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sensitizer molecules as effective
medicine candidates for photodynamic therapy:
electronic structure information aided design†

Wei-Huang Yin,a Peng-Yuan Li,b Hou-Hou Huang,b Lu Feng,b Shu-Hui Liu,b Xin Liu*a

and Fu-Quan Bai *b

Traditional photosensitizers (PS) in photodynamic therapy (PDT) have restricted tissue penetrability of light

and a lack of selectivity for tumor cells, which diminishes the efficiency of PDT. Our aim is to effectively

screen porphyrin-based PS medication through computational simulations of large-scale design and

screening of PDT candidates via a precise description of the state of the light-stimulated PS molecule.

Perylene-diimide (PDI) shows an absorption band in the near-infrared region (NIR) and a great

photostability. Meanwhile, the insertion of metal can enhance tumor targeting. Therefore, on the basis of

the original porphyrin PS segments, a series of metalloporphyrin combined with PDI and additional

allosteric Zn-porphyrin-PDI systems were designed and investigated. Geometrical structures, frontier

molecular orbitals, ultraviolet-visible (UV-vis) absorption spectra, adiabatic electron affinities (AEA),

especially the triplet excited states and spin–orbit coupling matrix elements (SOCME) of these expanded

D–A porphyrin were studied in detail using the density functional theory (DFT) and time-dependent

density functional theory (TDDFT) methods. PS candidates, conforming type I or II mechanism for PDT,

have been researched carefully by molecular docking which targeted Factor-related apoptosis (Fas)/Fas

ligand (Fasl) mediated signaling pathway. It was found that porphyrin-PDI, Fe2-porphyrin-PDI, Zn-

porphyrin-PDI, Mg-porphyrin-PDI, Zn-porphyrin combined with PDI through single bond (compound 1),

and two acetylenic bonds (compound 2) in this work would be proposed as potential PS candidates for

PDT process. This study was expected to provide PS candidates for the development of novel medicines

in PDT.
1 Introduction

Cancer remains one of the leading causes of death worldwide,
despite the notable efficacy of traditional anticancer modalities,
such as surgery and chemoradiotherapy.1 However, photody-
namic therapy (PDT), an alternative to contemporary cancer
treatment, has emerged as a successful and clinically approved
therapeutic modality.2 PDT provides several therapeutic
preponderances, including selectivity, non-invasiveness, high
cure rates and low side effects for the neoplastic management
and non-malignant diseases.3

PDT is based on the generation of reactive oxygen species
(ROS) in order to bring about the induction of death in
cancerous tissues.4 The PDT process involves photosensitizers
(PS), molecular oxygen, and light source.5 Mechanistically, the
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effect occurs when appropriate energy is absorbed optically by
PS, transiting from ground state (S0) to the rst singlet excited
state (S1). Aer that, the excited triplet state (T1) is formed
through Inter System Crossing (ISC). Subsequently, the T1 of PS
participates in the type I electron transfer reactions to produce
ROS. In the type II pathway, the PS transfers energy to triplet
molecular oxygen (3O2), generating highly singlet oxygen
(1O2).6,7 The production of molecular oxygen, as mentioned
above in tissues and cells, initiates three main cell death
models: apoptotic, necrotic, and autophagic.8–10 Signicantly,
Fas/Fasl mediated signaling pathway is one of the most
important apoptosis-related signaling pathways.11 The
abnormal expression of Fas/Fasl was found in the majority
cancers, including head and neck squamous cell carcinoma.12

At present, PDT is mainly exploited in the treatment of
supercial diseases, such as premalignant conditions, carci-
noma in situ or supercial tumors.13 However, traditional PS in
PDT has a limited excitation wavelength at the phototherapy
window (620–850 nm), and other wavelengths of visible light
can also damage healthy tissues.14 Meanwhile, the production
of ROS is slashed by the hypoxic environment in the tumor.15

Therefore, improving the photoelectric conversion efficiency of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Molecular structures of (a) M-porphyrin and (b) M-
porphyrin-PDI. Fe1: singlet state; Fe2: quintet state.
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the phototherapy window (focusing on the milder and safer
wavelength of 700–850 nm) and enhancing the capacity of
oxygen excitation and production are the critical measures to
heighten the efficacy of PDT.

The porphyrin segment is the most prominent variety of PS
in clinical trials, which is widely present in hemoglobin (iron
porphyrin), hemocyanin (copper porphyrin) in animals, chlo-
rophyll (magnesium porphyrin), and cobalt porphyrin in
plants.16 Porphyrin compounds are a class of organic macrocy-
clic molecules with highly p-conjugated structure, with rich
structural diversity and excellent photoelectric properties.17 The
structure of the porphyrin molecule enables straightforward
modication by substituting hydrogen atoms at the 8 b posi-
tions and the 4meso-sites with various metal ions, substituents,
or conjugated systems.18 This tunability not only facilitates
synthesis and modication but also enables the optimization of
their electronic and photophysical properties. As a result,
various porphyrin derivatives can be produced, enhancing
photosensitizing capabilities while maintaining lower toxicity
and improved controllability. Paradoxically, the inadequate
selectivity to neoplastic tissues, and weak absorption in the
near-infrared region (NIR) of porphyrin compounds limited
their further applications in clinical settings.19 Studies have
shown that metalloporphyrin has a good affinity for neoplastic
tissues and could selectively stay in cancer cells.20,21 Addition-
ally, the organic chromophores were introduced into metal
complexes can improve the triplet excited state lifetime.22 Per-
ylene diimide (PDI), a super planar-conjugated system with
a special energy level structure, exhibits excellent photochem-
ical properties and tissue penetration in NIR compared to
visible light.23–26 PDI is highly preferred in the eld of organic
solar cell research, due to its ability to be conjugated with
porphyrins, allowing for adjustments in absorption, energy
levels, and photovoltaic performance.27,28 This suggests that the
porphyrin-PDI conjugate, forming the Donor–Acceptor (D–A)
structure, holds signicant promise and has the potential to
enhance absorption in the near-infrared (NIR) region.29

Herein, a series of porphyrin-based derivatives in group 1
without or with metals (Fe, Zn and Mg) were designed
(Scheme 1a), and the D–Ametalloporphyrin complexes in group
2 were then constructed with PDI using a push–pull strategy
(Scheme 1b). Density functional theory (DFT) is the most
effective method to study the electronic structure of their
excited states.30 During the triplet state calculation, it needs to
be emphasized that among these design PS, multi-spin states
are considered for Fe-porphyrin and Fe-porphyrin-PDI.31

Therefore, all calculation contents were performed in singlet
and quintet states of Fe to discuss in detail.

In brief, the aim of this study is to obtain structural infor-
mation and photophysical property prediction of all designed
porphyrin derivatives more quickly through theoretical simu-
lation. Different from molecular dynamics methods for
studying some medicine candidates, PDT requires a more
rigorous description of its excited state electronic structure, so
that its photoexcited pharmacology can be elaborated. In
addition, molecular docking analysis of the PS candidates
against cancer-related targeted proteins was also performed.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Ultimately, effective porphyrin-based PS were screened as
potential candidates for PDT. This study provides valuable
information and theoretical foundation for the design and
screening of porphyrin-based PS medicine.

2 Method
2.1 DFT calculations

The geometries of the ground state and excited states of all
systems were optimized using the density functional theory
(DFT) and time-dependent density functional theory (TDDFT)
methods respectively. Aer literature analysis and functional
testing, The M06 exchange and correlation functional was
selected in this work for electronic structure and electron
excited transition calculation.32,33 The 6-31G (d) basis set was
used for C, N, H and O atoms.34 The LanL2DZ basis set was used
for Fe, Zn and Mg.35 The implicit solvent model PCM was used
to simulate the water solvent environment.36 All geometries
reached the minimum point on the potential energy surfaces,
which was conrmed through frequency analysis. All compu-
tations were performed without symmetry constraints. The
above quantum chemical calculations were performed using
with Gaussian16 program package.37

Spin–orbit coupling (SOC) was calculated through the m06
andub97xdmethod (Fe1-porphyrin and Fe2-porphyrin),38which
was coupled with the def2-TZVP basis set by Orca with TD-
DFT.39 The spin–orbit couplings are dened according to the
formula:

SOCij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
n

��JSi

��ĤSO

��JTj ;n

��2s
; n ¼ x; y; z (1)

where ĤSO represents the spin–orbit Hamiltonian. JSi and JTj

stand for the wave function of ground state and triplet state,
respectively.

2.2 Molecular docking

AutoDock Tools (ADT) was used for docking study.40 The three-
dimensional (3D) structures of proteins were obtained from the
RCSB Protein Data Bank (PDB) such as Fas [PDB ID: 1DDF] and
Fasl [PDB ID: 5L19]. PDBQT les for protein and ligands prep-
aration and grid box creation, were completed using the
graphical user interface program Autodock 4.2.6. Visualization
of docking results was performed by using Pymol.41 The binding
free energy of complex (DGbind) calculated by ADT was the
RSC Adv., 2024, 14, 29368–29383 | 29369
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difference between the free energies of the complex (DGcomplex)
and the unbound receptor (DGrec) and the free ligand (DGlig) as
described by the following equations:

DGbind = DGcomplex − DGreceptor − DGligand (2)

3 Result and discussion

PDT has been considered as a clinical option for the treatment
of solid tumors. It relies on the ingested PS, following a certain
time interval, which is activated by light with a specic wave-
length.42 The mechanism of PDT enforces the following key
requirements of effective PS: (1) the capacity to absorb light to
the rst singlet excited state in the therapeutic window while
oscillator strength lager than 0.01; (2) the T1–S0 energy gap
larger than 0.98 eV, which is the amount of energy required to
activate molecular oxygen; (3) the electron affinity of molecular
oxygen should be higher than that of PS for obtaining the
electron from PS; (4) the SOC values higher than 0.24 cm−1 that
ensure an efficient ISC process.43–45

3.1 Molecular geometries and electronic structures

The geometrically optimized structures of the porphyrin deriva-
tives were shown in Fig. 1a and b. All molecules consist of
Fig. 1 Optimized ground-state structure of (a) M-porphyrin and (b) M-po
length of metal atoms to N atoms. Fe1: singlet state; Fe2: quintet state.

29370 | RSC Adv., 2024, 14, 29368–29383
a porphyrin structure in the center, surrounded by four benzene
rings, except for PDI. The porphyrin in the center forms a large
conjugated system with a planar structure, while the four
surrounding benzene rings maintain a certain dihedral angles to
the porphyrin structure, and the values of these dihedral angles
were listed in Table 1. A diagram of Fe1 was presented in Fig. 1c.

For the porphyrin molecule, the values of the four dihedral
angles were 62.29°, 62.62°, 62.27°, and 62.62°. Compared to
porphyrin, the dihedral angle between the benzene ring and the
porphyrin was slightly increased in Fe1-porphyrin, while it
remains essentially unchanged in Fe2-porphyrin, Zn-porphyrin
and Mg-porphyrin. Table 1 also lists the bond lengths of the
different metal atoms with the four N atoms. In Zn-porphyrin,
the length of the four N–Zn bond was essentially equal, all of
which were 2.065 Å. The same was true for the N–Mg bond
length of Mg-porphyrin and the N–Fe bond length of Fe1-
porphyrin, which are 2.064 Å and 1.996 Å, respectively. The N–
Fe bond length was slightly shorter than N–Zn and N–Mg. In
Fe2-porphyrin, the two N–Fe bond lengths of 2.071 Å for B1 and
B3 and 2.048 Å for B2 and B4 were signicantly different from
the other three molecules.

The obtained vertical excitation energies, excitation wave-
lengths, oscillator strengths, and the contributions of orbital
transitions to electron excitation were reported in Table 2. Frontier
molecular orbitals for all complexes were shown in Fig. 2. Frontier
molecular orbitals are important for describing the stability using
rphyrin-PDI. (c) The rotation of four benzene rings to porphyrin and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The essential vertical excitations of M-porphyrin and M-porphyrin-PDI

Excitation energy (eV) Wavelength (nm) f Main conguration

Porphyrin 2.1715 570.97 0.0134 H / L (62%)
Fe1-porphyrin 2.3314 531.81 0.0224 H / L+1 (57%)
Fe2-porphyrin 2.0054 618.24 0.0106 H / L+1 (71%)
Zn-porphyrin 2.1945 564.98 0.0501 H / L (64%)
Mg-porphyrin 2.1735 570.43 0.0540 H / L (64%)
PDI 2.3958 517.50 0.7816 H / L (100%)
Porphyrin-PDI 1.6992 729.67 0.4667 H / L (96%)
Fe1-porphyrin-PDI 1.6944 731.74 0.3899 H / L (98%)
Fe2-porphyrin-PDI 1.1181 742.33 0.3941 H / L (77%)
Zn-porphyrin-PDI 1.6134 768.47 0.3495 H / L (98%)
Mg-porphyrin-PDI 1.5854 782.05 0.3578 H / L (98%)

Table 1 The dihedral angles (deg) between the porphyrin and the four benzene rings (A, B, C and D) and the bond lengths (Å) of the different
metal atoms to the four N atoms (N1, N2, N3 and N4)

Porphyrin Fe1-porphyrin Fe2-porphyrin Zn-porphyrin Mg-porphyrin

Dihedral angles
A-porphyrin 62.293 65.011 62.947 62.840 62.146
B-porphyrin 62.618 64.999 62.363 62.701 61.965
C-porphyrin 62.273 64.829 62.944 62.941 62.125
D-porphyrin 62.625 64.998 62.365 62.843 61.965

Bond lengths
N1–M — 1.996 2.071 2.065 2.064
N2–M — 1.996 2.048 2.065 2.064
N3–M — 1.996 2.071 2.065 2.064
N4–M — 1.996 2.048 2.065 2.064
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the LUMO–HOMO gap parameter.46 Among the porphyrin deriv-
atives, the HOMO, LUMO, and LUMO+1 of all molecules was
delocalized on the porphyrin structure, except for the LUMO
orbital of Fe1-porphyrin, which was centrally distributed on the Fe
atom. In porphyrin-PDI, Zn-porphyrin-PDI, andMg-porphyrin-PDI
complexes, the HOMO was delocalized on the porphyrin structure
while the LUMO was delocalized on the PDI structure. In Fe1-
porphyrin-PDI and Fe2-porphyrin-PDI, the HOMO is delocalized
over the porphyrin segment. Notably, the LUMO in Fe2-porphyrin-
PDI is localized exclusively on the PDI, whereas in Fe1-porphyrin-
PDI, it is distributed over both the porphyrin and the PDI. The
stronger orbital coupling between Fe1-porphyrin and PDI facili-
tates LUMO delocalization across both regions. In contrast, the
weaker coupling in Fe2-porphyrin-PDI results in the LUMO being
primarily conned to the PDI. This difference highlights the
impact of spin states on the orbital energy and distribution within
the system. Additionally, aer incorporating PDI, we observed that
the composition of the HOMO−1 remained largely unchanged
compared to the standalone metal-porphyrin. However, the
LUMO+1 orbital showed greater delocalization across both Fe1-
porphyrin and PDI, indicating stronger interactions between Fe1

and the ligands. This suggests that the inclusion of PDI enhances
electronic transfer between Fe1 and the surrounding ligands,
potentially increasing the efficiency of ISC. Therefore, the PS could
realize intramolecular electron transfer upon excited, further
demonstrating its D–A structural feature. Since a smaller gap value
© 2024 The Author(s). Published by the Royal Society of Chemistry
implied electron easily to transit, our results (Fig. 3) suggested that
the gap value of group 2 were smaller than group 1 (0.80, 0.74,
0.86, 0.93, 0.94 eV). It implied that the addition of PDI could
reduce the HOMO–LUMO gap.
3.2 Absorption spectra

The wavelength chosen for PDT is typically coincides with the
longest-wavelength absorption band of the PS, ideally occurring
between 620 and 850 nm.15 The classic UV-vis absorption spectra
of porphyrin compounds can be divided into two characteristic
absorption bands: a strong Soret band (350–450 nm) and several
weak Q bands (500–650 nm).20 If some groups were introduced
into the porphyrin substrates, the absorption wavelength and the
number of peaks in the Q band would be changed.16 This was due
to the symmetry of the porphyrins, variations in the conjugated
system, and the degree of distortion.47 In our study on absorption
spectra, group 1 (Fig. 4a) showed typical absorption characteristic
ofmetalloporphyrin in the UV-vis region. However, the addition of
metal did not produce a noticeable red-shi effect on the results.
In Table 2, their maximum absorption wavelengths were mainly
approximately 400 nm, and the absorption within the range of 500
to 650 nm was extremely weak, with an oscillator strength of less
than 0.1. In the range of 500–650 nm, for all porphyrin derivatives,
the largest contribution to the electronic excitation of all
porphyrin derivatives was the HOMO/ LUMO transition, except
RSC Adv., 2024, 14, 29368–29383 | 29371
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Fig. 2 Graphical representation of the molecular orbitals of M-porphyrin and M-porphyrin-PDI.
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for Fe1/Fe2-porphyrin, which was a HOMO/ LUMO+1 transition,
and the electronic excitations of all the molecules were localized
excitations on the porphyrin structure. In contrast, in porphyrin-
PDI complexes, the HOMO–LUMO transitions involve charge
transfer processes from porphyrin to PDI or from PDI to
porphyrin, resulting in an appearance of the new absorption band
at 700–800 nm and a large oscillator strength. The value of group 2
was sufficient in phototherapy window (Fig. 4b). With the inser-
tion of PDI, it generated a “push–pull” structure with a bigger
conjugated system. New peaks appeared in the spectra due to the
extended charge transfer transition state, which were located in
29372 | RSC Adv., 2024, 14, 29368–29383
the NIR. The signicant advantage of these compounds lies in
their capability to absorb at substantially longer wavelengths (700–
850 nm) compared to commonly used porphyrins such as
Foscan® (652 nm). Group 2 were chosen to discuss in the
following study. Their absorption wavelength occurred in 700–
850 nm which would have a deeper tissue penetrability.
3.3 Electron affinity

Electron Affinity (EA) included the vertical electron affinities
(VEA) and adiabatic electron affinities (AEA). Considering the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Calculated frontier molecular orbital energies of ground states of (a) M-porphyrin and (b) M-porphyrin-PDI. (c) LUMO–HOMO energy
gap.
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time of charge relaxation and charge transfer between two
molecules, AEA was chosen to calculate. The region around the
Zn atomwas analysed, as it is themost probable site for electron
loss, with a calculated value of 47.37 kcal mol−1 (2.05 eV) during
the adsorption of 3O2 at a distance of 2.38 Å. Before adsorption,
the overall average energies of Zn-porphyrin-PDI and 3O2 were
0.20 kcal mol−1 (0.009 eV) and 1.02 kcal mol−1 (0.044 eV),
respectively. Aer adsorption, these values shied to
0.16 kcal mol−1 (0.007 eV) and −31.44 kcal mol−1 (−1.36 eV),
respectively. These results are used to verify our point of view. In
order to verify whether the designed PS molecules could pass
electrons to 3O2 to form O2

− (type I), AEA values between 3O2

and PSmolecules were compared (Fig. 5). An ideal PS' AEA value
should be less than that of 3O2 to allow for the efficient transfer
of electrons from the PS to oxygen, facilitating the reduction of
oxygen.

AEA (3O2) − AEA (PS) > 0 (3)

The calculated AEA of 3O2 was 3.73 eV, hence porphyrin-PDI,
Fe2-porphyrin-PDI, Zn-porphyrin-PDI and Mg-porphyrin-PDI
were screened as the possible candidates for PS that followed
type I PDT mechanism.
3.4 Triplet excited states

To induce irreversible destruction of neoplastic tissues, the
prevailing belief is that type II mechanisms should predominate
in PDT, owing to their relatively higher reactivity.48 To
© 2024 The Author(s). Published by the Royal Society of Chemistry
investigate the ability of the designed PS to excite 3O2 to
1O2, we

compared the S0–T1 energy gap with the energy required to
excite oxygen from 3O2 to

1O2.

PS (T1) +
3O2 / PS (S0) +

1O2 (4)

The energy needed for the formation of singlet oxygen is
0.98 eV.44 The calculated data suggested that the value of S0–T1

energy gap was greater than 0.98 eV including porphyrin-PDI,
Fe2-porphyrin-PDI (Fig. 6). It was considered that these PS
molecules designed here meet this energy requirement except
the Fe1-porphyrin and Fe1-porphyrin-PDI, mainly due to their
non-singlet ground state and possible multi spin state charac-
teristics. The calculated S1–T1 energy gaps (DEST), provided in
the ESI,† indicate that all compounds possess sufficient triplet
state lifetimes, increasing their chances of reacting with oxygen
to generate ROS. Except for Fe1-porphyrin, the incorporation of
PDI led to a slight reduction in the DEST across the compounds,
suggesting that the presence of PDI enhances ISC efficiency by
reducing the DEST.
3.5 Spin–orbit coupling matrix elements

In the process of ISC, the excited PS undergoes a transition from
a singlet state to a triplet state. This triplet PS can then transfer
its excitation energy to 3O2, facilitating the generation of ROS.
The efficiency of the ISC hinges on the amplitudes of SOC for
the S1 / Tn which effects the production of 3O2.49

The value of SOC should be greater than 0.24 cm−1. The SOC
of the S1–Tn (T1–T5) was calculated to discuss whether porphyrin
RSC Adv., 2024, 14, 29368–29383 | 29373
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Fig. 4 Simulated absorption spectra of (a) M-porphyrin and (b) M-porphyrin-PDI.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 1
:0

9:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
complexes could have the effective coupling channel from S1 to
Tn (Fig. 7). Group 2 were met the requirements with 3–5 effective
ISC channels. Comparing the SOC values for all the derivatives,
it was observed that the insertion of PDI contributed to the
enhancement of SOC's values.
29374 | RSC Adv., 2024, 14, 29368–29383
A deciency was found through the analysis of the above
data. In the calculation of triplet excited states, Zn-porphyrin-
PDI (0.94 eV) and Mg-porphyrin-PDI (0.97 eV) were applicable
in the type I of PDT but did not playing a role in the type II of
PDT. The structure of Zn-porphyrin-PDI, performing less in type
II mechanism, was selected for improvement. Based on the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Adiabatic electron affinities for (a) M-porphyrin and (b) M-porphyrin-PDI. The energy line of 3.73 eV for molecular oxygen was highlighted
as the red dashed line.

Fig. 6 Triplet excitation energies for (a) M-porphyrin and (b) M-porphyrin-PDI. The energy line of 0.98 eV, required to activatemolecular oxygen,
was highlighted as the black dashed line.
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experience accumulated from the above work, the molecular
congurations of Zn-porphyrin-PDI were expanded in group 3
by changing conjugate length and connective positions between
Zn-porphyrin and PDI, or increasing the number of PDI on the
basis of the Zn-porphyrin. We aimed to investigate how these
structural modications could enhance the PS's ability to
generate ROS through both mechanisms. This approach was
designed to better identify photosensitizers that can fulll the
requirements of both Type I and Type II mechanisms in PDT.
Zn-porphyrin combined with PDI through single bond
© 2024 The Author(s). Published by the Royal Society of Chemistry
(compound 1) or two acetylenic bonds (compound 2). One PDI
was added to Zn-porphyrin-PDI (compound 3). Zn-porphyrin
combined with the imide position of PDI by one acetylenic
bond (compound 4) or two acetylenic bonds (compound 5)
(Scheme 2). It was further screened based on previous calcula-
tion contents in group 3.
3.6 The calculations of Zn-porphyrin-PDI derivatives

The geometrically optimized structures of group 3 were shown
in Fig. 8a. The frontier molecular orbitals were shown in Fig. 8b.
RSC Adv., 2024, 14, 29368–29383 | 29375
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Fig. 7 Spin–orbit coupling matrix elements between low-lying singlet and triplet excited states for (a) M-porphyrin and (b) M-porphyrin-PDI.

Scheme 2 Molecular structures of compound 1–5.
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The LUMO and HOMO were mainly located on the PDI deriva-
tives and the porphyrin like Zn-porphyrin-PDI, respectively. The
photophysical properties together with their orbital contribu-
tion were reported in Table 3. The results of the absorption
spectra, frontier molecular orbitals, AEA, triplet excited states
and SOC were demonstrated in Fig. 9. In the calculation of
absorption spectra, the wavelengths of compound 1–3 were in
phototherapy window (700–850 nm). Compared with Zn-
porphyrin-PDI, decreasing conjugate length (compound 1)
would make absorption spectrum red-shi to 780.17 nm, and
LUMO–HOMO gap and the triplet excited states energy grow to
2.14 eV and 1.34 eV, while AEA value decreased to 3.63 eV.
Expending conjugate length (compound 2) would blue-shi the
wavelength to 750.48 nm, reducing LUMO–HOMO gap to
29376 | RSC Adv., 2024, 14, 29368–29383
2.06 eV, while the AEA value and triplet excited states energy
were increased to 3.84 eV and 1.31 eV, respectively. Adding an
extra PDI to Zn-porphyrin-PDI (compound 3) would red-shied
the absorption to 771.62 nm, shorten gap value and triplet
excited states energy to 1.47 eV and 0.13 eV, and rise AEA value
to 4.39 eV. Aer combining Zn-porphyrin with PDI's imide
position (compound 4), absorption peak blue-shied to
606.40 nm. The gap value decreased to 1.95 eV. AEA value and
triplet excited states energy up to 3.77 eV and 1.26 eV.
Compared with compound 4, extending conjugate length on the
basis of the compound 4 (compound 5) would red-shi the
absorption peak value to 613.78 nm. Gap value, AEA value and
the triplet excited states energy would increase to 2.02 eV,
3.78 eV and 1.36 eV. The DEST of M-porphyrin and M-porphyrin-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Optimized ground-state structures of compounds 1–5 and (b) illustrations of the molecular orbitals of compounds 1–5.

Table 3 The essential vertical excitations of compound 1–5

Excitation energy (eV) Wavelength (nm) f Main conguration

Compound 1 1.5892 780.17 0.0807 H / L (99%)
Compound 2 1.6521 750.48 0.3624 H / L (97%)
Compound 3 1.6068 771.62 0.4452 H / L+1 (84%)
Compound 4 2.0446 606.40 0.6136 H / L+1 (78%)
Compound 5 2.0200 613.78 0.6529 H / L+1 (80%)

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 29368–29383 | 29377
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Fig. 9 (a) Calculated absorption spectra, (b) frontier molecular orbital energies, (c) adiabatic electron affinities, (d) triplet excitation energies and
(e) spin–orbit coupling matrix elements of compound 1–5.
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PDI are provided in Table S2 (ESI†). Compared to Zn-porphyrin-
PDI, increasing the number of PDI units does not signicantly
alter the DEST. However, modifying the conjugation length
29378 | RSC Adv., 2024, 14, 29368–29383
between the porphyrin and PDI or changing the substitution
position on PDI can notably reduce the DEST, thereby enhancing
ISC efficiency.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Free energy of binding of selected compounds targeting Fas
and Fasl

Ligand

Binding energy (kcal mol−1)

Fas Fasl

Porphyrin-PDI −9.8 −11.0
Fe2-porphyrin-PDI −10.2 −11.6
Zn-porphyrin-PDI −10.4 −11.6
Mg-porphyrin-PDI −10.3 −11.7
Compound 1 −10.0 −9.7
Compound 2 −10.1 −11.7
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The results showed that the shorter the conjugate distance,
the longer absorption wavelength, the lower AEA value would
be. By combining with imide position of PDI could narrow
Fig. 10 Lowest energy docked positions of the PS candidates with can
residues in the targeted proteins were shown by orange labels. Hydrog
corresponding hydrogen bond length values were marked.

© 2024 The Author(s). Published by the Royal Society of Chemistry
LUMO–HOMO gap and increase the triplet excited states
energy. However, gap value was decreased by adding an PDI.
These allosteric strategies may also be applied to Mg-porphyrin
derivatives based on the similar electronic structures and
coordination condition of Mg-porphyrin and Zn-porphyrin
derivatives. Therefore, compound 1 and 2 were screened as
the possible candidates in group 3 that followed type I/II and
type II PDT mechanism.
3.7 Molecular docking

Based on the above calculation results, we selected PS candi-
dates applying the type I (porphyrin-PDI, Fe2-porphyrin-PDI, Zn-
porphyrin-PDI, Mg-porphyrin-PDI and compound 1) and type II
(porphyrin-PDI, Fe2-porphyrin-PDI, compound 1 and 2) mech-
anism for molecular docking study. The molecular docking is
cer associated targeted proteins (a) Fas and (b) Fasl. The amino acid
en bond interactions were represented in pink dashed lines and the

RSC Adv., 2024, 14, 29368–29383 | 29379
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an important method to clarify the interaction between a ligand
and a target protein, which has been widely used for the
structure-based drug design in pharmaceutical research.50,51 In
our study, the screened PS candidates, porphyrin-PDI, Fe2-
porphyrin-PDI, Zn-porphyrin-PDI, Mg-porphyrin-PDI,
compound 1 and compound 2 were used as ligands. Fas and
Fasl, apoptosis associated proteins, was one of the most
important signal pathways of PDT research. At present, it has
been veried that Aminolevulinate and chlorin e6 (they all
belong to porphyrin precursors or porphyrins) can induce
signicantly greater Fas/Fasl which could further induce tumor
cell apoptosis.52,53 Thus, they were used as targeted proteins
which were docked with the six selected PS candidates. The
estimated free energy of binding (EFEB) (kcal mol−1) values of
the protein-ligand complexes were calculated. The EFEB of
candidates which targeted Fas and Fasl were presented in
Table 4.

The minimum energy docked positions and corresponding
binding sites of the protein-ligand complexes were shown in
Fig. 10. Meanwhile, the pink dashed lines indicated the
hydrogen bonds formation between the ligand and selected
targeted proteins. As can be observed from the gure, since the
PDI portion possesses exible and extended structural charac-
teristics, the docking site initially emerges around the PDI and
the nal interaction is also mostly around the PDI fragment.
The corresponding hydrogen bond length values between
ligand molecules and the amino acid residues in the targeted
proteins were also depicted in Fig. 10.

Previous research has demonstrated that metal ion coordi-
nation can modify the electronic structure and reactivity of
molecules, leading to changes in energy. Additionally, metal
coordination can strengthen interactions with specic regions
of proteins.54 Our results suggest that the incorporation of
metals enhances the affinity between ligands and target
proteins. However, the effect is relatively minor because the
metal contributes to only one active site within the molecular
framework, while the overall binding energy is inuenced by the
entire molecular structure. However, generally, more negative
EFEB value was correlated with stronger binding affinity. A
molecule has a good interaction with the proteins studied given
by the values of EFEB lower than −6 kcal mol−1.55 All the
candidates exhibited better binding capacity (from −9.8 to
−11.7 kcal mol−1). These effects are generally within the realm
of weak interactions, and their impacts on the spectrum are
similar to those of polar solvents. These minor effects do not
alter our previous judgment of being good PDT candidates. The
obtained results would be signicative in vitro and in vivo
studies for the development of effective PS in PDT.

Finally, at the same computational level, we conducted
calculations for Foscan, which is utilized in the treatment of
head and neck squamous cell carcinoma. The calculated values
for AEA and T1 were 2.88 eV and 1.56 eV, respectively. The S1–Tn

(n= 1–5) values for spin–orbit coupling were 0.05, 0, 0.01, 0, and
0.34 cm−1, respectively. The EFEB of Fas and Fasl were −7.9 kal
mol−1 and −7.4 kal mol−1, respectively. In contrast, our
screened PS candidates exhibited a distinct advantage in their
ability to achieve a stable T1 state and target the Fas/Fasl
29380 | RSC Adv., 2024, 14, 29368–29383
signaling pathway. Moreover, the porphyrin-based candidates
are easily synthesized, with both porphyrin and PDI having
veried feasible synthesis pathways.56–58 Although their solu-
bility as materials is not optimal, as small-molecule PS, they are
still effective at inducing the PDT process even at extremely very
low concentrations.59–61 This is also the advantage of trace
medication in PDT. Hence, porphyrinyl PS still possesses broad
application prospects.

4 Conclusions

In summary, the conjugated porphyrin-based derivates with
D–A structure were designed in this work using porphyrin
without or with metals as electron donor and PDI as electron
acceptor unit. Group 2 of metalloporphyrin-PDI and compound
1–3 of Zn-porphyrin-PDI PSs displayed intense absorbance in
the NIR (700–850 nm) medical scope. Porphyrin-PDI, Fe2-
porphyrin-PDI, Zn-porphyrin-PDI, Mg-porphyrin-PDI and
compound 1 could transfer electrons to perilesional molecular
oxygen to produce ROS via type I mechanism of PDT efficiently.
According to type II mechanism, porphyrin-PDI, Fe2-porphyrin-
PDI, compound 1 and 2 could excite 3O2 to form 1O2. All above
screened candidates could also target Fas/Fasl signal pathway.
Hence, the present investigations would be benecial for the
development of PS in PDT. For PDT process, in-depth under-
standing of the electronic state change behavior of the system
induced by light excitation needs to be obtained at the chemical
level in order to obtain the most effective key pharmacal efficacy
information, so it is an essential research method for the
development of such medicines. We believe that label extrac-
tion and machine learning based on this is an effective path for
future typical pharmacologic development, and our following
work is ongoing.
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