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A heterocyclic strategy for regulating the
proportion of type I and type II
photodynamic therapy†

Hui Tang,ab Ning Ma,ab Xiaochun Liu,ab Shiyu Wu,ab Hairong Li,ab Kangyao Chen,ab

Yitong Jiang,ab Yahui Zhang, *ab Zhouyu Wang*ab and Xiaoqi Yu ac

Type I photosensitizers (PSs) used in photodynamic therapy (PDT) offer advanced capabilities because

they can generate cytotoxic reactive oxygen species (ROS) through electron transfer, even in hypoxic

environments. However, this process is more challenging compared to the type II process via energy

transfer. Herein, we present a facile and effective strategy to regulate the proportion of the two types of

PSs by converting type II PSs to type I PSs through the introduction of heterocyclic rings. Three

tetraphenyl-1,3-butadiene (TPB) derivatives were synthesized, each incorporating a different ‘‘bridge’’

molecule: benzene (TPP), thiophene (TPS), and furan (TPO), forming typical D–A structures. Compared

with TPP, the electron-rich heterocyclic derivatives TPS and TPO produce more ROS, with type I ROS

accounting for a higher proportion. This enhancement is attributed to the lone pair of electrons in the

heterocyclic rings, which enhances the intersystem crossing and electron transfer. Systematic and

detailed experimental and theoretical calculations prove our findings: (yield of ROS)TPO 4 (yield of

ROS)TPS 4 (yield of ROS)TPP, and (proportion of type I ROS)TPO 4 (proportion of type I ROS)TPS 4

(proportion of type I ROS)TPP. This strategy not only provides a pathway for developing new PSs, but

also lays the foundation for designing pure type I PSs.

Introduction

Photodynamic therapy (PDT) has garnered significant attention
in oncology and, to some extent, has served as a kind of role
model for other therapeutic areas due to its minimal invasive-
ness, high spatiotemporal selectivity, low systemic side effects,
and negligible drug resistance.1–4 PDT involves the use of light-
excited photosensitizers (PSs) to generate cytotoxic reactive
oxygen species (ROS).5–8 The mechanism of PDT has been
progressively elucidated: PSs reach an excited triplet state
(3PS*) upon light irradiation, followed by the sensitization of
molecular oxygen (O2).9–11 There are two pathways for ROS
generation: excitation energy transfer (EET) and electron trans-
fer (ET). EET leads to the production of singlet oxygen (1O2), a
process known as type II PDT.12–14 Unfortunately, type II PSs are
highly O2-dependent, limiting their therapeutic efficacy against

hypoxic solid tumors (oxygen pressure o 5 mm Hg).15–17 On the
other hand, type I PDT involves an ET reaction between
adjacent biological substrates and 3PS*. The ROS produced by
type I PSs include superoxide anions (O2

��), hydrogen peroxide
(H2O2), and hydroxyl radicals (OH�) sequentially. Type I PDT,
due to its continuous oxygen cycle in the ET reaction, is
considered one of the most effective strategies to combat the
effects of hypoxia in solid tumors.18–21 Up to now, a variety of
PSs have been approved and successfully applied.22 However,
type I PSs are less frequently reported compared to type II PSs,
mainly because the cascade ET reactions in type I PDT are less
efficient and often overshadowed by EET.23–25 In many PDT
processes, both type I and type II PSs coexist.26–28 Therefore,
developing a facile and effective strategy to regulate the propor-
tion of type I and type II PSs is crucial. This approach could
further increase the proportion of type I PSs and facilitate the
design of pure type I PSs.

The ET reaction is a key factor for the formation of type I
PDT, therefore, improving the electron transfer capability
between PSs and substrates using electron-rich structures is a
widely acknowledged and studied approach.29–32 Some PSs with
a dominant type I pathway have demonstrated promising
results. For instance, Song et al. opened a new strategy by
employing bovine serum albumin (BSA) as an ‘‘electron
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reservoir’’ to continuously provide electrons, thereby generat-
ing more O2

��.33 Tang et al. proposed a strategy involving
electron-rich anion–p+ aggregation-induced emission (AIE)
active luminogens to boost type I ROS generation.34

Herein, we constructed a heterocyclic strategy to increase
the proportion of type I PSs through electron-rich engineering.
Three organic PSs, TPP, TPS, and TPO, based on tetraphenyl-
1,3-butadiene (TPB) were designed and synthesized, each cap-
able of activating both type I and type II mechanisms upon
white-light irradiation. As shown in Fig. 1, three PSs exhibited
typical D–A structures, derived from distinct building blocks:
(1) TPB, serving as AIE-active donors (D) to suppress nonradia-
tive internal conversion in the aggregated state; (2) the ‘‘bridge’’
thiophene and furan, acting as heterocyclic rings to create
electron-rich conditions compared to benzene; (3) 2-(3,5,5-
trimethylcyclohex-2-en-1-ylidene)malononitrile, acting as an
electron acceptor (A). The D–A structure facilitated further a
redshift in the emission wavelength, enabling these PSs to
reach the near infrared I (NIR-I) region. The presence of
electron-rich heterocyclic rings effectively increased the propor-
tion of type I PSs. Both experimental and theoretical results
supported our proposed heterocyclic strategy. The significant
proportion of type I ROS (O2

�� and OH�) enabled TPO to
demonstrate excellent in vitro and in vivo PDT efficiency.

Results and discussion

Our group has dedicated efforts to exploring the photophysical
properties and applications of multiphenyl-substituted 1,3-
butadiene and its derivatives. Among these, TPB stands out
as a promising luminous core due to its simple synthesis, ease
of modification, and AIE properties.35,36 To develop type I PSs
with NIR emission capabilities, TPB was selected as the elec-
tron donor (D), and 2-(3,5,5-trimethylcyclohex-2-en-1-ylidene)-
malononitrile served as the electron acceptor (A). These com-
ponents were linked by a benzene ring (heterocyclic ring)
serving as a ‘‘bridge’’. This typical D–A structure effectively
redshifts the emission wavelength, boosts intersystem crossing
(ISC), and promotes ROS generation.37–40 Meanwhile, the lone
pair electrons of the heterocyclic ring further increase the ISC,
facilitating electron transfer and leading to increased type I
ROS production.41–44 The synthesis route for TPP, TPS, and TPO
was illustrated in Fig. S1 (ESI†) and the intermediates and the

three products were confirmed using H/C NMR and mass
spectrometry, as depicted in Fig. S2–S22 (ESI†).

Fig. 2a and Table 1 illustrated that the maximal absorption
peak of TPP in THF was located at 430 nm. As expected,
upon substituting the ‘‘bridge’’ with furan and thiophene, the
maximal absorption peaks undergo a redshift to 478 nm and
496 nm, respectively. Furthermore, the photoluminescence (PL)
spectra of the solutions also showed the same redshift result
(Fig. 2b). In the solid state, the emission peaks of the hetero-
cyclic rings, TPS (723 nm) and TPO (762 nm), were longer than
those of benzene, TPP (709 nm), with the wavelength tail
extending to 850 nm, covering the NIR-I region (Fig. S23 (ESI†)
and Table 1). Moreover, TPP exhibited typical AIE properties,
with strong emission observed in the aggregated state (Fig. S24,
ESI†). The fluorescence quantum yield (Ff) of the solid was
8.89 times higher than that of the solution.

The fluorescent indicator 20,70-dichlorodihydrofluorescein
diacetate (H2DCF-DA), dihydrorhodamine 123 (DHR123), and
9,10-anthracenediylbis(methylene)-dimalonic acid (ABDA) were
selected as indicators to evaluate total ROS production, type I
ROS (O2

��), and type II (1O2), respectively. (i) The sharp increase
in fluorescence of DCFH confirmed that all three PSs could
produce ROS, with the order of (yield of ROS)TPO 4 (yield of
ROS)TPS 4 (yield of ROS)TPP. As shown in Fig. 2c, d and Fig. S25
and S26 (ESI†), the fluorescence intensity of DCFH increased
22.49-fold for TPP, 36.95-fold for TPS, and 85.83-fold for TPO,
respectively. (ii) The fluorescence growth at 525 nm of DHR123
was 9.8-fold for TPP, 104.81-fold for TPS, and 136.41-fold for
TPO, confirming the production of type I ROS. The proportion
of type I ROS followed the order (proportion of type I ROS)TPO

4 (proportion of type I ROS)TPS 4 (proportion of type I
ROS)TPP, as shown in Fig. 2e and Fig. S27 and S28 (ESI†).
(iii) The decreased absorption intensity of ABDA indicated the
yield of 1O2, indirectly confirming the above conclusion (Fig. 2e
and Fig. S29 and S30, ESI†). The O2

�� produced by type I PDT
then reacted to form OH�,34,45 further confirmed using electron
paramagnetic resonance (EPR) spectroscopy. The characteristic
paramagnetic adducts matching the OH� signal (1 : 2 : 2 : 1) and
1O2 (1 : 1 : 1) were shown in Fig. 2f–h.

To further explain the effect of heterocycles, especially the
furan ‘‘bridge’’, on the total amount and variety of ROS,
theoretical studies and electrochemical experiments were con-
ducted. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of TPP, TPS, and
TPO were analyzed and separated (Fig. S31, ESI†). Meanwhile,
as shown in Fig. 2i, the energy gap (DES1–T3) of TPP, TPS, and
TPO was determined to be 0.11, 0.11, and 0.02 eV, respectively.
This finding indicated that the electron-rich structure of furan
promoted ISC, thus increasing the production of ROS. Based on
these experimental phenomena, it can be reasonably specu-
lated that heterocycles contributed to the formation of O2

��.
Type I PSs have lower reduction potentials due to their
strong electron-accepting nature.46,47 Therefore, electrochemi-
cal experiments were carried out using cyclic voltammetry (CV),
as shown in Fig. S32 (ESI†). TPP, TPO, and TPS all exhibited
obvious reduction peaks, with a slight enhancement in the low

Fig. 1 Chemical structure of TPP, TPS, and TPO and schematic diagram
of PDT processes.
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ground state reduction potential Ered(PS/PS��) sufficiently
lower than �0.33 V (Ered(O2/O2

��) = �0.33 V). Compared to
benzene, the anodic shift observed in the heterocyclic ‘‘bridge’’
indicated that TPO had a greater propensity to accept electrons
(Fig. 2j).

The uniformity in size, water solubility, and biocompatibility
of PSs have significant influence on their effectiveness in vitro/
vivo imaging and PDT.48–50 TPP, TPS, and TPO were prepared
into nanoparticles (NPs) with F127 via a ‘‘top-down’’ approach,
and their photophysical and PDT properties were systematically
studied. As shown in Fig. 3a and Fig. S33 (ESI†), the sizes of the
NPs were measured to be 40.12, 39.15, and 38.12 nm, respec-
tively, using dynamic light scattering. These sizes remained
relatively constant over 7 days, indicating good stability
of the NPs. Moreover, the prepared NPs retained excellent

photophysical properties (Fig. S34, ESI†). Compared to the
solid state, the emission wavelengths of three nanoparticles
exhibited a slight blue shift, but remained at 653 nm (TPP NPs),
707 nm (TPS NPs), and 722 nm (TPO NPs), respectively, as
shown in Fig. 3b and Table 1. After coating with F127, the ROS
production capability of the three PSs was altered, but TPO NPs
remained the most effective in both total ROS and the propor-
tion of type I ROS. Fig. 3c demonstrated that the ROS yield of
TPO NPs was 2.08 and 1.98 times higher than that of TPP and
TPS NPs, respectively. Additionally, DHR123 and ABDA experi-
ments confirmed that the heterocyclic ‘‘bridge’’ in TPS and
TPO NPs led to increased production of type I ROS (Fig. 3d and
Fig. S35–S38, ESI†).

The prepared TPO NPs were subsequently applied in cell
imaging and in vitro PDT. As shown in Fig. 4a, a methyl

Table 1 Photophysical Properties of TPP, TPS, and TPO

labs (nm)

lem (nm)

lem (nm) (NPs)

Ff

e (104 M�1 cm�1) Fprobe
bIn THF Solid 0%a 90%a Solid

TPP 430 660 709 653 1.60 12.79 14.22 4.97 0.2
TPS 478 680 723 707 1.08 1.68 2.48 4.40 0.1
TPO 496 680 762 722 2.87 1.69 2.48 4.32 0.1

a Water fraction of THF/H2O mixture. b The yield of 1O2 of probe.

Fig. 2 (a) UV–vis absorption spectra and (b) Normalized PL of TPP, TPS, and TPO in THF. (c) Fluorescence intensity net change [(I � I0)/I0] at 532 nm
(d) Plots of relative integration fluorescence intensity for the DCFH indicator with TPP, TPS, and TPO upon white light irradiation (2 mW cm�2), [DCFH] =
40 mM. (e) Plots of relative integration fluorescence intensity for the DHR123 and ABDA indicators with TPP, TPS, and TPO upon white light irradiation
(2 mW cm�2), [DHR123] = [ABDA] = 40 mM. [TPP] = [TPS] = [TPO] = 1.0 � 10�5 mol L�1. EPR spectroscopy of (f) TPP, (g) TPS, and (h) TPO. (i) Relative
energy levels of TPP, TPS, and TPO calculated by TD-DFT. (j) The 90th cyclic voltammogram of TPP, TPS, and TPO in DCM with 0.1 M (n-Bu)4N+PF6

� as
the supporting electrolyte, Ag/Ag+ as the reference electrode, a glassy-carbon electrode as the working electrode, and a Pt wire as the counter
electrode; scan rate, 50 mV s�1.
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thiazolyltetrazolium (MTT) assay displayed that even at a
concentration of 1 � 10�5 mol L�1, TPO NPs exhibited a high

cell survival rate of 90%, indicating negligible dark cytotoxic
effects. However, B70% of the 4T1 cells were killed when

Fig. 3 (a) Dynamic laser scattering size and TEM image (inset) of TPO NPs. Scale bar: 200 nm. (b) Normalized PL of TPP, TPS, and TPO NPs.
(c) Fluorescence intensity net change [(I � I0)/I0] at 532 nm for the DCFH indicator with TPO NPs upon white light irradiation (2 mW cm�2).
(d) Fluorescence intensity net change [(I � I0)/I0] at 525 nm for the DHR123 indicator with TPP, TPS, and TPO NPs upon white light irradiation
(2 mW cm�2), [DCFH] = 40 mM, [DHR123] = 40 mM, [TPP NPs] = [TPS NPs] = [TPO NPs] = 1.0 � 10�5 mol L�1.

Fig. 4 Cell survival rate (a) without and (b) with TPO NPs upon white light irradiation. (c) Confocal microscopy images of LysoTracker (lysosome maker),
TPS NPs and merge. (d) Fluorescence images by CLSM of 4T1 cells stained with H2DCFDA. (e) Fluorescence images by CLSM of 4T1 cells stained with
Calcein-AM/PI. [TPS NPs] = 1.0 � 10�5 mol L�1; white light irradiation (5 mW cm�2, 10 min).
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treated with TPO NPs under white-light irradiation of
5 mW cm�2 for 10 min (Fig. 4b). Significant fluorescence signals
from TPO NPs were observed over the incubation period, eviden-
cing their accumulation within the 4T1 cells and laying a
foundation for in vivo imaging. In H2DCFDA and live/dead cell
staining assays, different fluorescence colors visualized the PDT
results. No ROS signals were detected in the Blank group, Light-
only group and TPO NPs-only group, with only blue fluorescence
(representing the nucleus) observed. However, in the TPO NPs +
Light group, numerous green signals representing generated
ROS were evident, demonstrating the PDT effect (Fig. 4d). Simi-
larly, a substantial number of red fluorescent signals indicative
of dead cells appeared in the TPO NPs + Light group, confirming
the excellent PDT efficacy of TPO NPs in vitro as shown in Fig. 4e.

Encouraged by the promising results of in vitro PDT, we
applied TPO NPs for imaging and therapeutic purpose in vivo.
The ex vivo biodistribution of tumor-bearing mice was evalu-
ated at different time points following intravenous injection of
TPO NPs using the IVIS instrument. As shown in Fig. 5a and b,
a significant fluorescence signal was detected at the tumor site
after 6 h. The signal intensity reached its highest at 9 hours,
with an intensity reaching 2.7 times that of the liver area,
indicating efficient tumor accumulation. Notably, the fluores-
cence signal became hardly visible after 48 hours, indicating
favorable biological metabolic capacity and biosafety of TPO
NPs. Subsequently, to evaluate the actual PDT effect of TPO NPs
in vivo, 4T1 tumor-bearing mice with primary tumor volumes of
approximately 100 mm3 were randomly divided into four
groups (5 mice in per group), including PBS Only, PBS + Light,
TPO NPs only, and TPO NPs + Light (detailed procedure
provided in SI). After 9 hours of tail vein injection, the tumors
of mice in each group were continuously irradiated with white
light (200 mW cm�2) for 10 min. Following the respective

treatments, tumor size and body weight of the mice were
monitored for 14 days, with the results shown in Fig. 5c–e.
Tumors in the first three groups (PBS Only, PBS + Light, TPO
NPs only) showed significant further deterioration, demonstrat-
ing that TPO NPs or light alone could not suppress the tumor
growth. However, tumors in the treatment group were signifi-
cantly suppressed, as evidenced by tumor size reduction
(Fig. 5c) and photographic evidence (Fig. 5d). All the mice
showed normal body weight changes during the entire PDT
treatment (Fig. 5e), demonstrating the good biosafety of our
TPO NPs. The biochemical test results of all mice remained
within the normal range (Fig. S39, ESI†). Furthermore, H&E
staining results showed no obvious lesions in the major tissues
and organs of the mice (Fig. S40, ESI†), thus confirming the
safety of TPO PSs as an antitumor therapy.

Conclusions

In summary, a series of TPB derivatives (TPP, TPS, and TPO)
featuring a typical D–A structure were synthesized, emitting
light in the NIR-I region. By incorporating heterocyclic
‘‘bridges’’, we developed a strategy to modulate the proportion
of type I ROS. Both theoretical and experimental results
revealed that TPO, with a furan heterocyclic ring as the
‘‘bridges’’, exhibited enhanced ISC, a smaller DEst, and an
anodic shift in reduction peaks, thus achieving a high ROS
yield and a high proportion of type I ROS. Specifically, the order
of ROS yield was (yield of ROS)TPO 4 (yield of ROS)TPS 4 (yield
of ROS)TPP, and the order of proportion of type I ROS was
TPO 4 TPS 4 TPP. As such, this facile and accurate hetero-
cyclic strategy provides a valuable model for designing PSs with
a high proportion type I PSs or even pure type I PSs of PDT
applications.

Fig. 5 (a) Ex vivo fluorescence images of major organs and tumors following i.v. injection of TPO NPs. (b) Quantitative ex vivo fluorescence intensity of
major organs and tumors after i.v. injection 9 h. (c) Tumor volume growth curves of mice at different times after treatment. (d) Representative tumor
images of mice following different treatments. (e) Body weight measurements of mice in different groups. Data are presented as the average � standard
deviation (n = 5); statistical significance: ****P o 0.0001 [TPS NPs] = 1.0 � 10�5 mol L�1; white light irradiation (200 mW cm�2, 10 min).
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