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a b s t r a c t

The efficacy of photodynamic therapy (PDT) for breast tumors is hindered by challenges such as inade-

quate tumor targeting, limited treatment depth, and strong oxygen dependence. Herein, a promising pho-

tosensitizer VP-B was developed to simultaneously address all the aforementioned issues for the treat-

ment of hypoxic deep-seated breast tumors. The biotinylated photosensitizer VP-B not only exhibited

precise targeting towards breast tumor tissue, but also efficiently triggered the generation of abundant
1O2 and O2

−• under 690nm red light irradiation. Indeed, the red light penetration ability enabled VP-B to

achieve successful application in a mouse orthotopic breast tumor model. After intravenous administra-

tion, VP-B can selectively target tumor tissues and significantly inhibit the growth of hypoxic deep-seated

tumors. Therefore, this new type I & II photosensitizer could boost fluorescence-guided photodynamic

therapy of other hypoxic solid tumors.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Breast cancer is typically characterized by the uncontrolled

growth of abnormal cells in the breast tissue. These cells can

form a tumor that can invade surrounding tissues and potentially

spread to other parts of the body [1-3]. The treatment modalities

for breast cancer including surgical intervention, radiation therapy,

and chemotherapy often result in various adverse effects among

patients due to their invasive ways and systemic toxicity [4-7].

Photodynamic therapy (PDT) is an attractive non-invasive thera-

peutic approach with less side effects that involves the utilization

of specific wavelengths of light to activate photosensitizers [8]. The

activated photosensitizers generate reactive oxygen species (ROS)

that stimulate cell death mechanisms, inducing tumor cell apop-

tosis, microvascular damage, and anticancer immune responses

[9-11].

Most photosensitizers used in clinical PDT involves type II

photochemical reactions process, where the photosensitizers react

with oxygen to produce highly toxic singlet oxygen (1O2) [12,13].

This process, which necessitates the involvement of oxygen, con-

tradicts the hypoxic microenvironment characteristic of tumor
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cells, thereby exacerbating their heightened oxygen consumption

levels and diminishing the efficacy of photodynamic therapy [14].

Besides, many other challenges for tumor PDT photosensitizers re-

main, including deeper light penetration, more selective absorption

or retention in targeting tumors, and more higher biosafety [15].

Verteporfin (VP) is a photosensitizer approved by the Food and

Drug Administration (FDA) for the clinical treatment of age-related

macular degeneration due to its good biosafety. But it is only

used in the field of ophthalmology due to its low selective re-

tention in turmor tissues [16-18], although research is also un-

derway for its use in treating primary breast cancer in clinical

trials (NCT02872064) [19,20]. As a promising photosensitizer in

PDT, VP exhibits a high triplet quantum yield (ΦT =0.68 under

N2 saturation conditions) and a high singlet oxygen quantum yield

(Φ� =0.78), generating a significant amount of triplet states and

singlet oxygen upon 690-nm light excitation [21,22], demonstrat-

ing deeper tissue penetration and higher PDT efficiency [23]. These

characteristics make VP a promising and safe PDT photosensitizer

for deep-seated tumors treatment.

However, the conventional approach of employing VP in PDT

still adheres to type II processes, which heavily relies on oxygen

and thus restricts treatment efficacy in hypoxic tumor environ-
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Scheme 1. Schematic illustration of the molecular design of VP-B and photody-

namic cancer therapy by type I & II photochemical reactions.

ments [24-26]. Less oxygen-dependant type I PDT photosensitizers

are considered to be able to alleviate the limitations of type II PDT

photosensitizers [27,28]. In type I photodynamic therapy processes,

the excited photosensitizer transfers electrons or hydrogen protons

to surrounding substrates, resulting in the generation of free radi-

cals such as O2
−• and •OH. Excessive O2

−• is known to react with

proteins, DNA, and lipids, causing irreversible damage to cellular

components. Importantly, this process involves in O2
−• dispropor-

tionation reactions, which can realize the reuse of O2 [29].

Biotinylation can offer photosensitizers targeting ability for

many kinds of tumors, especially for breast tumors [30]. Unexpect-

edly, a biotinylated porphyrin molecule PpIX-B was reported by our

group to simultaneously achieve tumor targeting ability and type I

PDT ability [31]. Inspired by PpIX-B, herein, a new photosensitizer

VP-B by biotinylation of VP has been designed and developed as a

type I & II photosensitizer for targeted deep-seated breast tumors

treatment (Scheme 1). Compared with VP, VP-B obtained better tu-

mor targeting and more efficient PDT under hypoxic conditions.

Compared to PpIX-B, VP-B exhibited deeper tissue penetration abil-

ity benefitting deep-seated breast cancer PDT.

In this study, the photosensitizer VP-B was synthesized

by amide condensation of VP with 5-(2-oxo-1,3-dihydro-1H-

thieno[3,4-d]imidazol-4-yl)pentanohydrazide (Fig. S1 in Supporting

information). And the chemical structure of VP-B was fully charac-

terized by 1H nuclear magnetic resonance (NMR), 13C NMR, and

high resolution mass spectrometry (HRMS) (Figs. S2–S6 in Sup-

porting information). VP-B exhibited absorption and fluorescence

spectra (650–750nm) similar to VP (Fig. S7 in Supporting infor-

mation). In addition, it displayed a maximum absorption peak at

689nm, showing a further redshift compared to PpIX-B (Fig. 1a

and Fig. S8 in Supporting information), and it could be excited by

light with a wavelength of 690nm (Fig. S9 in Supporting informa-

tion), indicating its greater potential in deeped-seated tumor treat-

ment. Subsequently, the 1O2 generation of VP-B was evaluated by

using 1,3-diphenylisobenzofuran (DPBF, a 1O2 detector) [32]. Un-

der 690-nm red light irradiation, VP-B caused a more significant

decrease in absorbance at 415nm than PpIX-B, indicating better
1O2 production capability than PpIX-B (Fig. S10 in Supporting in-

formation). The comparison of 1O2 generation between VP-B and

VP showed no significant difference (Fig. 1b and Fig. S11 in Sup-

porting information). The results demonstrated that the coupling

of biotin fragment did not impact 1O2 production. The better 1O2

Fig. 1. (a) Normalized UV–vis absorption (solid lines) and fluorescence spectra

(dashed lines) of VP-B and PpIX-B in ethanol. (b) Absorbance degradation at 415nm

of DPBF (50μmol/L) with VP-B(10μmol/L) and VP (10μmol/L) as a function of irra-

diation time (690nm, 20mW/cm2). (c) Photodegradation curves of NBT with VP-B

(690nm, 20mW/cm2). (d) Fluorescence spectra of DHR123 as fluorescence probe for

O2
−• generation. (e) Fluorescence intensity of DHR123 at 526nm after 690nm irra-

diation for 5min. (f) Schematic illustration of 1O2 and O2
−• generation mechanism

of VP-B.

generation ability of VP-B than PpIX-B was further confirmed us-

ing singlet oxygen sensor green (SOSG), a 1O2 fluorescence probe

(Fig. S12 in Supporting information) [33]. The above results indi-

cate VP-B keeps the same capacities as VP of 690-nm excitation

and 1O2 production as type II photosensitizer.

Next, the capacity of O2
−• generation as type I photosensitizer

was evaluated for VP-B by using a specific O2
−• detection probe

NBT [34]. As shown in Fig. 1c and Fig. S13 (Supporting informa-

tion), O2
−• generation was observed in VP-B but not in VP un-

der the same 690-nm light irradiation. This suggests that biotinyla-

tion has a positive impact on O2
−• production, which is consistent

with our previous study [31]. To further validate the O2
−• genera-

tion ability of VP-B, DHR123 was used as a fluorescence probe for

O2
−• [35]. As shown in Fig. S14 (Supporting information), we ob-

served the significant increase in fluorescence intensity at 526nm

within 10min of irradiation, providing compelling evidence for the

generation of O2
−•. Meanwhile, VP-B exhibited stronger superox-

ide anion radical generation capability compared to PpIX-B. More-

over, the quenched fluorescence by addition of superoxide dismu-

tase (SOD) or antioxidant vitamin C (Vc) further confirmed the en-

hanced DHR123 signal was attributed to the generation of O2
−•

(Fig. 1d). As expected, the fluorescence intensity showed an 4.9-

fold and 10-fold decrease respectively (Fig. 1e). Therefore, we con-

clude that the photosensitizer VP-B simultaneously engages in two

distinct photochemical reactions (Fig. 1f), generating 1O2 through

an energy transfer pathway (type Ⅱ) and producing O2
−• through

an electron transfer pathway (type Ⅰ).
Based on its excellent ability to generate reactive oxygen

species in solutions, we subsequently checked the PDT ability of

VP-B in breast cancer cells. Initially, we assessed the cellular up-

take levels of VP-B by confocal laser scanning microscopy (CLSM)

with MCF-7 breast cancer cells and COS-7 normal cells. As shown
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Fig. 2. (a) Cellular uptake imaging of VP-B in MCF-7 and COS-7 cells, respectively.

Scale bar: 30 μm. (b) ROS detection in MCF-7 cells under normoxic (21% O2) or hy-

poxic (1% O2) conditions using DCFH-DA, SOSG, and DHE as the ROS, 1O2, and O2
−•

fluorescence indicator, respectively (690nm, 20mW/cm2, 3min). Scale bar: 30 μm.

(c) Schematic illustration of DHE for O2
−• detection. (d) Live/dead cell costaining

assays using calcein-AM and propidium iodide as fluorescence probes under nor-

moxic (21% O2) or hypoxic (1% O2) conditions (690nm, 20mW/cm2, 3min). Scale

bar: 100μm. (e) Dark toxicity of VP-B and VP on MCF-7 cells under normoxia. Data

in (e) are derived from independent biological samples (n=5, mean ± SD). (f) Cell

viability of MCF-7 cells treated with increasing concentrations of VP-B and VP af-

ter exposure irradiation (690nm, 20mW/cm2, 3min). Data in (f) are derived from

independent biological samples (n=5, mean ± SD, ∗∗∗P<0.001, ∗∗∗∗P<0.0001).

in Fig. 2a, VP-B can be uptaken by MCF-7 breast cells but not

by COS-7 normal cells after 2–4h. These results support the ex-

cellent cellular internalization ability and selectivity of VP-B for

breast cancer cells come from the biotin moiety, because the bi-

otin acceptors are over-expreesed by breast turmor cells but not

by normal healthy cells. Furthermore, we conducted real-time cel-

lular uptake and subcellular colocalization experiments by incu-

bating VP-B with MCF-7 cells to further investigate the interaction

between VP-B and cells. As shown in Figs. S15 and S16 (Support-

ing information), the red fluorescence intensity gradually increased

and reached its maximum after 4 h incubation, which means that

the VP-B was uptaken into cells and ultimately enriched in the cy-

toplasm. Before evaluating the PDT capability of VP-B, we investi-

gated its ROS generation ability in vitro living cells. Initially, 2,7-

dichlorodihydrofluorescein diacetate (DCFH-DA) was used as ROS

fluorescence probe by costaining with photosensitizer in MCF-7

cells under different conditions [36]. As shown in Fig. 2b, under

normoxic conditions (21%), both VP and VP-B can produce intracel-

lular ROS levels in MCF-7 cells. However, under hypoxic conditions

(1%), ROS generation was only observed in MCF-7 cells which were

incubated with VP-B, implying that VP-B may generate alternative

types of ROS during hypoxia.

To further investigate the types of ROS generated by VP-B under

hypoxic conditions, SOSG and dihydroethidium (DHE) were chosen

as 1O2 probe and O2
−• probe, respectively (Fig. 2b). As anticipated,

VP-B under hypoxic conditions (1%) cannot generate 1O2 compared

with under normoxic conditions (21%) in the SOSG experiments.

Consequently, it is plausible that VP-B may generate alternative

types of ROS rather than 1O2 under hypoxic conditions. Therefore,

the evaluation of O2
−• generation ability was followed by using

DHE as O2
−• probe (Fig. 2c) [37]. Remarkably, MCF-7 cells incu-

bated with VP-B exhibited significant red fluorescence under both

normoxic conditions (21%) and hypoxic conditions (1%), whereas

VP-treated cells did not display notable red fluorescence.

After confirming that VP-B can generate O2
−• in hypoxic cells,

the better PDT performance of VP-B than VP for hypoxic cells

was visually demonstrated through CLSM experiments by using

two fluorescence indicators calcein-AM (green fluorescence for live

cells) and propidium iodide (PI, red fluorescence for dead cells).

As shown in Fig. 2d, under light exposure, significant red fluo-

rescence of PI was observed in MCF-7 cells treated with VP-B

under hypoxic conditions. And green fluorescence of calcein-AM

was detected in the VP group under the same hypoxic and irra-

diation conditions. These results strongly indicate that VP-B holds

greater potential than VP in the treatment of hypoxic tumors via

an oxygen-independent type I PDT pathway.

Subsequently, we employed standard MTT analysis to study the

PDT efficacy of VP-B under different conditions. In the absence of

light exposure, VP-B exhibited weaker cytotoxicity towards MCF-7

tumor cells than VP (Fig. 2e) under normoxia. The half maximal

inhibitory concentration (IC50) value of VP-B was 0.82mmol/L, and

the IC50 value of VP was 0.59mmol/L. The weak dark cytotoxic-

ity of VP-B was also confirmed in COS-7 healthy cells with IC50 of

0.73mmol/L (Fig. S17 in Supporting information). Under red light

(690nm) irradiation at 20mW/cm2, the IC50 value of VP-B un-

der normoxic conditions (21%) was determined to be 0.25 μmol/L,

which is superior to that of VP (IC50= 0.49 μmol/L) (Fig. 2f). The

phototoxicity index values (the ratio of IC50 of dark cytotoxicity

to IC50 of phototoxicity) are calculated for VP-B (phototoxicity in-

dex=3263) and VP (phototoxicity index=1201) to evaluate their

potentials as PDT photosensitizers. The higher phototoxicity index

value of VP-B indicates that VP-B is the better one than VP. Im-

portantly, VP-B demonstrated potent cytotoxic effects under hy-

poxic conditions, whereas VP failed to exhibit any killing effect

under the same hypoxic conditions. Meanwhile, under normoxic

conditions (21%), PpIX-B exhibited poorer phototoxicity (IC50 =2.23

μmol/L) under red light (630nm) irradiation at 20mW/cm2, while

under hypoxic conditions, VP-B also showed better phototoxicity

than PpIX-B (Fig. S18 in Supporting information). The findings sug-

gested that VP-B has a competitive advantage in PDT compared to

PpIX-B. Besides, confocal fluorescence imaging experiments were

used to further visually reveal the photocytotoxicity of VP-B with

MCF-7 cells by dual-staining with annexin V-fluorescein isothio-

cyanate (FITC) and PI, regardless of whether in normoxic condi-

tions (21%) or hypoxic conditions (1%) (Fig. S19 in Supporting in-

formation). The PDT effect of VP-B were also investigated by the

flow cytometry analysis (Fig. S20 in Supporting information). These

results suggested that VP-B could induce cellular apoptosis un-

der both normoxic conditions (21%) and hypoxic conditions (1%)

[38].

PDT has been demonstrated to induce immunogenic cell death

in tumour cells [39], thereby enhancing their immunogenicity and

promoting the release of damage-associated molecular patterns

(DAMPs) such as calreticulin (CRT) and high mobility group box-

1 protein (HMGB1) [40]. Consequently, PDT with VP-B induced im-

munogenic cell death were vertified with MCF-7 cells upon 690nm

light irradiation. As shown in Fig. S21 (Supporting information),

the immunofluorescence imaging data revealed that weak CRT sig-

3



H. Hou, S. Wei, Y. Shao et al. Chinese Chemical Letters 36 (2025) 110315

Fig. 3. Photodynamic antitumor efficacy on deep-seated orthotopic breast tumors.

(a) Schematic illustration of PDT in simulated hypoxic deep-seated tumors with a

cover of 6-mm thickness chicken meat slice. (b) Comparison chart of the treatment

effectiveness of orthotopic deep-seated breast tumors for 14 days. (c) Relative tu-

mor volumes of mice after different treatments (n=3, mean ± SD, ∗∗∗P<0.001).

(d) Average weight of tumors for mice at 14 days post-treatment (n=3, mean ±
SD, ∗∗∗P<0.001). (e) H&E stained images of tumor tissues in mice dissected after

14 days of treatments in different groups. Scale bar: 50 μm.

nals and strong HMGB1 signals in MCF-7 were observed when

incubated with VP-B in the absence of light. However, significantly

increased CRT signals were observed on the cell surface after light

irradiation regardless of normoxic conditions (21%) or hypoxic con-

ditions (1%), indicating enhanced translocation and exposure of

CRT on the cell membrane. Meanwhile, the decrease of HMGB1

signal indicated that the migration of HMGB1 from the nucleus to

the cytoplasm upon irradiation. These findings suggested that VP-

B could induce immunogenic cell death (ICD) in MCF-7 cells upon

light irradiation.

Considering the pronounced PDT effect of VP-B in vitro, we fur-

ther explored its in vivo anti-tumor potential with mice experi-

ments. All animal experiments were performed based on the pro-

tocols approved by the Ethical Committee of Shandong University

under production license number SCXK 2019–0001 and use license

number SYXK 2019–0005. Initially, the deeper light penetration of

VP-B than PpIX-B were confirmed with BALB/c female mice bear-

ing orthotopic breast tumors. A chicken meat slice (6-mm thick-

ness) was placed over the tumor to simulate deep-seated tumors

[41], followed by light exposure (30mW/cm2, 10min) (Fig. 3a). The

mice with orthotopic breast tumors were randomly divided into

three groups (Fig. 3b) which were injected intratumorally with

phosphate-buffered saline (PBS, control), PpIX-B (630nm irradia-

tion), and VP-B (690nm irradiation), respectively. From the PDT

data shown in Fig. 3c, the PpIX-B group with 630-nm irradiation

did not delay any tumor growth when compared with PBS group.

Expectedly, the VP-B group with 690-nm irradiation exhibited sig-

nificant tumor suppression, which highlights the PDT effect of VP-B

on deep-seated tumors. The average tumor weight and correspond-

ing tumor photographs further substantiated the anti-tumor out-

comes of VP-B (Fig. 3d). After euthanasia was performed for those

mice, tumor tissues from each group were stained with hema-

toxylin and eosin (H&E). Histological analysis revealed a significant

presence of apoptosis and necrosis for the VP-B group with 690-

nm irradiation within the tumor tissue sections (Fig. 3e), indicating

Fig. 4. In vivo real time fluorescence imaging and antitumor efficacy in mice with

in situ breast tumor after iv injection. (a) Treatment timeline for mice with ortho-

topic breast tumor breast tumor inoculation to the end of treatment. (b) Real time

fluorescence imaging of mice with in situ breast tumor after intravenous injection

of VP-B or VP. (c) Fluorescence imaging of the major organs of mice sacrificed at

24h post-injection of VP-B or VP. (d) Relative tumor volumes of mice after different

treatments (n=3, mean ± SD, ∗∗P<0.01, ∗∗∗P<0.001). (e) Tumor tissue of mice dis-

sected after 14 days of treatments in different groups. (f) Average weight of tumors

in mice dissected after 14 days of treatments in different groups (n=3, mean ± SD,
∗∗P<0.01, ∗∗∗P<0.001). (g) H&E stained images of tumor tissues in mice dissected

after 14 days of treatments in different groups. Scale bar: 50 μm.

the remarkable potential of VP-B for the treatment of deep-seated

breast tumors.

To further investigate the advantages of VP-B in overcoming

PDT limitations in breast tumors, its PDT effects on 4T1 ortho-

topic breast tumors of BALB/c mice were studied via intravenous

injection of the photosensitizers (Fig. 4a). Specific tumor-targeting

ability is crucial for accurate PDT. We initially conducted fluores-

cence imaging through intravenous injections to study the time-

dependent distribution of VP-B and VP in mice (Fig. 4b). The re-

sults demonstrated that the tumor sites were clearly identifiable

from 3h to 24h after adminstration with VP-B (Fig. S22 in Sup-

porting information). In contrast, much weaker fluorescence sig-

nals were detected with the VP group at the breast tumor locations

throughout the observation period. Subsequent dissection of the

main organs and tumors from mice for ex vivo fluorescence imag-

ing further confirmed the much better targeting and retention ca-

pability of VP-B than that of VP (Fig. 4c and Fig. S23 in Supporting

information). These results indicate that VP-B can selectively accu-

mulate in breast tumors, benefiting from the outstanding tumor-

targeting ability of biotin.

Then, the in vivo PDT of orthotopic breast tumors of BALB/c

mice was investigated by measuring tumor size after three tail-

vein injections of photosensitizers and three times of irradiation

(Fig. 4d). After treatment, only the VP-B group with irradiation ex-
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hibited a near-complete regression, indicating the best tumor sup-

pression effect. The data of tumor size (Fig. 4e) and average tumor

weight (Fig. 4f) from dissected mice also confirmed the outstand-

ing tumor suppression capability of VP-B. The results of H&E stain-

ing further confirmed the excellent therapeutic effect of VP-B (Fig.

4g). Compared to the other groups, the VP-B light group exhib-

ited significant tumor tissue necrosis and apoptosis. In the end, the

biosafety of these photosensitizers were evaluated by mice body

weight (Fig. S24 in Supporting information) and H&E staining anal-

ysis of major organs through (Fig. S25 in Supporting information).

The results of hemolysis experiments (Fig. S26 in Supporting infor-

mation) suggested that VP-B with different concentrations (0–100

μmol/L) did not show apparent hemolysis [42]. These results indi-

cated that VP-B has high biosafety.

In conclusion, we have developed a novel type I & II photosen-

sitizer VP-B based on bintinylation of VP to enhance the PDT per-

formance against hypoxic deep-seated tumors. VP-B was demon-

strated with successful PDT for orthotopic breast tumors in mice.

In a word, VP-B gained a multifaceted therapeutic effect equivalent

to "killing three birds with one stone": excellent tumor-targeting

ability, deeper light penetration ability and potent O2
−• generation

capability. All the three capabilitier of VP-B are crucial for its ef-

ficient PDT of deep-seated orthotopic breast tumors. Besides, VP-

B was found to have better biosafety than VP. We believe that

this study presents a groundbreaking PDT paradigm for all kind of

deep-seated solid tumors, and offers invaluable insights for future

advancements in cancer therapy and clinical applications.
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