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a b s t r a c t

Photodynamic therapy (PDT) presents a promising avenue in cancer treatment. Erlotinib, an FDA-

approved anticancer drug targeting epidermal growth factor receptor (EGFR), has shown effective-

ness in normalizing tumor vasculature across various tumors, thereby promoting tumor oxygenation

and facilitating PDT. In this work, erlotinib was conjugated with a near-infrared (NIR) photosensitizer,

benzo[a]phenoselenazinium, yielding three EGFR-targeted PDT agents (NBSe-nC-Er). These newly synthe-

sized photosensitizers demonstrate specificity in binding to EGFR, thereby enhancing their accumulation

in cancer cells and tumors, and consequently improving the efficiency of both PDT and chemotherapy.

Additionally, the NIR fluorescence emitted by the photosensitizer allows for imaging-guided therapy, of-

fering a non-invasive means of monitoring treatment progress. The distinctive properties of the three-in-

one photosensitizer render it an ideal candidate for precise tumor treatment, overcoming the limitations

of conventional therapies.

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

Medica, Chinese Academy of Medical Sciences.

Epidermal growth factor receptor (EGFR), a transmembrane

glycoprotein in the tyrosine kinase family located on the sur-

face of the cell membrane, is highly expressed in cancers like

non-small cell lung cancer and pancreatic cancer [1–3]. There-

fore, EGFR has emerged as an important target in cancer ther-

apy, and various EGFR treatment strategies, including chemother-

apy and monoclonal antibody immunotherapy, have been devel-

oped clinically [4,5]. Erlotinib (Er), a Food and Drug Administration

(FDA)-approved anticancer drug targeting the adenosine triphos-

phate (ATP) binding domain of EGFR, has demonstrated promis-

ing anticancer efficacy in various types of cancers [6,7]. How-

ever, drug resistance occurs inevitably after long-term use of EGFR-

targeted therapies, significantly limiting their clinical efficacy [8–

11]. Therefore, further development of EGFR-targeted therapy relies

on adopting other cancer treatments to combat tumors in a coor-

dinated and multifaceted manner.

Photodynamic therapy (PDT), utilizing a combination of light,

photosensitizer (PS), and oxygen, stands out as a promising treat-

ment due to non-invasiveness and minimal drug resistance [12–

19]. Despite extensive research into PDT, its therapeutic efficacy

is hindered by the selective accumulation of PS and the reduced
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oxygen level within the tumors [20–24]. EGFR can be used as

a good target to enhance the effectiveness of PDT as it is am-

plified and overexpressed in various tumors. On the one hand,

EGFR targeting increases the selectivity of PS towards tumor cells;

on the other hand, EGFR inhibitors enhance apoptosis and inhibit

the proliferation of tumors treated with PDT [25–28]. More im-

portantly, EGFR-targeted therapies can effectively normalize tumor

vasculature, promoting tumor oxygenation and thus enhancing PDT

[29,30].

Currently, two main strategies are used to combine PDT and

EGFR-targeted therapy. One is by employing nanoparticles modi-

fied with target moieties as carriers of PSs, and the other is by

conjugating the PSs to drugs through covalent bonding [31–35].

The complex procedure of controlling the size, stability, drug load-

ing, and releasing ability of nanoparticles makes them less pre-

cise than PSs possessing inherent targeting properties, while co-

valently binding drugs with PSs simplifies this issue [36,37]. Some

researchers have covalently attached Er to conventional PSs such

as porphyrin, chlorin, and phthalocyanine to improve cancer treat-

ments [32,34,35]. However, these PSs have relatively short excita-

tion and emission wavelengths, limited tissue penetration ability,

and tend to form aggregates in aqueous media.

Benzo[a]pheno-thiazinium dye (EtNBS, Scheme 1), has garnered

significant attention as a potent anticancer agent, undergoing ex-

tensive study both within our research group and by other re-
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Scheme 1. Rational design of the three-in-one PS NBSe-nC-Er for NIR fluorescence

imaging and synergistic chemo-photodynamic therapy.

searchers [38–42]. Benzo[a]phenoselenazinium (EtNBSe, Scheme 1)

is an analog of EtNBS, exhibiting superior singlet oxygen (1O2)

yield and possessing intense absorption and emission properties in

the near-infrared (NIR) region [43,44]. This characteristic allows for

enhanced tissue penetrate on in living organisms, enabling deeper

delivery and potential therapeutic applications. Despite these ad-

vantageous features, the biological applications of EtNBSe have

been relatively underexplored.

Herein, we have covalently conjugated EtNBSe dye with Er to

develop three NIR PSs, designated as NBSe-nC-Er (n=2, 4, 6), with

improved anticancer capabilities (Scheme 1). It was hypothesized

that the targeting ability of Er would facilitate the delivery of PSs

to EGFR-overexpressed cancer cells, thereby improving the selectiv-

ity of PDT. Additionally, the synergistic effect of Er’s chemotherapy

and EtNBSe’s PDT was expected to enhance the overall treatment

efficacy of the PSs. Furthermore, the NIR fluorescence exhibited by

NBSe-nC-Er allows for imaging-guided therapy, thereby adding a

multifunctional aspect to enable precise cancer treatment.

To evaluate the potential influence of the linker length be-

tween EtNBSe dye and Er on their binding mode towards

EGFR, three PSs with alkyl chains of different lengths, de-

noted as NBSe-nC-Er (n=2, 4, 6), were designed. Synthesis of

PS NBSe-nC-Er is shown in Scheme S1 (Supporting informa-

tion). Firstly, α-naphthylamine was substituted with 1-bromo-2-

azidoethane, 1-bromo-4-azidbutane, and 1-bromo-6-azido-hexane

to afford the corresponding azidated naphthylamines of different

chain lengths. Treatment of the corresponding compounds with

bis-(3-N,N-diethylamino-6-nitrosophenyl)diselenide 2 gave NBSe-

nC-N3, which were then subjected to click reaction with Er to ob-

tain the three PSs NBSe-nC-Er. The chemical structures were char-

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

high resolution mass spectrum (HRMS).

All PSs exhibited intense absorptions around 660nm and NIR

fluorescence with λmax =710nm in water (Fig. 1a). Therefore, these

PSs could be activated by the light within the “therapeutic win-

dow” (650–900nm), enabling light penetration into deeper bio-

logical tissues. Besides, NBSe-nC-Er showed good water solubil-

ity of about 0.2 g/L and the lipo-solubility, characterized by the

octanol/water partition coefficient (Kow), of around 4.0 (Fig. S1

and Table S1 in Supporting information). We further evaluated the

photostability of the three PSs. As illustrated in Fig. S2 (Support-

ing information), NBSe-4C-Er and NBSe-6C-Er exhibited superior

resistance to photodegradation compared to NBSe-2C-Er. Conse-

quently, the EtNBSe-based dyes demonstrated favorable character-

istics including good water-solubility, lipo-solubility, and photosta-

bility, rendering them suitable for biological applications.

The 1O2 generation capacity of PSs is one of the most straight-

forward parameters to assess their PDT efficacy. Therefore, we

evaluated the 1O2 generation capacity of NBSe-nC-Er using 1,3-

diphenylisobenzofuran (DPBF) as a 1O2 probe in air-saturated

methanol under 650nm Xe lamp irradiation. The absorbance of

Fig. 1. (a) UV–vis absorption (solid lines) and fluorescence emission (dashed lines)

spectra of NBSe-nC-Er in water. (b) Decline of DPBF absorption at 411nm in the

presence of various PSs. (c) The molecular docking results of NBSe-6C-Er towards

EGFR.

DPBF at 411nm remained unchanged in the absence of PS (Fig. S3

in Supporting information). However, upon addition of NBSe-nC-

Er solution followed by 650nm irradiation, the 411nm absorption

of DPBF decreased rapidly, indicating the oxidation of DPBF by the

generated 1O2 (Fig. 1b and Fig. S4 in Supporting information). The

calculated singlet oxygen yields (Ф�) of NBSe-2C-Er, NBSe-4C-Er,

and NBSe-6C-Er were as high as 75.9%, 73.3%, and 66.7%, respec-

tively. The similar Ф� values of the three PSs suggested that the

introduction of Er and the length of the linker had little effect on

the photophysical properties of EtNBSe.

To assess whether the linker in NBSe-nC-Er affects its binding

mode towards EGFR, molecular docking calculations on NBSe-nC-

Er and EGFR kinase domain were performed using AutoduckTools-

1.5.6 and Pymol. The binding patterns of the three NBSe-nC-Er

conjugates to EGFR were similar: the EtNBSe portion occupied the

ATP-binding cleft through hydrophobic interactions. The only dis-

tinction was observed in the formation of hydrogen bonds between

the Er moiety and different residues in the three conjugates (Fig.

1c, Figs. S5 and S6 in Supporting information). Additionally, the

binding energies of NBSe-2C-Er, NBSe-4C-Er, and NBSe-6C-Er with

EGFR were determined to be −7.0, −5.0, and −6.2 kcal/mol, respec-

tively (Table S2 in Supporting information). These findings sug-

gest that the length of the linkage chain can influence the binding

mode and potency of the PS with EGFR.

Due to NBSe-6C-Er’s favorable photophysical properties and

good EGFR targeting ability, it was selected for subsequent bio-

logical analysis. For comparison, PS NBSe-6C without the Er moi-

ety was prepared using the same method as a reference (Fig. S7

in Supporting information). The tumor selectivity of PSs NBSe-6C-

Er and NBSe-6C was evaluated by assessing their targeted cellular

uptake in A549, MCF-7, and L929 cells with varying EGFR expres-

sion levels (A549 > MCF-7 > L929). After incubating the cells with

NBSe-6C-Er and NBSe-6C separately for 30min, confocal fluores-

cence imaging was conducted. The fluorescence intensity of NBSe-

6C-Er in cells was positively correlated with the EGFR expression

levels, as displayed in Fig. 2. However, cells treated with NBSe-6C

displayed weak red fluorescence across all three cell lines. Impor-

tantly, the fluorescence in A549 cells pre-treated with Er to mask

the binding sites of EFGR and subsequently incubated with NBSe-

6C-Er was notably suppressed. These results confirm that NBSe-

6C-Er binds to cancer cells through specific binding with EGFR, and

the conjugation of Er enhances its cellular uptake.
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Fig. 2. Fluorescence images of A549, MCF-7, and L929 cells with different treat-

ments. λex =640nm, λem =650–750nm. Scale bar: 20 μm.

Fig. 3. Cell viability of cells incubated with different concentrations of NBSe-6C (a,

c) and NBSe-6C-Er (b, d) in the absence and presence of light irradiation (640–

660nm, 20mW/cm2). Data are expressed as means ± SD (n=6), n.s., no signifi-

cance. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001.

The effectiveness of PSs NBSe-6C-Er and NBSe-6C were

then determined using the standard methyl thiazolyl tetrazolium

(MTT) assay under light emitting diode (LED) light (640–660nm,

20mW/cm2). NBSe-6C exhibited minimal dark toxicity, with a

killing degree of approximately 10% for all three cell lines (Fig.

3a). The independent chemotherapeutic effect of Er was evaluated,

showing a gradual increase in cellular mortality rates with increas-

ing EGFR expression levels (Fig. S8 in Supporting information). The

conjugation of Er to EtNBSe in NBSe-6C-Er exhibited chemother-

apeutic effects similar to those of Er alone (Fig. 3b). Under light

irradiation, the mortality rates of cells incubated with PS NBSe-6C

(0.5 μmol/L) for 24h were approximately 50% for all three cell lines

(Fig. 3c). Treatment with PS NBSe-6C-Er (0.5 μmol/L) resulted in

killing degrees of 80%, 50%, and 30% for A549, MCF-7, and L929

cells, respectively (Fig. 3d and Table S3 in Supporting informa-

tion). However, the potency of PS NBSe-6C-Er under light irradi-

ation decreased when pre-treated with Er for 30min, followed by

incubation with NBSe-6C-Er for another 20min. In this case, a cell

killing rate of only 57% and 40% was achieved for A549 and MCF-

7 cells, respectively (Fig. S9 in Supporting information). These re-

sults demonstrate that NBSe-6C-Er can selectively and effectively

kill cancer cells due to the targeting and chemotherapeutic effects

of Er, compared to its counterpart NBSe-6C, which indiscriminately

killed all cells.

To assess the subcellular distribution of NBSe-6C-Er, we co-

stained A549 cells with commercial fluorescent dyes. As shown in

Fig. S10 (Supporting information), the fluorescence image stained

by NBSe-6C-Er matched well with that of Lyso-tracker Green, in-

dicating that NBSe-6C-Er can target lysosomes. The photodynamic

therapeutic effects of PSs were further assessed using live/dead cell

co-staining assays. Propidium iodide (PI) stains dead cells, emit-

ting red fluorescence, whereas live cells are stained by calcein-AM,

emitting green fluorescence. As depicted in Fig. S11 (Supporting in-

formation), A549 cells treated with Er primarily displayed green

fluorescence, indicating that Er inhibited the proliferation of can-

cer cells without inducing cell death directly. Cells treated with

PSs NBSe-6C and NBSe-6C-Er under dark conditions also displayed

intense green fluorescence, suggesting minimal dark toxicity. How-

ever, upon light irradiation, NBSe-6C-treated cells displayed both

red and green fluorescence, whereas only strong red fluorescence

was observed from NBSe-6C-Er-treated cells. This implies that the

synergistic effect of chemotherapy and PDT is more effective than

individual treatments. Cell migration assays further underscored

NBSe-6C-Er’s ability to impede wound healing and cell migration

on A549 and MCF-7 cells, demonstrating its potent anti-cancer ef-

fect, particularly in EGFR-overexpressed cells (Fig. S12 in Support-

ing information). These findings emphasize the enhanced thera-

peutic potential of NBSe-6C-Er through the synergistic chemother-

apy and PDT.

Building upon the promising in vitro results, the photodynamic

therapy effect of PS NBSe-6C-Er was evaluated in vivo using A549

tumor-bearing mice as a model. All related animal experiments

were performed according to guidelines approved by the Ethics

Committee of Hunan Normal University. After administering PSs

NBSe-6C and NBSe-6C-Er via the tail vein, fluorescence imaging

experiments were conducted on mice at different time points. As

illustrated in Fig. 4a, fluorescent signals from the tumor were de-

tectable 1h post-injection of NBSe-6C or NBSe-6C-Er and intensi-

fied over time, reaching a maximum at approximately 2h. Note-

worthy, the tumors treated with NBSe-6C-Er exhibited red fluo-

rescence 1.25-fold stronger than those treated with NBSe-6C (Fig.

4b). NBSe-6C-Er-treated tumors maintained strong red fluores-

cence even at 4h post-injection, while fluorescence from NBSe-6C-

treated tumors diminished. These results underscore the effective

tumor targeting and enhanced accumulation of NBSe-6C-Er at the

tumor site.

Finally, the antitumor effect of PS NBSe-6C-Er was investigated

on A549 tumor-bearing mice. Following anesthesia, mice in each

group were injected with PBS, Er or PSs via the tail vein and ir-

radiated with LED lamp for 20min. The tumor size and weight of

the mice were measured each day for 14 days. As depicted in Fig.

4c, the tumors of mice injected with PBS exhibited rapid growth,

whereas mice injected with Er or NBSe-6C-Er without light irra-

diation showed slight inhibition in tumor growth, indicating the

chemotherapy effects of Er. However, NBSe-6C-Er treatment signif-

icantly suppressed tumors growth compared to NBSe-6C treatment

under light irradiation (Fig. 4d). Furthermore, the body weight of

all mice varied slightly throughout the different treatments (Fig.

4e). The apoptosis of tumor cells and any damage to organs (heart,

liver, spleen, lung, and kidneys) caused by NBSe-6C-Er after PDT

was investigated using hematoxylin & eosin (H&E) staining. As evi-

denced in Fig. S13 (Supporting information), destructive cell necro-

sis was observed in the tumor tissue, while no significant histo-

logic changes were observed in the major organs of NBSe-6C-Er-

treated mice.

Er has demonstrated efficacy in normalizing tumor vasculature

in various tumors by inhibiting EGFR and down-regulating vascular

endothelial growth factor (VEGF) [29,30]. Subsequently, the con-

tent of VEGF in tumor sections after different treatments was stud-

ied by immunohistochemistry. Fig. 4f demonstrated a reduction in
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Fig. 4. (a) NIR Fluorescence images of tumor-bearing mice treated with PSs NBSe-6C and NBSe-6C-Er (100.0 μL, 10.0 μmol/L) at different time points. λex =640nm,

λem =680–720nm. (b) Quantitative image analysis of average fluorescence intensity of tumors. (c) Photographs depicting mice subjected to different treatments. (d) Plots

of the relative tumor volume of mice over time following different treatments. (e) Plots of the body weights of mice over time after different treatments. (f) Immunohisto-

chemical staining of VEGF in tumor tissues obtained from the mice receiving different treatments. Scale bar: 50 μm. Data are expressed as means ± SD (n=3), ∗∗∗P<0.001,
∗∗∗∗P<0.0001.

VEGF content (brown-yellow region) in both the Er and NBSe-6C-

Er groups, suggesting that Er can suppress VEGF expression by tar-

geting EGFR and alleviate hypoxia by improving intratumor blood

perfusion. These results prove the high biocompatibility and effi-

cacy of NBSe-6C-Er in anticancer therapy.

In summary, we have designed and synthesized three NIR PSs,

NBSe-nC-Er (n=2, 4, 6), through the conjugation of EtNBSe dye

with Er, serving as both the tumor-targeting ligand and chemother-

apy agent, via alkyl chains of varying lengths. The enhanced tar-

geting ability of NBSe-6C-Er led to improved uptake by cancer

cells and reduced side effects on normal cells. Furthermore, the

chemotherapy effect of Er synergistically enhanced the PDT effect,

resulting in a combined chemotherapy and photodynamic therapy

approach. The in vitro and in vivo experiments underscored the

potential of NBSe-6C-Er as a promising anticancer agent for pre-

cise cancer treatments. The present research aims to contribute in-

sights into optimizing the design and performance of PSs to en-

hance the efficacy of combined EGFR-targeted chemotherapy and

photodynamic therapy.
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