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Bioorthogonal reaction-mediated
photosensitizer–peptide conjugate anchoring on
cell membranes for enhanced photodynamic
therapy†
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Tingting Cao,c,d Jianjun Cheng *b,c,e and Rui Sun *c,e

Photodynamic therapy (PDT), utilizing a photosensitizer (PS) to induce tumor cell death, is an effective

modality for cancer treatment. PS–peptide conjugates have recently demonstrated remarkable antitumor

potential in preclinical trials. However, the limited cell membrane binding affinity and rapid systemic clear-

ance have hindered their transition to clinical applications. To address these challenges, we investigated

whether in vivo covalent chemistry could enhance tumor accumulation and potentiate antitumor efficacy.

Specifically, we synthesized a PS–peptide conjugate termed P-DBCO-Ce6, with chlorin e6 (Ce6) and di-

benzocyclooctyne (DBCO) conjugated to a negatively charged short peptide. By employing metabolic

glycoengineering and bioorthogonal reactions, P-DBCO-Ce6 achieves covalent bonding to the cell

membrane, enabling prolonged retention of the PS on the cell surface and the in situ generation of reac-

tive oxygen species (ROS) on cell membranes to kill tumor cells. In vivo studies demonstrated a 3.3-fold

increase in tumor accumulation of the PS through bioorthogonal reactions compared to the control

group, confirming that click chemistry can effectively enhance PS tumor accumulation. This approach

allows for the effective elimination of tumors with a single treatment. The improved efficiency of this

strategy provides new insights into the design of PDT systems for potential clinical applications.

Introduction

Photodynamic therapy (PDT) has emerged as an effective treat-
ment modality for cancer and actinic keratosis, offering the advan-
tages of minimal invasiveness and high therapeutic selectivity.1–3

During PDT for tumors, the photosensitizer (PS) is a critical com-
ponent, as it generates reactive oxygen species (ROS) within the
tumor microenvironment upon laser excitation, thereby inducing
cancer cell death.4,5 However, the lack of in vivo specificity and
limited tumor accumulation of PSs lead to insufficient solid
tumor eradication efficiency in clinical PDT treatments.6,7 Clinical

PDT often requires the administration of excessive amounts of PSs
and multiple treatment sessions, which can result in skin stimu-
lation syndrome and potential eye damage.8–10

To overcome these challenges, a variety of PS delivery
systems have been developed. Notably, short peptides, a class
of biomaterials with diverse biofunctions, have emerged as
potential solutions to enhance PS solubility and improve its
in vivo delivery specificity.11–13 The hydrophobic amino acids
within peptides can interact with PSs through π–π interactions
and co-assemble to form nanoparticles, thereby improving the
PS loading efficiency and treatment outcome.14–17 However,
the aggregation of PSs in nanoparticles can diminish the ROS
generation efficiency due to quenching of laser excitation.18

On the other hand, peptides can be engineered to target cellu-
lar organelles or markers via their sequential structures.13,19–21

A range of PS–peptide conjugates with subcellular organelle
targeting properties has been developed, enabling the target-
ing of the endoplasmic reticulum, mitochondria, cell nucleus,
and membrane.22–25 Cell membranes targeting PSs can gene-
rate ROS and disrupt membrane stability, thereby inducing
cell apoptosis or necrosis.26–28 However, PS–peptide conjugates
exhibit low ligand binding affinity and are still rapidly cleared

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4bm01602e

aDepartment of Materials Science, Fudan University, Shanghai 200433, China
bResearch Center for Industries of the Future, Westlake University, Hangzhou,

Zhejiang 310030, China
cSchool of Engineering, Westlake University, Hangzhou, Zhejiang 310023, China
dSchool of Materials Science and Engineering, Zhejiang University, Hangzhou,

Zhejiang 310023, China
eInstitute of Advanced Technology, Westlake Institute for Advanced Study, Hangzhou,

Zhejiang 310023, China. E-mail: chengjianjun@westlake.edu.cn,

sunrui14@westlake.edu.cn

This journal is © The Royal Society of Chemistry 2025 Biomater. Sci., 2025, 13, 1233–1242 | 1233

Pu
bl

is
he

d 
on

 2
3 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

by
 W

es
tla

ke
 U

ni
ve

rs
ity

 o
n 

12
/3

0/
20

25
 8

:5
9:

23
 A

M
. 

View Article Online
View Journal  | View Issue

http://rsc.li/biomaterials-science
http://orcid.org/0000-0003-2561-9291
http://orcid.org/0000-0002-5616-6849
https://doi.org/10.1039/d4bm01602e
https://doi.org/10.1039/d4bm01602e
https://doi.org/10.1039/d4bm01602e
http://crossmark.crossref.org/dialog/?doi=10.1039/d4bm01602e&domain=pdf&date_stamp=2025-02-21
https://doi.org/10.1039/d4bm01602e
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM013005


in vivo, showing that multiple treatment sessions are still inevi-
table for effective tumor treatment.29,30

Previous in vivo studies combining metabolic glycoengi-
neering with bioorthogonal reactions have demonstrated a
promising performance in tumor targeting drug delivery
through a two-step strategy.31–33 Unnatural sugars, including
tetraacetyl-N-azidoacetylmannosamine (Ac4ManNAz, AAM) and
its derivatives, have been developed to introduce artificial
azide labels on the cell surface by utilizing the sialic acid syn-
thesis pathway.34–38 Due to metabolic preferences, cancer cells
tend to produce more sialic acid during glycosylation, and con-
sequently, can present more artificial ligands on their surface
compared to normal cells.39–41 Leveraging this characteristic,
in vivo click chemistry has shown advantages in tumor
imaging, drug targeting delivery, and enhanced tumor
penetration.42–44 Furthermore, the click reaction can form
covalent bonding between cells and the dibenzocyclooctyne
(DBCO)-decorated cargo. The irreversible bond between cells
and ligands can facilitate drug accumulation in tumors and
achieve better treatment outcomes.45–47

Inspired by recent advancements, we synthesized a PS–
peptide conjugate adorned with DBCO groups, denoted as
P-DBCO-Ce6. The amphiphilic nature of P-DBCO-Ce6 enhances
its capability for tumor accumulation. By employing metabolic
glycoengineering and bioorthogonal chemistry, P-DBCO-Ce6 is
conjugated to the cell membrane, thereby extending the resi-
dence time of PSs on the cell surface and directly killing
tumor cells by in situ ROS generation. Our in vivo studies have
revealed a significant 3.3-fold increase in PS tumor accumu-
lation with the assistance of click chemistry compared to the
control. This innovative approach holds the potential for
effective tumor ablation within a single treatment session.

Experimental
Materials and devices

Fmoc-Lys(Boc)-OH and Fmoc-Glu(OtBu)-OH were obtained from
GL Biochem Ltd (Shanghai, China). 11,12-Didehydro-γ-oxo-diben-
zazocine-5(6H)-butanoic acid 2,5-dioxo-1-pyrrolidinyl ester
(DBCO-NHS Ester) was obtained from Jiangsu Aikang
Biopharmaceutical Co., Ltd (Nanjing, China). Tetraacetyl-N-azidoa-
cetylmannosamine (AAM) was obtained from Aladdin Co., Ltd
(Shanghai, China). Chlorin e6 (Ce6) was obtained from J&K
Scientific Co., Ltd. All mentioned biological assay kits were
obtained from Beyotime Biotechnology Co., Ltd (Shanghai,
China). Hoechst 33342, DAPI, and CellMask Orange were obtained
from Thermo Fisher Scientific Co., Ltd (USA). C11-BODIPY,
DBCO-Cy5, DBCO-biotin, and streptavidin–horseradish peroxidase
(HRP) were obtained from Sigma-Aldrich Co., Ltd (USA). All other
chemical reagents were obtained from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). All antibodies were obtained
from Abcam Co., Ltd (Shanghai, China). All reagents were used as
received without further purification or treatment.

Nuclear magnetic resonance (NMR) spectra were acquired
on a Bruker Avance III 600 spectrometer using deuterated sol-

vents. The UV-Vis spectrum absorbance was collected with a
Shimadzu UV-2600i (Kyoto, Japan). Peptides were synthesized
using a Liberty Blue HT24 multi-channel microwave-assisted
peptide synthesizer from CEM (Matthews, USA). Cellular toxici-
ties were assessed using a Spectramax Max i5 microplate
reader. Cellular fluorescence detection was analyzed using
CytoFLEX (Becton Dickinson Caliper) and a confocal laser
scanning microscope (CLSM, Carl Zeiss 980). Images of tumor-
bearing mice were captured using a small animal imaging
system (IVIS, PE Spectrum, Waltham, USA). Protein bands were
visualized using a Bio-Rad ChemiDoc MP imaging system
(Hercules, USA). All laser radiation experiments were con-
ducted using an HC0004-4 660 nm laser source from
UltraDurability Technology (Jian, China). The size and
ζ-potential of nanoparticles were analysed by using a Bruker
dynamic light scattering refractometer (Massachusetts, USA).

Synthesis of P-Ce6 and P-DBCO-Ce6

The peptide was prepared on 2-chlorotrityl chloride resin
(0.135 g, 0.74 mmol g−1, 1 equiv.). The first amino acid, Fmoc-
Glu(OtBu)-OH (34.1 mg, 0.8 equiv.), and DIPEA (78.6 μl, 4.5
equiv.) in a 2 ml DCM solution were added to the resin, and
the mixture was shaken for 1.5 h at room temperature (RT) to
conjugate the first amino acid to the resin. The resin was then
washed sequentially with DCM (3 × 5 mL), DMF (3 × 5 mL),
and i-PrOH (3 × 5 mL), and dried overnight under vacuum.
The remaining active sites on the resin were capped using a
mixture of DCM/MeOH/DIPEA (85 : 10 : 5, v/v/v) for 15 min at
RT, followed by washing with DMF (3 × 5 mL) and DCM (3 ×
5 mL). The resin was then subjected to iterative peptide assem-
bly (Fmoc-SPPS). The K4E4-resin short peptide was synthesized
using a CEM multi-channel microwave-assisted peptide synthe-
sizer, following the manufacturer’s instructions.

To synthesize P-Ce6, Ce6 (20 mg, 0.03 mmol, 1 equiv.) was
functionalized with EDC·HCl (7.07 mg, 0.033 mmol, 1.1 equiv.)
and NHS (4.63 mg, 0.036 mmol, 1.2 equiv.) in DMF at RT for
2 h. This mixture was then added to the K4E4-resin (50 mg) and
shaken for 48 h at RT. The resin was washed with DCM (3 ×
5 mL) to remove free Ce6. Then, P-Ce6 was cleaved using a solu-
tion of DCM/trifluoroacetic acid (TFA)/triisopropylsilane (89/10/
1, v/v/v) for 3 h at RT. The product, P-Ce6, was extracted with
water and characterized by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF-MS)
and 1H nuclear magnetic resonance (1H NMR).

For the preparation of P-DBCO-Ce6, P-Ce6 (10 mg,
0.006 mmol, 1 equiv.) and DBCO-NHS (12.3 mg, 0.03 mmol, 5
equiv.) were dissolved in a 10% triethylamine (TEA)/DMF solu-
tion and stirred at RT overnight. The product was dialyzed
against DMF (6 × 0.5 L) for 2 days, followed by dialysis in water
(6 × 2 L) for another 2 days, and then lyophilized. The final
product was characterized by MALDI-TOF-MS and 1H NMR.

Optical and ROS generation functionality assay

The absorption spectra of Ce6, P-Ce6, and P-DBCO-Ce6 (5 μM)
in PBS or methanol were recorded by using a UV-Vis spectro-
photometer. The ROS generation efficiency of P-DBCO-Ce6 was
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assessed by using the 9,10-anthracenediyl-bis(methylene)dima-
lonic acid (ABDA) method. A mixture of Ce6 or P-DBCO-Ce6
(50 μM) with ABDA (100 μM) in 1.5 mL of PBS was exposed to a
660 nm laser at an intensity of 30 mW cm−2 for 5 min.
Samples were taken every 30 s and the absorption of ABDA was
detected at 378 nm using a plate reader. The detection of
singlet oxygen (1O2), hydroxyl radicals (•OH), and superoxide
anion (O2

•−) generation was conducted following the protocol
described previously.28

Cell culture

Human glioblastoma cells (U251), human breast cancer cells
(MDA-MB-231), and human bladder cancer cells (T24) were
obtained from ATCC (Manassas, USA) and incubated in a
normal cell culture medium consisting of DMEM sup-
plemented with 10% heat-inactivated FBS (fetal bovine
serum), penicillin (100 units per mL), and streptomycin
(100 µg mL−1). The cells were cultured in an incubator under a
5% CO2 atmosphere at 37 °C. All cell culture consumables
were obtained from Wisent Inc., Ltd (Canada).

In vitro metabolic glycoengineering and characterization

For azide labeling, cells were cultured in normal cell culture
medium supplemented with AAM (50 μM) and incubated for
three days. Azide labeled cells were analyzed by western blot-
ting following a previously reported procedure.21 Briefly, azido-
modified biomacromolecules in cell lysates were biotinylated
by incubation with DBCO-biotin. Then, streptavidin-HRP and
an enhanced chemiluminescence (ECL) kit were used to detect
the HRP signal on the membrane with a ChemiDoc Imaging
System.

Azide-labeled cells were further analyzed by flow cytometry.
Cells with or without AAM treatment were seeded into 12-well
plates at a density of 1 × 105 cells per well. Afterward, cells
were washed with PBS three times, and a DBCO-Cy5 (50 μM)
solution was incubated with the cells for 1 h at 37 °C.
Fluorescence signals on the cells were detected by flow
cytometry.

In vitro cell surface click reaction analysis

To investigate the cell surface click reaction kinetics, T24 cells
treated with or without AAM were seeded into 12-well plates at
a density of 1 × 105 cells per well and cultured overnight. Then,
cells were washed with PBS three times and incubated with
P-DBCO-Ce6 solutions at different concentrations (1.56, 3.12,
6.25, 12.5, and 25 μM) for 30 min. Finally, the cells were
washed with PBS three times and collected for flow cytometry
analysis.

To investigate the time-dependent click reaction kinetics,
similar instructions used in the concentration study were fol-
lowed. Cells were incubated with P-DBCO-Ce6 (25 μM) at 37 °C
for different durations (1, 3, 5, 15, and 30 min). After incu-
bation, the cells were collected and analyzed by using flow
cytometry.

P-DBCO-Ce6 cell membrane targeting and retention analysis

T24 cells with or without AAM pre-treatment were seeded into
confocal dishes at a density of 1 × 104 cells per dish. After over-
night incubation, the cells were treated with P-DBCO-Ce6
(50 μM) after being washed with PBS three times, and incu-
bated for 1 h at 37 °C. Then, the cells were stained with
CellMask Orange (1 μg mL−1) for 15 min at RT for cell mem-
brane labeling, and with Hoechst (2 μg mL−1) for 10 min at
37 °C. All observations were completed by using the CLSM
system.

To analyze the cell surface retention status of P-DBCO-Ce6,
the same cell treatment procedure was followed as described
above. Cells were observed at different time points (0, 6, 12
and 24 h) after treatment with P-DBCO-Ce6 for 1 h at 37 °C by
using the CLSM system.

In vitro cell cytotoxicity of Ce6, P-Ce6 and P-DBCO-Ce6

Cells were treated with or without AAM and seeded into
96-well plates at a density of 5000 cells per well and cultured
overnight to allow attachment. Then, the culture media were
removed, and fresh media containing various concentrations
of Ce6, P-Ce6, or P-DBCO-Ce6 (0–5 μM) were added. Cells were
co-cultured with these agents for 5 min, followed by three
washes with PBS. For photo cytotoxicity, cells were irradiated
with a 10 mW cm−2 660 nm laser source for 5 min and then
incubated overnight. For dark cytotoxicity, cells were incubated
overnight without irradiation. Cell viability was analyzed using
the methyl thiazolyl tetrazolium (MTT) assay, following the kit
instructions.

Cell death analysis

Cell apoptosis assay. Annexin-V/PI (Beyotime) was employed
to assess cell apoptosis following the standard protocols. T24
cells were treated with or without AAM and seeded into 12-well
plates at a density of 1 × 105 cells per well and cultured over-
night. P-DBCO-Ce6 (1 μM) was added to the cells and incu-
bated for 5 min, followed by three washes with PBS. Cells were
then irradiated with a 10 mW cm−2 660 nm laser source for
5 min. The cells were processed according to the Annexin-V/PI
assay kit instructions and analyzed for cell death stages by
flow cytometry.

Live and dead staining analysis. T24 cells were seeded into
confocal dishes at a density of 1 × 104 cells and cultured over-
night. After treating the cells under the same conditions as the
apoptosis assay, we used the Live & Dead staining kit
(Beyotime) to evaluate the cell death status.

In vitro ROS generation analysis

In vitro ROS generation was assessed by CLSM and flow cyto-
metry. Briefly, T24 cells treated with or without AAM were incu-
bated with 1 μM P-DBCO-Ce6 for 5 min, followed by three
washes with PBS. A ROS detection probe (Beyotime) was
applied to the cells according to the manufacturer’s instruc-
tions. Cells were then irradiated with a 660 nm laser at 10 mW
cm−2 for 5 min. CLSM was employed to visualize the fluo-
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rescence signal, and flow cytometry was used to quantify the
signal intensity.

Cell membrane damage analysis

C11-BODIPY staining analysis. T24 cells were seeded into
confocal dishes at a density of 1 × 104 cells and cultured over-
night. Cells were then incubated with C11-BODIPY (10 μM) for
30 min. Subsequently, cells were treated with Ce6, P-Ce6, or
P-DBCO-Ce6 (25 μM) for 10 min. Finally, cells were irradiated
with a 660 nm laser at 40 mW cm−2 for 10 min, and CLSM was
used to analyze the fluorescence changes.

Intracellular malondialdehyde (MDA) assay. Similar to the
C11-BODIPY CLSM analysis, T24 cells were seeded into
6-well plates at a density of 1 × 106 cells and cultured over-
night. Cells were then treated with the same PSs and laser
conditions as in the C11-BODIPY experiment. Post-treatment,
cell lysis buffer was used to obtain the cell lysate. The MDA
assay protocol (Beyotime) was followed to determine the
MDA concentration in the cell lysate. The BCA assay kit was
used to measure the protein concentration, and the relative
MDA generation levels were normalized to the protein
concentration.

Mouse maintenance

Mouse experiments were conducted with the approval of the
Animal Care and Use Committee of Westlake University. The
mice were sourced from GemPharmatech Co., Ltd (Jiangsu,
China) and raised under standard conditions. All animal pro-
cedures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Westlake University
and approved by the Animal Ethics Committee of Laboratory
Animal Resource Center, Westlake University. Female BALB/c
nude mice (17–22 g) were used to establish the tumor-bearing
mouse models. The suspension of T24 cells (5 × 107 cells per
mL, 0.1 mL) was injected into the right hind flank of each
mice. Tumor volume (V) was calculated using the formula: V =
(L × W2)/2 (mm3), where L represents the length and W rep-
resents the width of the tumor, respectively.

In vivo biodistribution study

AAM was encapsulated within liposomes following the proto-
col described previously.48 The size and ζ-potential of AAM
liposomes were analysed by dynamic light scattering (DLS) and
particle electrophoretic mobility. Mice were administered Ce6,
P-Ce6, or P-DBCO-Ce6 at a dosage of 2 μM kg−1 Ce6. For the
AAM+P-DBCO-Ce6 group, AAM was administered intravenously
at a dosage of 100 mg kg−1 for 3 days prior to the adminis-
tration of P-DBCO-Ce6. Mice (n = 4) were analyzed using the
IVIS under the 660/765 channel at various time points follow-
ing administration treatment. After a 48 h observation period,
mice were sacrificed, and tumors along with organs (heart,
liver, spleen, lungs, and kidneys) were extracted and further
analyzed by using the IVIS system.

In vivo PDT anti-tumor efficiency study and blood chemistry
analysis

Tumor-bearing mice were randomly divided into 5 groups (n =
6 for each group): PBS, Ce6, P-Ce6, P-DBCO-Ce6, and
AAM+P-DBCO-Ce6. Following the administration protocol
described in the biodistribution study, a 660 nm laser radi-
ation treatment was conducted 6 h after various PS adminis-
tration. Each mouse was subjected to irradiation with a
120 mW cm−2 laser for 15 min. Tumor size and body weight
were monitored and recorded at regular intervals throughout
the experiment. After the experiment, all mice were sacrificed,
and tumors were excised, weighed, and fixed in formalin.
Blood was collected from each mouse prior to sacrifice and
subjected to standard biochemical analysis.

AAM biosafety analysis

The tumor-bearing mice were randomly divided into 2 groups
(n = 6 per group). Following the AAM administration protocol
described in the biodistribution study, tumor size and body
weight were monitored and recorded throughout the experi-
ment. After the experiment, all mice were sacrificed, and the
tumors were excised, weighed, and fixed in formalin.

Histological examination of tissues

The fixed tumors and organs were embedded in paraffin and
sectioned into 5 μm thick slices. These slices were then
stained with hematoxylin and eosin (H&E) for histological
examination and subsequently observed under an inverted
microscope.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism
version 10.3.0. To compare the two groups, we utilized an
unpaired, two-tailed Student’s t-test with a 95% confidence
interval. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
were considered statistically significant.

Results and discussion
The synthesis and characterization of P-DBCO-Ce6

Ce6, an FDA-approved PS, is extensively used in cancer PDT.
Despite its efficacy, its high hydrophobicity significantly limits
its solubility in water, posing a challenge for therapeutic appli-
cations.49 To overcome this issue, Ce6 has been conjugated
with peptides to enhance its solubility. Although this modifi-
cation has successfully improved solubility, it has been
observed that the peptide conjugated Ce6 exhibits inadequate
tumor accumulation.50 In this study, we rationally designed a
Ce6–peptide conjugate adorned with DBCO to evaluate its
potential to enhance tumor retention through bioorthogonal
reaction-mediated mechanisms and to potentiate antitumor
efficacy (Fig. 1a). The synthetic procedures are detailed in
Fig. S1.† Briefly, we synthesized a Ce6–peptide conjugate Ce6-
K4E4 (named P-Ce6) using SPPS. Subsequently, DBCO-NHS was
conjugated to obtain the final product, P-DBCO-Ce6, with a
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48% yield. Characterization of the synthesized compounds was
performed using 1H NMR, and MALDI-TOF-MS, confirming
the successful synthesis of P-Ce6 (Fig. S2 and S3†) and
P-DBCO-Ce6 (Fig. 1b and Fig. S4†). To evaluate the optical pro-
perties of Ce6 after decoration, the absorbance spectra of
P-Ce6 (Fig. S5†) and P-DBCO-Ce6 (Fig. 1c) were analyzed. The
results revealed that, after conjugation, P-Ce6 and P-DBCO-Ce6
UV-Vis absorbance profiles were similar to that of Ce6, indicat-
ing that the optical properties of Ce6 were preserved. Under
physiological conditions, P-DBCO-Ce6 displayed a slight red
shift in its absorbance peak at around 660 nm, which we attri-
bute to the self-assembly of the short peptide (Fig. S6†).13 The
critical micelle concentration (CMC) measurement was further
conducted to demonstrate the self-assembling properties of
P-DBCO-Ce6. The results showed that P-DBCO-Ce6 has a CMC
value of 0.83 μM (Fig. S7†). The CMC experiment indicated
that P-DBCO-Ce6 is capable of forming self-assembled struc-
tures under physiological conditions. The ROS generated by
Ce6 is the key functional molecule in the PDT treatment.
Therefore, the ROS generation capability of P-DBCO-Ce6 was
investigated by using ABDA as a singlet oxygen indicator.51

The decrease in ABDA absorbance upon exposure to a 660 nm
laser confirmed the generation of ROS. P-DBCO-Ce6 demon-
strated a slightly lower singlet oxygen production rate com-
pared to free Ce6, potentially due to the alkyl group in DBCO
consuming the ROS generated under light irradiation
(Fig. 1d).52 The influence of DBCO on the type of ROS gener-
ated was further analyzed using probes responsive to specific

ROS types.53,54 The results further demonstrated that chemical
modifications have a minimal impact on the functionality of
Ce6 (Fig. S8†), thereby allowing for subsequent research in
PDT.

Cell surface bioorthogonal reaction and cell membrane
targeting analysis

The quantity of sialic acid on the cell surface, a determinant of
azide group incorporation through metabolic glycoengineer-
ing, consequently influences the rate and efficiency of
bioorthogonal reactions at the cell surface. Initially, we evalu-
ated the labeling efficiency of sialic acid azide in three com-
monly utilized cell lines: U251, MDA-MB-231, and T24,
employing western blot analysis as previously established
methods36 (Fig. 2a and Fig. S9 and S10†). Our findings
revealed that T24 cells exhibited the highest expression of
sialic acid with azide labeling, surpassing those of U251 and

Fig. 1 Schematic representation of the working mechanism, structure
and properties of P-DBCO-Ce6. (a) Schematic illustration of the working
mechanism of P-DBCO-Ce6; (b) 1H NMR characterization of
P-DBCO-Ce6 in d6-DMSO; (c) UV-Vis absorption spectrum of
P-DBCO-Ce6 and Ce6 in methanol; and (d) total reactive oxygen
species (ROS) generation by P-DBCO-Ce6 and Ce6, as detected by
ABDA (100 μM) under 660 nm laser irradiation (30 mW cm−2) for various
time intervals.

Fig. 2 Cell surface azide labeling and click reaction analysis. (a)
Western blot analysis of azide glycol labeling in U251, MDA-MB-231, and
T24 cells; (b) statistical analysis of the western blot results; (c) flow cyto-
metry analysis of the DBCO-Cy5 click reaction with U251, MDA-MB-231,
and T24 cells; (d) statistical analysis of the flow cytometry results; and
(e) concentration-dependent kinetics of the cell surface click reaction
with P-DBCO-Ce6, with or without AAM labeling. P-DBCO-Ce6 was
incubated with cells for 30 min; (f ) time-dependent kinetics of the cell
surface click reaction with P-DBCO-Ce6 (25 μM), with or without AAM
labeling; and (g) CLSM images of P-DBCO-Ce6 cell surface retention
with or without azide labeling at different time points after the treat-
ment. Cells were incubated with 50 μM P-DBCO-Ce6 for 1 h at 37 °C.
Scale bar: 20 μm (*p < 0.05, **p < 0.01 and ***p < 0.001).
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MDA-MB-231 cells (Fig. 2b). Further validation was provided
by flow cytometry analysis, which corroborated the higher
sialic acid expression on the cell surface of T24 cells (Fig. 2c
and d). Based on these compelling results, T24 cells were
selected as the model system for our subsequent experimental
investigations.

We investigated the kinetics of the cell surface bioorthogo-
nal reaction to illustrate the binding progress of P-DBCO-Ce6.
T24 cells were incubated with AAM for 3 days before examining
the cell surface conjugation of P-DBCO-Ce6. Flow cytometry
analysis revealed that the conjugation of P-DBCO-Ce6 to the
cell surface was both time- and concentration-dependent
(Fig. 2e and f). Statistical analysis of the mean fluorescence
intensity (MFI) indicated that the cell surface click reaction
could occur within 1 min, resulting in a significant enhance-
ment in P-DBCO-Ce6 attachment. Furthermore, the bioortho-
gonal reaction increased the cell attachment efficiency of
P-DBCO-Ce6 by approximately 40% compared to the inter-
action between T24 cells and P-DBCO-Ce6. We also assessed
the cell absorption efficiency of P-Ce6 on the cell surface,
which was also time- and concentration-dependent (Fig. S11†),
but it was two orders of magnitude lower than that of
P-DBCO-Ce6 on the untreated cells (Fig. S12†). Subsequently,
to further investigate the subcellular distribution of the
bioorthorgonal reaction, the cell surface conjugation of
P-DBCO-Ce6 was examined using confocal laser scanning
microscope (CLSM) imaging. Notably, P-DBCO-Ce6 exhibited
significantly higher cell membrane attachment efficiency and
was found to be highly colocalized with the cell membranes,
as compared to the cells that did not receive AAM treatment
(Fig. S13†).

In clinical practice, PDT is typically initiated several hours
or days following the administration of the PS. Therefore, we
further analyzed the bioorthogonal reaction-mediated cell
surface retention time of the PS. After treating T24 cells with
P-DBCO-Ce6 for 1 h, CLSM imaging was employed to assess
the localization of P-DBCO-Ce6 at various time intervals post-
treatment (Fig. 2g). Notably, P-DBCO-Ce6 conjugated on the
cell surface demonstrated remarkable retention on the cell
membrane for up to 24 h. In contrast, cells without AAM treat-
ment showed a tendency to endocytose P-DBCO-Ce6. The
surface click reaction mediated the sustained retention of
P-DBCO-Ce6 on the cell surface, providing an ample thera-
peutic window for PDT in both clinical and in vivo appli-
cations. Furthermore, the reduction of PS endocytosis pre-
vented rapid degradation of the peptide–PS conjugate in the
lysosome, preserving more PS on the cell membrane for
efficient PDT treatment. This characteristic ensures prolonged
targeting of the cell membrane, enabling multiple laser treat-
ments within a single PS dose, and thus further extending the
clinical application potential of P-DBCO-Ce6.

In vitro cell cytotoxicity and cell death mechanism study

Light-induced cytotoxicity is a pivotal determinant of PS
efficacy in PDT.55 We hypothesized that the bioorthogonal
reaction-mediated cell surface retention of P-DBCO-Ce6 could

directly disrupt cancer cell membranes via the in situ gene-
ration of ROS. Initially, we performed MTT assays to compare
the dark toxicity and phototoxicity of P-DBCO-Ce6 on T24 cells
with and without AAM treatment (Fig. 3a). Cells were incu-
bated with P-DBCO-Ce6 for 5 min, followed by phosphate-
buffered saline (PBS) washing to remove unbound PS. For
photocytotoxicity assessment, cells were irradiated with a
660 nm laser at an intensity of 10 mW cm−2 for an additional
5 min. P-DBCO-Ce6 showed no significant dark toxicity but
exhibited phototoxicity in T24 cells, particularly in those
treated with AAM. This enhancement was ascribed to the
bioorthogonal click reaction, which facilitated increased Ce6
retention on the cell surface. Additionally, we assessed the tox-
icity of free Ce6 and P-Ce6 under identical conditions, both in
the presence and absence of light, and found no significant
phototoxicity (Fig. S14†) or dark toxicity (Fig. S15†). This lack
of toxicity was attributed to the minimal cell surface anchoring
of these agents. To further validate the general applicability of
our system, we extended our evaluation to MDA-MB-231 and
U251 cells. Similar to T24 cells, Ce6 and P-Ce6 did not exhibit
significant phototoxicity in these cell lines. In contrast,
P-DBCO-Ce6 displayed pronounced cytotoxicity upon laser
irradiation, suggesting that our system is robust against vari-
ations in sialic acid expression and has broad applicability
(Fig. S16–S19†).

Fig. 3 In vitro cell toxicity assessment and investigation of the killing
mechanism. (a) Phototoxicity and dark toxicity assessment of
P-DBCO-Ce6 on T24 cells with or without AAM treatment (for photo-
toxicity, upon 660 nm laser irradiation, 10 mW cm−2, 5 min); (b) live and
dead staining of T24 cells pretreated with P-DBCO-Ce6 (1 μM, 5 min)
after 660 nm laser excitation (10 mW cm−2, 5 min), scale bar: 100 μm; (c)
cell apoptosis analysis of T24 cells treated with P-DBCO-Ce6 (1 μM,
5 min) following 660 nm laser treatment (10 mW cm−2, 5 min); (d) intra-
cellular ROS generation detected by using a ROS fluorescent probe,
imaged with CLSM and quantitatively analyzed with flow cytometry; T24
cells treated with P-DBCO-Ce6 (1 μM, 5 min) following 660 nm laser
treatment (10 mW cm−2, 5 min), scale bar: 20 μm; (e) CLSM imaging of
C11-BODIPY excitation by ROS, generated from the cell surface attached
PS (25 μM, 10 min) under laser irradiation (40 mW cm−2, 10 min), scale
bar: 20 μm; and (f ) intracellular MDA levels in cells with different treat-
ments after laser irradiation (*p < 0.05, **p < 0.01 and ***p < 0.001).
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Given that membrane-anchored PSs can trigger necrosis
and apoptosis, potentially initiating a systemic immune
response and preventing tumor recurrence,21,28,56 we further
evaluated the cell death mechanism in our system. We initially
employed Live & Dead staining to assess the cell membrane
integrity. The findings revealed calcein release and propidium
iodide (PI) nuclear translocation immediately post-PDT treat-
ment (Fig. 3b), suggesting that P-DBCO-Ce6 induced cell death
likely resulting from membrane rupture.26,57 Subsequently,
cell apoptosis assays were conducted to further dissect the cell
death pathways following PDT. The cell surface click reaction
significantly amplified the light-induced cytotoxicity of
P-DBCO-Ce6, which underwent both necrosis and apoptosis
(Fig. 3c).

With evidence indicating the possibility that cell membrane
attached P-DBCO-Ce6 eliminates cancer cells through cell
membrane rupture, we then investigated whether bioorthogo-
nal reaction-mediated PDT enhances ROS generation at the
cell membrane. Using a ROS detection kit and CLSM, we
found that click reaction-mediated PDT induced higher ROS
levels than non-reaction groups, correlating with cellular mor-
phological changes indicative of membrane rupture (Fig. 3d
and Fig. S20†). Under physiological conditions, ROS is a highly
reactive molecule that can only diffuse to a limited area due to
this property.58,59 The in situ ROS production at the membrane
may directly disrupt the cell membrane. Employing C11-
BODIPY, a dye that inserts into the cell membrane and gener-
ates fluorescence upon oxidation by ROS, we observed the
highest fluorescence intensity with click reaction-mediated
PDT (Fig. 3e and Fig. S21a†), confirming membrane-targeted
ROS damage. Given the complexity of the cell membrane and
the essential role of lipids as a component, we hypothesized
that click reaction-mediated PDT induced lipid oxidation,
reducing cell membrane stability. Therefore, we assessed lipid
damage using MDA as a biomarker.60–62 Post-PDT treatment,
click reaction-mediated PDT significantly increased MDA
levels compared to other groups (Fig. 3f and Fig. S21b†),
demonstrating that this approach achieves enhanced thera-
peutic efficacy through targeted cell membrane lipid damage.

In vivo photosensitizer biodistribution analysis

Bioorthogonal chemistry, characterized by its distinct reactive
groups and minimal side reactions under physiological con-
ditions, presents a promising strategy for tumor targeting.63,64

We hypothesize that the amphiphilic nature of P-DBCO-Ce6
could enhance tumor enrichment, and the subsequent in situ
bioorthogonal reaction could secure the prolonged retention
of the PS within the tumor. To validate this hypothesis, we
established T24 tumor-bearing mouse models and conducted
in vivo biodistribution studies of P-DBCO-Ce6. When tumors
reached a volume of approximately 120 mm3, mice were intra-
venously administered with various PSs or AAM+PS, and their
biodistribution was analyzed using IVIS at different time inter-
vals after administration. The results revealed that Ce6 and
P-Ce6 were rapidly cleared from the mice within 2 h and 6 h
post-injection, respectively. In contrast, P-DBCO-Ce6 demon-

strated an extended circulation time, likely due to its self-assem-
bling properties, which facilitates accumulation at the tumor site
via the enhanced permeability and retention (EPR) effect.65

Furthermore, the ζ-potential measurement of P-DBCO-Ce6
revealed that it possesses a −15.7 mV negative charge, which pre-
vents serum protein absorption and, consequently, prolongs
blood circulation (Fig. S22†). Additionally, P-DBCO-Ce6 exhibits
non-specific binding with cells in vitro, likely due to the hydro-
phobicity of the DBCO moiety. These non-specific interactions
between P-DBCO-Ce6 and the cell membrane could potentially
prolong the blood circulation time of P-DBCO-Ce6 and, in con-
junction with the EPR effect, facilitate the targeting of photosensi-
tizers to tumors. Moreover, the bioorthogonal reaction induced
PS aggregation in tumors within the first 12 h and sustained
retention for at least 48 h (Fig. 4a). Further analysis of organ dis-
tribution confirmed that bioorthogonal reaction-mediated PS
accumulation in tumors enhanced delivery specificity and poten-
tially mitigated the side effects associated with PDT (Fig. 4b). At
48 h post PS administration, quantification of accumulated PS in
the tissues showed a 3.3-fold tumor enrichment of PSs in the
AAM+P-DBCO-Ce6 group, compared to the mice in the
P-DBCO-Ce6 group. Meanwhile, there was no significant change
in P-DBCO-Ce6 accumulation in the main organs of mice
(Fig. 4c). These findings suggest that in vivo bioorthogonal reac-
tions significantly improve PS targeting and retention in tumors
for at least 48 h, holding great potential for anti-tumor appli-
cations and further extending the therapeutic window of PDT.

In vivo antitumor assay and biosafety analysis

Given the above results demonstrating that the click reaction
enhances both the phototoxicity and tumor retention of
P-DBCO-Ce6, the antitumor efficacy of bioorthogonal reaction-

Fig. 4 In vivo biodistribution analysis. (a) In vivo biodistribution of Ce6,
P-Ce6, P-DBCO-Ce6, and AAM+P-DBCO-Ce6 at different times. AAM
was I.V. injected, 100 mg kg−1 for 3 consecutive days, once a day, and
the PS was then administered with 2 μM kg−1 Ce6 concentration; (b)
ex vivo imaging and (c) the corresponding fluorescence intensity of the
tumor and major organs at 48 h post injection of Ce6, P-Ce6,
P-DBCO-Ce6, and AAM+P-DBCO-Ce6 (*p < 0.05 and **p < 0.01).
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mediated PDT needs further investigation. When tumors
reached approximately 120 mm3, mice were intravenously
administered Ce6, P-Ce6, P-DBCO-Ce6, or AAM+P-DBCO-Ce6 at
a Ce6 dosage of 2 μM kg−1. Subsequently, a 660 nm laser with
an intensity of 120 mW cm−2 was applied to the tumor site for
15 min, 6 h post various PS injection (Fig. 5a). Mice treated
with PBS or AAM liposomes were used as controls. The size
and charge of the AAM liposome did not show any dramatic
changes based on DLS and ζ-potential analysis over a 10-day
period. (Fig. S23†). Statistical analysis of tumor growth
revealed that the PBS and AAM liposome groups followed
similar tumor growth patterns without obvious tumor inhi-
bition (Fig. S24 and S25†). The histological analysis also indi-
cated that the AAM liposome did not show significant tissue
damage (Fig S24c†). The AAM+P-DBCO-Ce6 group began to
exhibit significant tumor reduction on day 2 after PDT.
Although the P-DBCO-Ce6 group also demonstrated some anti-
tumor effect, tumor regrowth was observed after day 10
(Fig. 5b). Tumor weight and histopathological data further
illustrated that bioorthogonal reaction-mediated PDT could
effectively eradicate tumors with minimum effect on the phys-
iological conditions of the mice (Fig. 5d and e). After a single
PDT session, the tumor size of the AAM+P-DBCO-Ce6 group
was negligible (Fig. S26†). Subsequent analysis of ex vivo
tumors revealed that in this group, the tumors in half of the
mice were completely eradicated, illustrating impressive antitu-
mor efficiency (Fig. 5c). H&E staining of tumor cryosections
indicated that the AAM+P-DBCO-Ce6 group’s tumor tissue had
a looser density compared to the other groups (Fig. 5f).

Furthermore, we assessed the biosafety of the bioorthogo-
nal reaction-mediated PDT. Post-treatment blood chemistry analysis revealed that major serum parameters, namely alka-

line phosphatase (ALP), urea, aspartate aminotransferase
(AST), and alanine aminotransferase (ALT), remained within
normal ranges, comparable to the PBS control group (Fig. 6a).
This suggests no significant impairment of liver or kidney
function. Histological examination showed no discernible
tissue damage (Fig. 6b). Collectively, these findings substanti-
ate the biosafety of the bioorthogonal reaction-mediated PDT.

Conclusions

PDT based on photosensitizer–peptide conjugates has recently
demonstrated remarkable antitumor potential in animal
models. However, the limited cell membrane binding affinity
and rapid systemic clearance have hindered their transition to
clinical applications. By leveraging metabolic glycoengineering
and bioorthogonal reactions, we have shown that a DBCO-
decorated Ce6–peptide conjugate can covalently bind to the
cell membrane and remain there for at least 24 h, significantly
enhancing the PDT efficacy by inducing in situ cell membrane
damage through lipid oxidation. Notably, a 3.3-fold increase in
photosensitizer tumor accumulation was observed through an
in vivo bioorthogonal reaction, which can lead to tumor abla-
tion with a single PDT treatment. This research presents a
novel strategy for improving the specificity and efficiency of

Fig. 5 Antitumor efficacy analysis. (a) Schematic representation of the
in vivo tumor treatment regimen (660 nm laser irradiation, 120 mW
cm−2, 15 min); (b) tumor growth curves over a 16-day period in mice
bearing T24 tumors; (c) illustration of tumors harvested on day 16; (d)
weights of the harvested tumors on day 16; and (e) changes in the body
weight of mice after PDT; (f ) hematoxylin and eosin (H&E) staining of
tumor tissues harvested from mice on day 16 post-PDT treatment, scale
bar: 50 μm (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).

Fig. 6 PDT treatment biosafety analysis: (a) biochemical and blood
routine evaluation of mice on day 16 after PDT treatment and (b) H&E
staining of the major organs (heart, liver, spleen, lungs and kidneys) on
day 16 after PDT treatment. Scale bar: 50 μm.
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PDT, potentially paving the way for more effective cancer
treatments.
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