HOMO and LOMU could greatly adjust the ab-
sorption of PCN-SU into the near-infrared region. So PCN-SU could 
produce more singlet oxygen to induce ICD and the maturation of DCs 
than that of PCN-222 under the 730 nm irradiation. The combination of 
NIR-boosted PDT and immune checkpoint inhibitors (anti-PD-1) 
significantly upregulates the proportion of T cells in the tumor region in 
vivo. Therefore, a higher tumor suppression rate of 99.6% was achieved 
in the PCN-SU group under the synergistic effect of photodynamic 
immunotherapy. Finally, this strategy of sulfonated porphyrin-based 
delivery system could largely promote the photodynamic efficiency 
under the NIR region, benefiting for further clinic application. 

Fig. 5. In vivo therapeutic efficacy of PCN-SU by activating anti-tumor immune response in 4 T1-bearing mice. a) Schematic illustration of the experimental design 
for tumor immunotherapy in mice in vivo. b) Tumor growth curves of 4 T1 breast tumor-bearing mice treated with PBS, aPD-1, PCN-SU, PCN-SU + L, PCN-SU + aPD- 
1, and PCN-SU + aPD-1 + L. c) Excised 4 T1 breast tumor weights. d) Body weight changes of 4 T1 breast tumor-bearing mice. e) Photomicrographs of tumor tissue 
with H&E staining and immunocytochemistry images of tumor tissue with TUNEL staining. Statistical analysis was performed by two-tail Student’s t-test or one-way 
ANOVA * P < 0.05, **P < 0.01, ***P < 0.001. 
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