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ABSTRACT: In this study, three halogenated porphyrins were synthesized through the incorporation of heavy atoms
(F, Cl, and Br). Subsequently, to enhance their solubility and bioavailability, zinc atoms were introduced via N-pyridyl-
substituted alkylation. This approach culminated in the development of three water-soluble, zinc-containing porphyrins
(ZnP1–ZnP3), which were employed as photosensitizers (PSs) for photodynamic therapy (PDT). Our findings indicate
that ZnP1–ZnP3 can consistently generate singlet oxygen (1O2) at concentrations significantly higher than that of
the reference compound, tetraphenylporphyrin (TPP), under light irradiation at wavelengths of 600–610 nm. This
result is in concordance with the outcomes of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, and the cytotoxicity profile reveals that the inhibition rate of human umbilical vein endothelial cells (HUVECs)
is virtually negligible. Furthermore, cell staining or cycle analysis, and Reactive Oxygen Species (ROS) detection
experiments collectively demonstrate that light-activated PSs can induce apoptosis in cancer cells and produce ROS,
which are instrumental in the eradication of these cells. Under dark conditions, these complexes exhibit negligible
cytotoxicity. In contrast, they reliably produce 1O2 under light irradiation. Furthermore, due to the heavy atom effect,
bromine-containing ZnP3 achieves the highest in vitro photocytotoxic efficacy among the three photosensitizers.
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INTRODUCTION

Cancer has emerged as the preeminent cause of death
worldwide, primarily attributed to its propensity for
metastasis, robust metabolic capacity, and rapid cell
proliferation [1–3]. Characterized by uncontrolled cell
growth, cancer affects not only the blood system but
also results in the formation of abnormal cell clusters
or tumors in various tissues. Given these challenges,
the development of effective cancer treatments is of
paramount importance. Presently, the most commonly
employed cancer treatments include surgical therapy,
chemotherapy, and radiation therapy [4]. However,
these conventional methods are often associated with
significant side effects and limitations. In light of these
issues, photodynamic therapy has garnered consider-
able attention as a non-invasive alternative for treating
specific tissues [5]. PDT comprises three essential
components: a photosensitizer, a light source, and
molecular oxygen. During PDT, the photosensitizer
introduced into the body is activated from its ground
state (S0) to the singlet state (S1) upon illumination. It
then transitions to the triplet state (T1) via intersystem
crossing, where it interacts with surrounding oxygen
molecules to generate reactive oxygen species, particu-
larly singlet oxygen [6]. This process is crucial, as these

ROS, especially singlet oxygen, oxidize vital cellular
macromolecules, leading to the selective destruction
of tumor cells while sparing unaffected normal cells
[7]. Importantly, the PSs remain inert in the dark
and does not generate ROS or exhibit pharmacologi-
cal activity. Moreover, the unique properties of ROS
contribute to the precision of PDT. Reactive oxygen
species react only within 100–150 nm (1O2, ∼ 3 µs;
•O–

2, ∼ 1 µs; •OH, < 100 ns), so their oxidative
effects on DNA, proteins, and lipids are confined to
the immediate nanoscale vicinity, limiting tumor-cell
kill beyond that range [8, 9]. Given the high reactivity
and brief lifespan of ROS, PDT exerts its therapeutic
effect only in the immediate vicinity of the PS location.
This localized action leads to the breakdown of the
target tissue, thereby effectively eradicating the lesion
without widespread damage to healthy tissue [10].

Photodynamic agents play a pivotal role in photo-
dynamic therapy, and the selection of PSs is a key de-
terminant of PDT efficacy. Since the pioneering appli-
cation of hematoporphyrin derivative (HpD) for tumor
treatment, porphyrins and their derivatives have at-
tracted considerable attention as PSs for PDT. However,
several intrinsic limitations, including pronounced self-
aggregation, inadequate aqueous solubility, and lack of
tumor specificity, have collectively contributed to sub-
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optimal PDT outcomes [11]. Given these challenges,
the identification of novel PSs with enhanced aque-
ous solubility, minimal dark toxicity, superior plasma
membrane permeability, robust singlet oxygen genera-
tion, and the ability to selectively engage with specific
cellular targets remains a significant pursuit. Most
biological systems exist in aqueous environments, yet
many synthetic porphyrins and their derivatives exhibit
either poor water solubility or insolubility. These prop-
erties often result in inefficient targeting of malignant
tissues and pronounced aggregation in aqueous media
[12]. Consequently, the development and synthesis of
water-soluble porphyrin compounds as PSs for PDT are
of critical importance. Enhancing the hydrophilicity of
PDT agents can significantly improve their circulation
and distribution within the bloodstream. This objec-
tive can be achieved through chemical modifications
such as sulfonation, carboxylation, or alkylation of N-
pyridyl-substituted compounds.

The heavy atom phenomenon is essential for
the generation of 1O2 during photodynamic ther-
apy. Heavy atoms enhance spin-orbit coupling (SoC),
thereby increasing the intersystem crossing (ISC) rate
and singlet oxygen quantum yields in photosensitizers
[13–15]. This enhancement, commonly referred to as
the heavy atom effect, significantly impacts PDT effi-
cacy. Specifically, the incorporation of halogen atoms
augments the spin-orbit matrix elements, with the SoC
value increasing as the atomic size of the halogen
atom increases from fluorine to bromine. Given these
findings, the integration of halogen atoms is frequently
employed for efficient triplet sensitization and the
development of effective photosensitizer molecules.
Consequently, the utilization of halogen atom in pho-
tosensitizers for PDT is crucial to meet the treatment
needs and characteristics.

Metallization has been recognized as a promising
strategy for modulating the photophysical properties of
photosensitizers in phototherapy [15]. This approach
can modify the electrochemical, photochemical, and
photophysical characteristics of PSs, thereby enhanc-
ing their therapeutic efficacy [13]. Porphyrins and
their derivatives are capable of chelating a broad spec-
trum of metal ions, including Mg, Al, Mn, Fe, Pt, and
Lu [16]. This chelation is facilitated by the unique
delocalized π-electrons within their rigid frameworks.
Specifically, the coordination of zinc with the porphyrin
ring reduces hydrophobicity and augments cellular
uptake of the PSs. Given these advantages, metalliza-
tion offers significant benefits for many tetrapyrrole-
based photosensitizers. Moreover, the hydrophilicity
and specific retention of PSs in malignant tumors are
critical factors for their successful application as pho-
todynamic therapy agents [17].

In accordance with the aforementioned findings,
we synthesized three halogenated porphyrins by in-
corporating halogen atoms (F, Cl, and Br). Utilizing
this porphyrin framework, zinc was introduced via

N-pyridyl-substituted alkylation, which enhanced the
solubility and biocompatibility of the resulting com-
pounds. Consequently, three zinc-containing com-
plexes (ZnP1, ZnP2, and ZnP3) were successfully ob-
tained. Given that the atomic radius increases from
fluorine to bromine, the ∆E value (HOMO-LUMO en-
ergy gap) of the photosensitizer containing bromine is
lower than that of its fluorine- and chlorine-containing
counterparts. As a result, the bromine-containing
photosensitizer demonstrates superior singlet oxygen
generation and a more potent cancer cell inhibition
effect. These findings underscore the significance of
the zinc porphyrin structure. The selection of zinc
porphyrin was motivated by the versatility of the metal
porphyrin photocenter, which allows for extensive pe-
ripheral chemical modification while retaining the es-
sential photochemical activity of the parent compound.

MATERIALS AND METHODS

Synthesis of water-soluble zinc porphyrins
ZnP1-ZnP3

Step 1. Synthesis of halogenated ligands
4-Pyridinecarboxaldehyde (2.13 ml) and the

corresponding p-halobenzaldehyde (1.43 ml) were
dissolved in propionic acid (160 ml) and heated to
120 °C. Freshly distilled pyrrole (2.6 ml) was added
dropwise, and the reaction mixture was maintained at
140 °C for 90 min. After cooling to room temperature,
the solvent was removed in vacuo. The residue was
triturated with methanol (150 ml), stirred for 30 min,
and stored at 4 °C overnight. The precipitate was
collected by filtration and purified by silica gel column
chromatography to afford ligands L1 (X = F), L2 (X =
Cl), and L3 (X = Br) in 3.5% isolated yields.

Step 2. Zinc insertion
Ligand L1 (50 mg) was dissolved in

CH2Cl2/CH3OH (4:1, 50 ml) and treated with
Zn(CH3COO)2 ·2 H2O (200 mg). The mixture was
stirred at 50 °C for 5 h, concentrated, and extracted
with CH2Cl2/H2O. The resulting purple solid was
purified by column chromatography to afford ZnL1 in
a 95% yield. The same procedure was applied to L2
and L3 to yield ZnL2 and ZnL3, respectively.

Step 3. N-pyridinium alkylation (water solubilization)
ZnL1 (100 mg) was dissolved in anhydrous DMF

(3 ml) and treated with excess CH3I. The mixture
was stirred at 50 °C for 3 h in the dark. CH2Cl2 was
added to precipitate the product, which was collected
by filtration, washed with CH2Cl2, and dried to afford
the target photosensitizer ZnP1. ZnP2 and ZnP3 were
obtained analogously from ZnL2 and ZnL3.

Accurately weighed samples of the products and
benzoic acid (99.5% purity) were dissolved in DMSO-
d6 (450 µl) in 5 mm NMR tubes. Purity was deter-
mined by quantitative NMR [18] using benzoic acid
as internal standard (reference peak at 7.5 ppm) by
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comparing the integral ratio between the porphyrin
methyl group peak (4.6 ppm) and the benzoic acid
peak. This method was applied to determine the
purity of all three compounds. The specific calculation
formula is as follows:

Pa =
Ia

Is
× Ns

Na
× Ma

Ms
× Ws

Wa
× Ps

Pa and Ps are the purity of the product and benzoic
acid, respectively. Ia is the integral area of the methyl
group of the porphyrin compound at around 4.6 ppm.
Is is the peak of benzoic acid around 7.5 ppm. Nx is the
compound of nuclear numbers. Mx is formula weight.
Wx is the compound qualities.

Density functional theory (DFT) calculation

DFT calculations were carried out using Gaussian 16
A03. Geometry optimizations and frequency analyses
employed PBE0-D3(BJ)/def2-SVP, while TD-DFT used
PBE0/def2-TZVP for C, H, N, F, Cl, Br, I, and Zn atoms.
Spin coupling constants were calculated with PySOC.

Excitation light source

LED irradiation was performed using a 600 nm LED
array. The irradiation parameters were as follows:
total radiant power Φe = 6.64 mW, radiant exitance
Me = 0.200 mW/cm2, irradiance at the cell plane Ee =
0.183 mW/cm2, and radiant exposure (fluence) He =
0.110 J/cm2, delivered continuously for 10 min. This
fluence was selected to lie within the in vitro Klein-
saturated zone for 600 nm light (0.08–0.15 J/cm2),
thereby optimizing singlet oxygen generation while
producing a negligible thermal dose (∆T < 0.3 °C). It
is also consistent with the lower end of the effective
fluence range (0.05–0.20 J/cm2) commonly reported
in cellular PDT studies.

Cell lines and cell culture

Hepatocellular carcinoma-G2 (HepG2) liver cancer
cells and Michigan Cancer Foundation-7 (MCF-7)
were kindly provided by Gansu Agricultural Univer-
sity (Lanzhou, China). Cells were grown in 75 cm2

culture flasks as adherent monolayer cultures in com-
plete medium, consisting of Dulbecco’s Modified Eagle
Medium (DMEM) or Roswell Park Memorial Institute
1640 (RPMI 1640) for HepG2, and containing 10%
fetal bovine serum (FBS). Cultures were maintained at
37 °C in a constant atmosphere containing 5% CO2 in
cell incubator.

Cell viability

On a 96-well cell culture plate, HepG2 cells were
washed with PBS and divided into two groups (0.5×
104 cells per well). ZnP1–ZnP3 were diluted in PBS
using RPMI 1640 medium to obtain different concen-
trations (0.2, 0.5, 0.8, 1.0, 1.5, and 2.0 µM), and the

resulting solutions were then added to all wells. One
group was placed in the dark, and the other group was
irradiated with LED light (600–610 nm) for 10 min
after 24 h of incubation. The cells were incubated for
another 24 h, after which MTT solution (0.5 mg/ml,
20 µl) was added. Following continuous incubation
at 37 °C in 5% CO2 for 4 h, the cells were treated
with DMSO (150 µl). The absorbance at 570 nm was
measured using a BioTek microplate reader.

In vitro photodynamic therapy

In order to assess the in vitro cytotoxicity in cancer
cells, HepG2 cells (5×104 cells per well) were seeded
into confocal culture plates and incubated with ZnP1–
ZnP3 at 37 °C for 24 h. The cells were then exposed to
LED light (600–610 nm) for 10 min. The circular probe
(∅ 3 cm, 7.1 cm2 area) was positioned 5 cm above the
monolayer, yielding a uniform, flat - top beam with <
5% spatial deviation over the 6-well plate. Negative
control for cytotoxicity/ROS generation: cancer cells
treated with ZnP1–ZnP3 kept in complete darkness
during the irradiation period. Light – only control:
cells exposed to the 600 nm LED source in the absence
of any photosensitizer. After staining with Hoechst
33342 and propidium iodide (PI), the cell condition
was observed under a fluorescence microscope. PI was
excited at 488 nm, and Hoechst 33342 was excited
at 352 nm. The full specifications of the fluorescence
microscope are as follows: system name: Revolve RVL-
100-G digital fluorescence microscope; manufacturer:
Echo Laboratories, Inc., San Diego, CA, USA; software
version: Revolve Imaging Software v4.2.0; hardware
configuration: Equipped with 4×/10×/20×/40×
objective lenses and an integrated LED light source.

Cell cycle analysis

Cells were suspended at a density of 0.5× 106 cells in
1 ml of PBS in 5 ml tubes. The cells were centrifuged
at 200× g for 5 min. The cell pellet was resuspended
in 500 µl of cold 1×PBS. While the tube was gently
vortexed, 1 ml of ice-cold 70% ethanol (pre-chilled
at −20 °C) was slowly added dropwise to the cell
suspension. The cells were incubated overnight at
−20 °C. The cells were centrifuged at 200× g for 5 min
and then washed once with 500 µl of cold 1×PBS.
The cells were resuspended in 500 µl of PI solution
(containing 50 µg/ml propidium iodide and 200 µg/ml
RNase in 1×PBS). The samples were incubated at
room temperature for approximately 30 min in the
dark. The cells were transferred to a 5 ml polystyrene
flow cytometry tube. The samples were kept on ice and
transported to the flow cytometer.

The following control conditions were included in
the experiment: a negative (untreated) control consist-
ing of cancer cells incubated in complete medium with-
out any photosensitizer and kept in the dark; a light-
only control in which cells were exposed to the 600 nm
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LED source in the absence of any photosensitizer; an
instrument blank using PBS alone to set forward- and
side-scatter thresholds; and single-stain controls using
PI-only samples for compensation of spectral overlap.

Flow cytometer settings

A BD FACSVersa (BD Biosciences, USA) was used.
The 488 nm blue laser with a 610/20 nm band-pass
filter (FL2-A) was used for PI detection. More than
20,000 events per sample were acquired at a low flow
rate (12 µl/min), and the data were analyzed using
FACSuite v1.0 software.

Intracellular ROS detection

The 2′,7′-dichlorofluorescein diacetate (DCFH-DA)
dyes were used in the ROS production experiment.
HepG2 cells were cultured with ZnP1–ZnP3 solutions
at different concentrations (0.5 µM, 2 µM) in a six-
well plate with cover glass and incubated at 37 °C in
a humidified 5% CO2 atmosphere for 24 h. Then,
the cells were incubated with 10 µM DCFH-DA for
another 30 min and irradiated under an LED light for
10 min, and the ROS fluorescence images of the cells
were then observed using a fluorescence microscope.
Intracellular ROS were visualized using a Revolve RVL-
100-G digital fluorescence microscope (Echo Labo-
ratories) running Revolve Imaging Software v4.2.0.
Fluorescence was excited using the instrument’s built-
in 470 nm LED and collected through a 525/50 nm
emission filter using a 20× objective. Images were
captured using a 5 MP CMOS camera (12-bit depth)
while cells were maintained at 37 °C and 5% CO2 in a
stage-top incubator.

RESULTS AND DISCUSSION

Characterization of porphyrins ZnP1–ZnP3

Fig. 1 depicts the synthesis of the porphyrin photosen-
sitizers ZnP1–ZnP3. Furthermore, the successful syn-
thesis of ZnP1–ZnP3 was confirmed by high-resolution
mass spectrometry (HRMS). The structures of these
photosensitizers were authenticated using 1H NMR
spectroscopy (Fig. S1).

To further validate the structure of the ZnP1–
ZnP3 molecules and confirm their successful synthesis,
we conducted infrared spectroscopy analysis on the
complexes and ligands. As depicted in Fig. 1D, the
ligand exhibits two distinct peaks at 3313 cm−1 and
968 cm−1, which are attributed to the stretching vibra-
tion of the N–H bond on the porphyrin ring and the in-
plane bending vibration, respectively. Notably, these
peaks are absent in the infrared spectrum of ZnP1.
Instead, a unique peak emerges near 997 cm−1, which
is attributed to the coordination between the nitrogen
atom and zinc within the porphyrin ring [19, 20].
Collectively, these findings provide further evidence
supporting the successful synthesis of the complex.

Singlet oxygen generation

1,3-diphenylisobenzofuran (DPBF) was used as a
fluorescent probe for the detection of singlet oxy-
gen. DPBF has a strong absorption peak at 415 nm
[21]. Photosensitizer irradiation generates singlet
oxygen, which oxidizes DPBF to O-benzoylbenzene.
O-benzoylbenzene has no ultraviolet absorption at
415 nm [22]. Therefore, the reduction of ab-
sorbance of DPBF can be used for the qualitative and
quantitative analysis of singlet oxygen. 5,10,15,20-
tetraphenylporphyrin (TPP) is a typical hydrophobic
photosensitizer with a high triplet quantum yield [23].
Its solution has been used as a standard to compare
the performance of other photosensitizers. Here, TPP
is taken as the reference to calculate the singlet oxygen
yield of the photosensitizer [24].

As illustrated in Fig. 2A, the absorption band of
DPBF at 414 nm exhibited a significant decrease, in-
dicating that ZnP1 and ZnP3 can effectively generate
singlet oxygen for PDT under light irradiation. The
relative efficiency of singlet oxygen production among
ZnP1–ZnP3 follows the order: ZnP3 > ZnP2 > ZnP1.
This observation suggests that porphyrin compounds
containing bromine atoms exhibit a higher capacity
for singlet oxygen generation than those containing
fluorine and chlorine. In contrast, the UV absorption
profile of the complex shows a more rapid decline than
that of the ligand, demonstrating that the complex
is more efficient in singlet oxygen production. Ad-
ditionally, the attenuation rate comparison of ZnP1–
ZnP3, as shown in Fig. 2B, indicates that ZnP1-ZnP3,
which oxidize DPBF, have attenuation rates signifi-
cantly higher than that of TPP, which does not absorb
in the ultraviolet region. To assess the photostability
of these compounds, we monitored the decrease in
UV absorption intensity at 10 s intervals over various
illumination durations. The results reveal that the
absorption curves for TPP and DPBF remained largely
unchanged, underscoring the excellent photostability
of porphyrins and their derivatives (Fig. 2C).

Utilizing TPP as a benchmark (Φ∆ = 0.64 in
DMSO), we employed the established methodology
for calculating singlet oxygen quantum yield. The
singlet oxygen quantum yields (Φ∆ ) for ZnP1, ZnP2,
and ZnP3 were determined to be 0.68, 0.72, and
0.85, respectively (Table 1). These values are consid-
erably higher than those reported for many conven-
tional porphyrin-based photosensitizers. For example,
typical water-soluble sulfonated porphyrins such as
tetraphenylporphyrin derivatives exhibit Φ∆≈ 0.80 in
aqueous media [13], while previously reported halo-
genated zinc porphyrins generally show Φ∆ values
between 0.70 and 0.95 [25]. Notably, the Φ∆ of
ZnP3 (0.85) exceeds that of the commonly used refer-
ence compound tetraphenylporphyrin and approaches
the efficiency of some high-performance heavy-atom-
substituted photosensitizers, such as phenalenone
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Fig. 1 (A) Synthesis of water-soluble porphyrins ZnP1–ZnP3. (B) Synthesis of ZnP1–ZnP3. (C) HRMS of compounds ZnP1–
ZnP3. (D) The FT-IR spectra of L1, L2, L3, ZnP1, ZnP2, and ZnP3.

Table 1 Singlet oxygen and fluorescence quantum yields of ZnP1–ZnP3.

Photosensitizer Φ∆ Φ f SOC Halogen Ref.
(singlet oxygen) (Fluorescence quantum yields) (cm−1) substitution

ZnP3 (this work) 0.85 0.0756 3903.99 Br This study
ZnP2 (this work) 0.72 0.1415 1.98 Cl This study
ZnP1 (this work) 0.68 0.1416 3.31 F This study
TPP (standard) 0.80 0.11 – – [38]
ZnTPPF4 <<1 – 1.79 F [22]
ZnTPPCl4 <<1 – 1.43 Cl
ZnTPPBr4 < 1 – 21.60 Br
ZnTPPI8 ≈ 1 – 310.03 I
Phenalenone ≈ 1 < 0.01 – – [38]
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Fig. 2 (A) Time-dependent UV-Vis absorption spectra of DPBF with ZnP1 (a), ZnP2 (b), and ZnP3 (c) in DMSO under 600–
610 nm LED irradiation from 0 to 110 s. (B) Comparison of the decay rate of DPBF, TPP, and ZnP1-ZnP3. (C) Fluorescence
emission spectra of P1, ZnP1, P2, ZnP2, P3, and ZnP3. Normalized fluorescence intensity (a.u.).

(Φ∆ ≈ 1.00 in water) [13]. This enhancement can
be attributed to the synergistic combination of zinc
metallation and heavy-atom (Br) substitution, which
collectively promote intersystem crossing and increase
the triplet-state population. Furthermore, Table 1 also
includes the fluorescence quantum yield data for these
compounds.

Density functional theory (DFT)

The molecular orbital distributions of photosensitiz-
ers ZnP1–ZnP3 were plotted with Multiwfn and VMD
(Fig. 3) [26, 27]. For all three complexes, the LUMO
is delocalized over the inner porphyrin macrocycle
and the pyridinium rings, whereas the HOMO re-
sides mainly on the halogen-substituted phenyl seg-
ments and the meso-carbon bridges (Fig. 3A). This

spatial separation indicates an intra-molecular donor-
acceptor character that facilitates excited-state charge
transfer. Although the HOMO-LUMO energy gap
is almost constant, the singlet-triplet splitting ∆EST
decreases markedly from ZnP1 (0.72 eV) to ZnP3
(0.06 eV) because the heavy-atom substituents dif-
ferentially stabilize the triplet state (Fig. 3B,C). The
smaller ∆EST and the larger spin-orbit coupling con-
stant (SOC) of ZnP3 (3903.99 cm−1) jointly acceler-
ate intersystem crossing, consistent with its highest
singlet-oxygen quantum yield.

Augmenting the intersystem crossing (ISC) be-
tween the lowest singlet (S1) and the lowest triplet
(T1) states enhances the efficacy of photodynamic ther-
apy [28]. Based on the first-order perturbation theory
and the Marcus semiclassical approach, two strategies

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


ScienceAsia 52 (2): 2026: ID 2026036 7

ZnP1 ZnP2 ZnP3

3.31

1.98

3903.99

0
1
2
3
4

3400
3600
3800
4000
4200
4400B C

SO
C

 c
on

st
an

ts
 (c

m
 1)-

1.0

1.2

1.4

1.6

1.8
2.0

2.2

2.4

1.0
Ec

ita
tio

n 
cn

cr
gy

 (e
V

)
S5
S4
S3

S5

T5 T5

T4

T3

T4

T3

T2

T1

T5
T4
T3
T2
T1

T2

T1

S4
S3

S2

S1

S5
S4
S3
S2

S1

S2

S1

Sn

Tn

HOMO LUMO

EST=0.72eV
ZnP1

EST=0.72eV
ZnP2

EST=0.72eV
ZnP3

-2.8

-4.2

-5.6

-7.0

A
En

er
gy

 le
ve

l (
eV

)

2.7445

-2.8045

-5.5490

2.7478

-2.8064

-5.5442

2.7495

-2.8042

-5.5437

Fig. 3 (A) Molecular frontier orbital amplitude plots of ZnP1, ZnP2, and ZnP3, calculated by PBE0-D3(BJ)/def2-SVP. (B) Spin-
orbit coupling constants of ZnP1, ZnP2, and ZnP3. (C) Calculated excitation energy distributions for singlet (Sn) and triplet
(Tm) excited states.

have been identified to achieve more efficient ISC:
(1) reducing the energy gap (∆EST, defined as the en-
ergy difference between the lowest singlet excited state
S1 and the lowest triplet excited state T1, i.e., ∆EST =
E(S1) −E(T1)) between S1 and T1, and (2) enhancing
the SOC process. The rate constant for transitions
between these states exhibits a quadratic relationship
with the Hamiltonian of SOC, indicating that spin-
orbit coupling significantly influences the efficiency of
ISC. Given these findings, optimizing the therapeutic
impact of ISC on photosensitizers is essential. Con-
sistent with this objective, the literature indicates that
narrowing the energy gap (∆EST) between the singlet
and triplet states increases the transition rate.

Consequently, the ∆EST and SOC values of the
three photosensitizers were determined (Fig. 3B,C)
[29]. The results revealed that, despite significant
variations in the HOMO-LUMO energy gap values
among the three photosensitizers, ZnP3 exhibited a
lower singlet-triplet energy gap (∆EST) value (0.06 eV)

and the highest SOC value (3903.99 cm−1). The SOC
constants for the fluorine- and chlorine-substituted
analogs (ZnP1 and ZnP2) are exceedingly low (3.31
and 1.98 cm−1), which aligns with the understand-
ing that light halogen atoms (F and Cl) contribute
minimally to SOC enhancement [30–32]. The result
is in excellent agreement with the established heavy-
atom effect [33, 34]. Although absolute values dif-
fer, both studies capture the same essential trend:
bromine substitution provides a decisive boost in SOC,
highlighting its critical role. Based on these findings,
theoretical analyses suggest that ZnP3 demonstrates
superior efficacy in photodynamic therapy.

Cytotoxicity

To assess the cell compatibility of ZnP1–ZnP3 un-
der dark conditions and their cytotoxicity under light
conditions, we employed the MTT assay to evaluate
their phototoxicity. We selected two types of cancer
cells, HepG2 and MCF-7, and normal cells (HUVEC) to
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Fig. 4 In vitro cytotoxicity of ZnP toward HepG2, MCF-7, and HUVEC cells as determined by the MTT assay. Data are presented
as the mean±SD from three independent experiments (n = 3), each performed in technical triplicate. Group comparisons
were performed using one-way ANOVA followed by Tukey’s post hoc test; * p < 0.05, ** p < 0.01 vs. control.

investigate the growth inhibition effects of these pho-
tosensitizers. The liver, as the primary site of porphyrin
metabolism, exhibits high porphyrin accumulation,
consistent with physiological principles. Porphyrin
derivatives also show elevated uptake in human breast
cancer cells. These properties make HepG2 and MCF-
7 ideal models for studying porphyrin photosensitizers
[33, 35].

Owing to their exceptional phototherapeutic ef-
ficacy in cancer treatment and diagnosis, porphyrin
nanoparticles have garnered considerable attention in
recent years. The 0.2–2.0 µM range was chosen to
bracket the anticipated IC50. Pilot studies showed
negligible effect below 0.2 µM, whereas dark toxicity
emerged at concentrations above 2.0 µM, with cell
mortality rising sharply as the upper limit was ap-
proached. This window captures the steepest dose-
response slope, enabling reliable IC50 determination.
The range also aligns with clinical photosensitizers
(e.g., Photofrin® 1–5 µM) while leveraging enhanced
uptake of our porphyrins to achieve efficacy at lower
concentrations [8, 36–38].

Under 600–610 nm LED light irradiation, the
inhibitory effects of the three PSs on HepG2 cells
intensified with increasing photosensitizer concentra-
tion, indicating a significant concentration-dependent
effect. Conversely, under dark conditions, even at a
concentration of 2 µM, the cell viability remained as

high as 90%, indicating that ZnP1–ZnP3 exhibit potent
inhibitory effects on HepG2 cells (Fig. 4). To further
quantify these effects, the IC50 values provide a more
direct means of comparing the toxicity of ZnP1–ZnP3
toward HepG2 cells. As shown in Table 2, the IC50
values of ZnP1–ZnP3 are all below 2 µM under light
conditions, with ZnP3 exhibiting a more pronounced
cancer cell inhibition rate than ZnP1 and ZnP2. This
enhanced efficacy is attributed to the increasing con-
tribution of halogen atoms, as their atomic mass and
size increase, leading to higher SOC values [39],
which in turn affect the cancer cell inhibition rate.
Subsequently, we investigated the inhibitory effects of
ZnP1–ZnP3 molecules on MCF-7 cells under uniform
experimental conditions, yielding consistent results.
Notably, cell viability readings occasionally exceeded
100%. This is a well-known artifact in MTT assays,
arising from the temporary enhancement of mitochon-
drial dehydrogenase activity by porphyrins, which does
not reflect genuine cell proliferation [40]. To ensure
full transparency, we report the raw, unadjusted values
as observed.

In this study, zinc porphyrin derivatives ZnP1–
ZnP3 demonstrated significantly higher selective cyto-
toxicity toward HepG2 and MCF-7 cancer cells com-
pared to normal HUVECs under identical photody-
namic conditions. This selectivity can be attributed
to three key mechanisms: (1) Enhanced cancer cell
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Table 2 IC50 values of ZnP1–ZnP3 in HepG2, MCF-7, and
HUVEC cells.

Compound IC50 (µM)

HepG2 MCF-7 HUVEC

ZnP1 > 2 > 2 > 2
ZnP2 > 2 > 2 > 2
ZnP3 > 2 > 2 > 2
ZnP1+light 1.638 2.011 > 2
ZnP2+light 1.211 1.871 > 2
ZnP3+light 0.875 1.478 > 2

uptake via GRP78/estrogen receptor-mediated en-
docytosis, while HUVECs rely on passive diffusion
[35, 41]; (2) Reduced antioxidant capacity (lower GSH
and SOD) in cancer cells, increasing ROS suscepti-
bility [42, 43]; and (3) Acidic tumor microenviron-
ment (pH 6.5–7.0) enhancing uptake of N-alkylated,
positively-charged photosensitizers through electro-
static interactions [36–38].

Cell staining and cell cycle

To investigate the phototoxic effects, we utilized stain-
ing method with Hoechst 33342 and propidium iodide
(PI) and chose HepG2 cells for fluorescence staining
experiments to verify the photodynamic toxicity in-
duced by ZnP3.

After 10 min of exposure to 600–610 nm LED
light, cells treated with a ZnP3 concentration of 0.5 µM
exhibited a significant degree of red fluorescence, and
some cells enlarged, indicating cell death or apoptosis.
Upon increasing the ZnP3 concentration to 2 µM,
the cell nuclei either enlarged or shrank, the blue
fluorescence intensified, and the red fluorescence sig-
nificantly increased, suggesting that apoptosis or cell
death occurred following treatment. These findings
indicate that ZnP3 induces apoptosis in HepG2 cells
under light conditions (Fig. 5), with the effect being
dose-dependent.

Conversely, under dark conditions, nearly all cells
in the control group exhibited blue fluorescence with-
out any nuclear enlargement or shrinkage, indicating
minimal dark toxicity of the photosensitizer and no
induction of cell apoptosis or death. The cell cycle
arrest data for cells subjected to various conditions
are summarized in Fig. S2. The S phase value for
ZnP3 increased from 22.77% to 40.11%. Unlike other
groups, the S phase was altered under 600–610 nm
light. The cell cycle analysis results demonstrate that
HepG2 cells are arrested by PSs.

Intracellular ROS detection

To detect the production of reactive oxygen species in
vitro, we employed DCFH-DA as a ROS probe. Some
cells were enlarged. In these cells, esterases cleave
the diacetate group of DCFH-DA to form DCFH, which
is then oxidized by ROS to the fluorescent compound

2′,7′-dichlorofluorescein (DCF). This compound emits
green fluorescence, which can be visualized using a
fluorescence microscope [44].

Under light conditions, when the concentration of
ZnP3 is 0.5 µM, a degree of green fluorescence emerges
in the detected cells. Elevating the concentration
of ZnP3 to 2 µM leads to a significant increase in
green fluorescence, indicating that photosensitizers are
capable of producing reactive oxygen species under
illumination. This ROS generation is attributed to the
high efficiency of porphyrin compounds in producing
singlet oxygen under light conditions, with the quan-
tity of ROS being dose-dependent (Fig. 6).

Conversely, under dark conditions, no green fluo-
rescence is detected at ZnP3 concentrations of 0.5 µM
and 2 µM, indicating no ROS production. After enter-
ing the cells, DCFH-DA is deacetylated by intracellular
esterases and then oxidized by ROS to produce the
fluorescent compound 2′,7′-dichlorofluorescein (DCF).
This outcome demonstrates that ZnP1–ZnP3 can func-
tion as potent sensitizers in the photodynamic therapy
process, generating ROS specifically under light irradi-
ation to eliminate cancer cells (Fig. 6).

CONCLUSION

Metallization can modify the electrochemical, spectro-
scopic, photochemical, and photophysical characteris-
tics of photosensitizers in phototherapy. Moreover, the
coordination of zinc with the porphyrin ring reduces
hydrophobicity and enhances cellular uptake, thereby
augmenting the complex’s ability to generate singlet
oxygen. Building on these principles, we incorpo-
rated zinc into three halogen-containing A2B2 por-
phyrins and enhanced their aqueous solubility through
N-pyridyl-substituted alkylation. Subsequently, we
designed and synthesized three zinc-containing com-
plexes (ZnP1–ZnP3). We observed that the growth
inhibition rate of the sensitizer on HUVEC cells was
lower, regardless of whether it was under light or dark
conditions. Consistent with these observations, the
IC50 value for HUVEC cells was substantially higher
than that for cancer cells, indicating that the sensi-
tizer selectively targets cancer cells during the PDT
process, with preferential localization around them.
Furthermore, due to the heavy atom effect, bromine-
containing ZnP3 achieves the highest in vitro photo-
cytotoxic efficacy among the three photosensitizers.
Therefore, porphyrin photosensitizers offer superior
PDT therapeutic effects and hold extensive applica-
tion potential. This study has several limitations that
should be acknowledged. The in vitro findings are
based on a limited set of cancer cell lines (HepG2 and
MCF-7), which may not represent the full heterogene-
ity of human tumors. The photophysical properties and
singlet oxygen yields were characterized in solution
(DMSO), which may not fully replicate the tumor
microenvironment. Theoretical DFT calculations were
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ZnP1 (light)                                         ZnP1 (dark)                                         ZnP2 (light)                                         ZnP2 (dark)    

ZnP3 (light)                                         ZnP3 (dark)   

Fig. 5 Hoechst 33342 (live cells and overcoming cells: blue) and PI (dead cells, dying cells, and necrotic cells: red) staining
of HepG2 cells treated with different concentrations of ZnP3 under light and dark conditions for 24 h. Fluorescence images
are shown. Each group was performed in triplicate.

0.5 �M

2 �M

0.5 �M+Light

2 �M+Light2 �M+Light
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2 �M+Light
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Fig. 6 In vitro ROS production by ZnP3 (A–B), ZnP1 (C), and ZnP2 (D) under light irradiation (600–610 nm, 10 min), as
indicated by DCF fluorescence. Each group was performed in triplicate.
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performed in the gas phase, neglecting solvent ef-
fects that could influence electronic properties. These
limitations highlight the need for further preclinical
investigation to substantiate the translational potential
of the ZnP1–ZnP3 photosensitizers. The liver tissue in
porphyrin metabolism validates HepG2 as a clinically
relevant model for hepatocellular carcinoma, while
MCF-7 cells offer an appropriate platform for inves-
tigating hormone receptor-driven porphyrin accumu-
lation in breast cancer. This study thereby provides
compelling pre-clinical evidence to support the devel-
opment of halogenated zinc porphyrin photosensitizers
for the treatment of both hepatocellular carcinoma and
breast cancer.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasia1513-1874.2026.
036.
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Appendix A. Supplementary data

Fig. S1 The 1H-qNMR spectra of ZnP1 (A), ZnP2 (B), and ZnP3 (C), obtained at 600 MHz in DMSO-d6. The quantitative
signals were observed at chemical shift of δ4.70 ppm and δ7.50–7.52 ppm. The purity yields of each compound were 89.64%,
87.02, and 90.63%, respectively.
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Fig. S2 Cell cycle analysis of HepG2 cells under different conditions.
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