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a b s t r a c t

To overcome the conflict between the long-wavelength excitation and high singlet oxygen quantum yield

of photosensitizers, we conjugated a two-photon fluorophore, tetrahydroquinoxaline coumarin (TQ), and

an efficient photodynamic therapeutic agent, benzo[a]phenothiazinium (NBS-NH2), through a hexamethy-

lene linker to build a two-photon photosensitizer, TQ-NBS. In TQ-NBS, TQ served as an energy donor and

NBS-NH2 acted as an energy acceptor; and TQ-NBS was a Förster resonance energy transfer (FRET) cas-

sette with a 92.8% efficiency. The large two-photon absorption cross-section of TQ allowed photosensitizer

TQ-NBS to work in a 900nm two-photon excitation (TPE) mode, which greatly benefited the deep tissue

penetration in PDT treatment. Meanwhile, the excellent phototoxicity and near-infrared fluorescence of

NBS-NH2 was kept in TQ-NBS under a TPE mode via a FRET process. Photosensitizer TQ-NBS exhibited a

high phototoxic efficacy in living cells and tumor-bearing mice.

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

Medica, Chinese Academy of Medical Sciences.

Compared with traditional clinical treatments (e.g., chemother-

apy [1], radiotherapy [2], and surgery [3]), photodynamic ther-

apy (PDT) has emerged as a promising cancer treatment with

the advantages of high selectivity, no drug resistance, and neg-

ligible invasiveness [4–7]. In PDT treatment, photosensitizers ab-

sorb light to be excited to triplet state; and a triplet-triplet en-

ergy transfer between the excited molecules of the photosensitiz-

ers and the O2 molecules generates singlet oxygen (1O2), which

are highly destructive to cancer cells [8–10]. Therefore, under light

irradiation and in the presence of O2, photosensitizers display ef-

ficient phototoxicity to cancer cells and tumors with high selec-

tivity [11,12]. Since light is necessary for PDT treatment, long-

wavelength photons are desirable because of their deep tissue pen-

etration [13,14]. Consequently, researchers have made a lot of ef-

forts to develop photosensitizers having long-wavelength absorp-

tions in optical window (600–900nm). According to Fermi’s golden

rule, however, there is a limit for 1O2 quantum yield of photosensi-

tizers with an absorption mainly in near-infrared (NIR) region [15].
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The longer the absorption wavelength is, the lower the 1O2 quan-

tum yield of photosensitizers is [9,16]. Moreover, NIR photosensi-

tizers usually have complicated chemical structures and poor pho-

tostability [17,18].

Compared with one-photon excitation (OPE), two-photon exci-

tation (TPE) technology employs with two simultaneous photons

with longer wavelength to excite the fluorophore, and thereby

having deeper tissue penetration and higher imaging resolution

[19–21]. Recently, TPE technology has been becoming attractive in

PDT because deep red or NIR pulsed laser can be used to illu-

minate photosensitizers to produce 1O2 to induce cell death [22].

Besides, TPE has a high spatial resolution of fluorescence imag-

ing and minimal photodamage to the surrounding healthy tissue

[23–26]. However, intrinsic TPE photosensitizers usually have small

two-photon absorption cross-sections, which results in the low 1O2

generation efficiency [27,28]. In order to solve the above issues,

Förster resonance energy transfer (FRET) mechanism has been used

to design TPE-PDT by conjugating a photosensitizer with an en-

ergy donor having large two-photon absorption cross-sections such

as semiconductor quantum dots [29], carbon dots [30,31], and

polymers [32]. However, these complex TPE-PDT agents are sub-

jected to uncontrollable surface modification, biosafety concern, or

poor water solubility [33–36]. Therefore, developing small organic
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Fig. 1. (a) Normalized absorption and emission spectra of NBS-NH2 and TQ in

MeOH. (b) Normalized absorption and emission spectra of TQ-NBS in MeOH, Ex

(OPE) = 450nm, Ex (TPE) = 900nm. (c) OPE and (d) TPE fluorescence images of 4T1

cells incubated with TQ-NBS (5 μmol/L), Ex (OPE) = 488nm, Ex (TPE) = 900nm.

Scale bar: 50 μm. (e) Time-dependent ultraviolet–visible absorption spectra of the

mixture of ABDA and TQ-NBS in MeOH upon LED (480nm, 20mW/cm2) irradia-

tion. (f) ESR signals of DMPO for 1O2 characterization under 900nm light irradiation

(100mW/cm2).

molecular TPE photosensitizers with good biocompatibility through

FRET mechanism is very necessary.

Benzo[a]phenothiazinium dyes (NBS) are effective photosensi-

tizers for PDT treatment because they have an intense red ab-

sorption and a NIR fluorescence, efficient 1O2 generation ability,

and good biocompatibility [37–39]. Though the absorption of NBS-

NH2 (λmax = 655nm) is in the optical window, the penetration

ability of the excitation light limits its effectiveness in the treat-

ment of tumors with large size or in deep position to some extent.

Recently, we reported a tetrahydroquinoxaline coumarin dye (TQ)

[40], which has a large two-photon absorption cross-section over

100 GM and an emission with λmax = 585nm (Fig. 1a). Considering

the large spectral overlapping between the absorption of NBS-NH2

and the emission of TQ, we expected to build an efficient FRET cas-

sette with NBS-NH2 and TQ in which TQ acts as the energy donor

and NBS-NH2 servers as the energy acceptor. Therefore, we might

take the respective advantage of NBS-NH2 and TQ to construct a

novel FRET-based TPE photosensitizer (TQ-NBS). As demonstrated

in Scheme 1, TQ and NBS-NH2 were conjugated through a hexam-

ethylene linker to give TQ-NBS. Under a two-photon excitation, TQ-

NBS can simultaneously generate 1O2 and NIR fluorescence, achiev-

ing two-photon imaging-guided PDT for cancer cells.

The preparation of TQ-NBS was depicted in Scheme S1 (Sup-

porting information). The chemical structure of TQ-NBS was

characterized by nuclear magnetic resonance (NMR) and high-

resolution mass spectral analysis. Next, we investigated the optical

properties of TQ-NBS. As shown in Fig. 1b, TQ-NBS showed two in-

tensive absorption bands centered at 455 and 655nm, assigned to

TQ and NBS, respectively. Meanwhile, TQ-NBS exhibited two fluo-

rescence peaks at 555 and 705nm under OPE, indicating the oc-

currence of the FRET process. The FRET efficiency in TQ-NBS was

determined to be 92.8%, which was much higher than that of most

Scheme 1. Schematic diagram of the design strategy of TQ-NBS via FRET process.

of the previously reported FRET-based photosensitizers [12,41-43].

Moreover, we used TPE to study the optical properties of TQ-NBS.

As shown in Fig. 1b, two fluorescence peaks at 545 and 700nm

were observed under 900nm pulsed laser excitation, clearly prov-

ing the existence of the FRET process in TQ-NBS.

The chemical stability of TQ-NBS was investigated in the pres-

ence of different biologically relevant analytes. As shown in Fig. S1

(Supporting information), the fluorescence intensity at 705nm of

TQ-NBS hardly changed with the addition of these analytes, reveal-

ing that TQ-NBS was chemically stable. Next, we used TQ-NBS to

incubate living 4T1 cells and investigate its fluorescence imaging

performance in vitro. As indicated in Fig. 1c, strong fluorescence

signals in both green and red channels were seen from inside cells

when illuminated under a 488nm laser (OPE). As expected, cells

under a 900nm laser irradiation (TPE) also gave strong green and

red fluorescence signals (Fig. 1d). It was seen that the TPE imag-

ing resolution was much higher than the OPE one because TPE can

minimize the light scattering and reduce endogenous absorption of

biological tissues [26,44].

To evaluate the 1O2 generation ability of TQ-NBS, 9,10-

anthracenediyl-bis(methylene)dimalonic acid (ABDA) was used as

the 1O2 indicator. First, a 480nm light-emitting diode (LED) was

used as a light source to illuminate the mixture of TQ-NBS and

ABDA. Under the light irradiation, the absorbance of ABDA sharply

decreased after 8min irradiation, suggesting TQ-NBS could produce
1O2 via the FRET process (Fig. 1e and Fig. S2 in Supporting infor-

mation). The 1O2 quantum yield of TQ-NBS was determined to be

7.5%. To verify the 1O2 generation capability of TQ-NBS under TPE,

electron spin resonance (ESR) spectroscopy was performed using

2,2,6,6-tetramethylpiperidine (TEMP) as the spin trapping agent for
1O2. As shown in Fig. 1f, the ESR signals barely changed in the

presence or absence of TQ-NBS without light illumination. Under

TPE illumination (900nm pulsed laser), in contrast, the signals of

characteristic paramagnetic adducts were clearly observed, indicat-

ing the generation of 1O2.

Furthermore, the 1O2 generation capability of TQ-NBS in living

cells was evaluated using 2,7-dichlorofluorescein diacetate (DCFH-

DA) as an indicator. A 480nm LED was used as the light sources.

4T1 cells were incubated with TQ-NBS and DCFH-DA for 30min.

Meanwhile, cells were incubated with phosphate buffered saline

(PBS) and DCFH-DA as the control. As shown in Fig. S3 (Support-

ing information), bright green fluorescence was observed from TQ-

NBS-pretreated cells after 20min light illumination. Without light

illumination, however, no obvious fluorescence was detected from

TQ-NBS-pretreated cells. For the PBS-treated control group, cells

gave off no fluorescence no matter there was a light illumination

or not.

Next, calcein AM/propidium iodide (AM/PI) co-staining assay

was carried out to evaluate the photocytotoxicity of TQ-NBS. As
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Fig. 2. (a) Fluorescence images of 4T1 cells stained with calcein AM/PI under

480nm LED (20mW/cm2) and 900nm laser (1.5W/cm2) illumination for 20min,

respectively, Ex = 460–490nm. Scale bar: 100 μm for left two columns and 200

μm for right two columns. (b) The scratch assay of 4T1 cells after 480nm LED

(20mW/cm2) illumination for 20min. (c) The cell viability of 4T1 cells in the pres-

ence of TQ-NBS (0–20 μmol/L) with or without 480nm LED (20mW/cm2) illumina-

tion for 20min. Error bars: mean ± standard deviation (SD) (n=6).

shown in Fig. 2a, the irradiation under a 480nm LED on TQ-NBS-

treated cells resulted in strong fluorescence in the red channel and

reduced fluorescence in the green channel. In the absence of TQ-

NBS, the cells only exhibited strong fluorescence in the green chan-

nel. We were pleased that the irradiation under a 900nm pulsed

laser also gave the same results. These results proved that TQ-NBS

could exhibit high phototoxicity under both OPE and TPE modes.

Additionally, the scratch assay was performed on 4T1 cells to fur-

ther visualize the PDT effect of TQ-NBS. As shown in Fig. 2b, the

wound gap became wider after 24h when TQ-NBS-treated cells

were irradiated under a LED light. Regarding the PBS-treated con-

trol group, the wound gap was narrowed after 24h. The wound

healing experiments indicated that TQ-NBS had excellent PDT ef-

fect on inhibiting cell migration. The cytotoxicity of TQ-NBS was

further determined using the MTT assay. As shown in Fig. 2c, the

cytotoxicity of TQ-NBS was negligible in the dark. Under a light ir-

radiation for 20min, TQ-NBS showed strong dose-dependent pho-

totoxicity and the cell viability was less than 20% when cells were

treated with 15 μmol/L TQ-NBS.

To confirm whether the PDT effect of TQ-NBS arises from

the generated 1O2, we used annexin V-fluorescein isothiocyanate

(FITC) and PI as indicators to determine the cell death pathways

[45]. As shown in Fig. 3, TQ-NBS-incubated cells exhibited strong

fluorescence in both green and red channels after the light irradi-

ation, indicating the cell apoptosis and necrosis [46]. It is known

that vitamin C can effectively consume 1O2 [47]. Then, we used

vitamin C to incubate TQ-NBS-treated cells and later illuminated

cells with the LED light. It was found that the fluorescence in both

green and red channels was dramatically weakened. These results

Fig. 3. Bright field and fluorescence images of TQ-NBS-treated cells co-stained with

annexin V-FITC and PI, respectively, after 20min light irradiation (480nm LED,

20mW/cm2) in the absence or presence of vitamin C. Scale bar: 100μm.

strongly supported the fact that the apoptosis of TQ-NBS-treated

cells was caused by 1O2.

The in vivo PDT efficiency of TQ-NBS was investigated in 4T1

tumor-bearing mice. All related animal experiments were per-

formed according to guidelines approved by the Ethics Commit-

tee of Hunan Normal University. As shown in Fig. 4a, PBS-treated

tumors grew very fast after 14 days and the light irradiation had

negligible effect on the tumor size. Without light irradiation, TQ-

NBS-treated tumors still displayed a fast growth. In a sharp con-

trast, the growth of TQ-NBS-treated tumors was significantly in-

hibited under a light irradiation. Furthermore, the body weight of

tumor-bearing mice did show negligible changes, and no distinct

damage and inflammatory lesions were observed in the central or-

gans after 14 days of treatment (Figs. 4b and c; Fig. S4 in Support-

ing information). These in vivo experiments suggested that TQ-NBS

exhibited good biocompatibility and effective therapeutic effects in

the tumor-bearing mice.

In conclusion, a small organic molecular two-photon photosen-

sitizer, TQ-NBS, was developed based on FRET mechanism. Under

TPE light irradiation, TQ-NBS displayed NIR fluorescence and good

PDT efficacy in living cells. The high penetration ability of TPE and

the high FRET efficiency make photosensitizer TQ-NBS a good pho-

tosensitizer for the potential deep cancer treatment. This work also

Fig. 4. (a) Plots of tumor volume of mice versus time. (b) Plots of body weight of

mice versus time. (c) Images of tumors and mice after 14 days. Mice were treated

with PBS, TQ-NBS (5 μmol/L), respectively, with and without light irradiation.
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provides an inspiration for the development of new TPE photosen-

sitizers in the future.
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