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Ö Z

Bu çalışmada porfirin-kitosan hidrojellerinin sentezi, karakterizasyonu ve fotokimyasal özellikleri incelenmiştir. Fotodina-
mik terapi (PDT) ve sono-fotodinamik terapide (SPDT) potansiyel kullanım için geliştirilen bu hidrojeller, terapi için gerekli 

bir reaktif oksijen türü (ROS) olan singlet oksijeni verimli bir şekilde üretir. 1 ve 2 numaralı Zn (II) porfirinler, metalsiz por-
firinlere metal eklenmesi yoluyla sentezlenmiş ve CS-1 ve CS-2 numaralı kitosan hidrojelleri üretmek için Schiff-baz reaksi-
yonu yoluyla (fenilasetilen yoluyla konjugasyon) kitosana kovalent olarak bağlanmıştır. Spektroskopik analizler, porfirinlerin 
başarılı bir şekilde konjugasyonunu doğrulamış ve SEM görüntülemesi, porfirinlerin hidrojel içinde eşit bir şekilde dağıldığını 
göstermiştir. DMSO içinde hem porfirin kompleksleri hem de kitosan-konjuge hidrojeller için temel hal absorpsiyonu ve 
singlet oksijen üretimi dahil olmak üzere fotofiziksel ve fotokimyasal özellikler değerlendirilmiştir. Porfirin-hidrojel yapıları 
üstün singlet oksijen üretim etkinliği göstermiştir. Sono-fotokimyasal çalışmalar, kitosan hidrojel CS-2 için gözlemlenen en 
yüksek kuantum verimi (ΦΔ= 0.81) ile singlet oksijen üretiminin daha da arttığını göstermiştir. Elde edilen sonuçlar, hidrojel 
yapılarında, özellikle eşzamanlı ultrasound ve ışık ile uyarılma altında, PDT ve SPDT uygulamalarında potansiyel etkinliklerini 
gösteren gelişmiş singlet oksijen üretimi olduğunu göstermiştir. Ayrıca, foto bozunma çalışmaları sentezlenen bileşiklerin 
ışık ile uyarılma altında kararlılığını ortaya koymuştur. Bu bulgular, porfirin konjuge kitosan hidrojellerinin PDT ve SPDT uygu-
lamaları için etkili fotosensitizerler olarak potansiyelini vurgulamaktadır.
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A B S T R A C T

This study investigates the synthesis, characterization, and photochemical properties of porphyrin-chitosan hydrogels. 
These hydrogels, developed for potential use in photodynamic therapy (PDT) and sono-photodynamic therapy (SPDT), 

efficiently produce singlet oxygen, an essential reactive oxygen species (ROS) for therapy. Zinc (II) porphyrins 1 and 2 were 
synthesized by metal insertion to free based porphyrins and covalently linked to chitosan via Schiff-base reaction to produ-
ce chitosan hydrogel CS-1 and CS-2 (conjugation via phenylacetylene spacer). Spectroscopic analysis confirmed successful 
conjugation of the porphyrins, with SEM imaging showing an even distribution of porphyrins within the hydrogel. Photoph-
ysical and photochemical properties, including ground state absorption and singlet oxygen generation, were evaluated for 
both porphyrin complexes and chitosan-conjugated hydrogels in DMSO. The porphyrin-hydrogel structures showed supe-
rior singlet oxygen generation efficiency. Sono-photochemical studies showed further enhanced singlet oxygen generation, 
with the highest quantum yield (ΦΔ= 0.81) observed for the chitosan hydrogel CS-2. The results demonstrated enhanced 
singlet oxygen generation in the hydrogel structures, particularly under simultaneous ultrasound and light irradiation, indi-
cating their potential efficacy in PDT and SPDT applications. Additionally, photo degradation studies revealed the stability of 
the synthesized compounds under light irradiation. These findings highlight the potential of porphyrin-conjugated chitosan 
hydrogels as effective photosensitizers for PDT and SPDT applications.
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INTRODUCTION
In cancer treatment, new methods like photodynamic 
therapy (PDT) [1], sonodynamic therapy (SDT) [2,3], and 
sono-photodynamic therapy (SPDT) [4] aim to precisely 
target cancer cells while sparing healthy tissues. Each 
method offers unique benefits and limitations. The ef-
ficient production of singlet oxygen, a highly reactive 
and cytotoxic ROS species, is crucial for the success of 
these treatments. Therefore, the choice of a suitable 
photosensitizer is essential, requiring key features such 
as high stability, low toxicity, optimal absorption cha-
racteristics, biocompatibility, and solubility.

Extensive research has focused on utilizing porphyrins 
as photosensitizing agents, emphasizing their ability to 
generate singlet oxygen [5], their fluorescence charac-
teristics, and their stability [6]. Over the past decade, 
there has been a significant interest in the explorati-
on and utilization of porphyrins, with a growing emp-
hasis on investigating porphyrin bio-molecular-based 
systems including porphyrin-based nanomedicines [7], 
metal-organic framework compounds [8], and polyme-
ric micelles [9,10]. This is driven by the advantageous 
preferential targeting localization of porphyrins in tu-
mours, coupled with their capacity to generate reacti-
ve singlet oxygen and exhibit low dark toxicities. This 
dual emphasis highlights the multifaceted potential of 
porphyrins, advancing not only the field of photodyna-
mic therapy but also contributing to the development 
of innovative biomedical applications such as multimo-
dal cancer photodynamic therapy [11], drug delivery 
systems [12], and nanotheranostics [13]. 

To further optimize porphyrins for these applications, 
modifications with ethynyl groups at specific positi-
ons, like the meso or β-position, have proven effective 
[14]. Ethynyl groups, known for their electron-donating 
properties and coplanarity, extend the π-conjugation 
in porphyrins, leading to red shifts in absorption and 
emission spectra. This spectral shift enhances their 
singlet oxygen generation capacity under light, a critical 
aspect of PDT [15], allowing deeper tissue penetration 
with near-IR light [16]. Thus, the strategic inclusion of 
ethynyl linkers fine-tunes porphyrins’ optical properties 
for various biomedical and optoelectronic uses.

Further advancements address the inherent water in-
solubility of porphyrins. To overcome this, current re-
search efforts have shifted towards developing porph-

yrin-nanomaterial conjugated systems as a viable solu-
tion for overcoming this obstacle.

Chitosan is a natural cationic biopolymer compo-
sed of β-(1,4)-linked D-glucosamine and N-Acetyl-D-
glucosamine (Scheme 1). Thanks to its biocompatible, 
biodegradable polymer structure and unique properti-
es, it has garnered significant attention in the field of 
biomedical drug delivery [17-20]   and photodynamic 
therapy (PDT) [21-22]. In recent years, there has been 
a growing interest in the development and application 
of chitosan-conjugated porphyrins for PDT [23].  The 
combination of chitosan with porphyrin-based photo-
sensitizers has shown promise in targeted PDT including 
cancer [24] and microbial infections [25], offering en-
hanced singlet oxygen generation [26], improved bio-
compatibility, and pH stability [27]. This comprehensive 
approach underscores the potential of chitosan-conju-
gated porphyrins as a versatile and effective strategy in 
the realm of therapeutic methods. 

In this context, the objective of this study was to synthe-
size new Zn (II) porphyrins and covalently conjugate 
them with chitosan hydrogels to assess their photoche-
mical and sono-photochemical properties.

Experimental

Materials and Instruments
1,3-Diphenylisobenzofuran (DPBF), zinc (II) acetate dihy-
drate (Zn (OAc)2⋅2H2O), dimethyl formamide (DMF), tet-
rahydrofuran (THF), NaOH, dimethyl sulfoxide (DMSO), 
chitosan (Low molecular weight) was purchased from 
Sigma Aldrich and Merck. Unless otherwise specifi-
ed, reagents and solvents were of commercial quality 
and were used without further purification. Prepara-
tive separations were performed by silica gel column 
chromatography Merck-60 (43–63 mesh) and TLC 
on aluminium sheets precoated with silica gel 60F254 

(Merck). Infrared spectra were measured on a Perkin 
Elmer Spectrum 100 FT-IR spectrometer in transmit-
tance mode with an attenuated total reflection (ATR) 
accessory featuring a zinc selenide (ZnSe) crystal. A film 
section of about 1 cm2 was cut to be analysed. Spect-
ra were recorded at 1.0 cm−1 resolution, in the range 
4000–400 cm−1 as a ratio of 64 single-beam scans of the 
sample to the same number of background scans from 
air. 1H NMR spectra were recorded on an Agilent 500 
MHz spectrometer using TMS as the internal reference. 
The mass spectra were recorded on MALDI (matrix-as-
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sisted laser desorption ionization) BRUKER Microflex LT 
using 2,5‑dihydroxybenzoic acid as matrix. Absorption 
spectra in the UV–visible region was recorded with a 
Sinco S-3100 UV-vis spectrophotometer using a 1 cm 
path length quartz cuvette between a maximum range 
of 300 and 1100 nm. Solutions were freshly prepared 
in spectrophotometric grade solvents. Molar extinction 
coefficients (ɛ) were determined by measurement of 
the absorption solutions of differing concentrations for 
each compound, followed by determination of the slo-
pe. Photo irradiations were measured using a General 
Electric quartz line lamp (300W). A 600 nm glass cut-off 
filter (Schott) and a water filter were used to filter off 
ultraviolet and infrared radiations respectively. An in-
terference filter (Intor, 400 nm with a bandwidth of 70 
nm) was additionally placed in the light path before the 
sample. Wisd Ultrasonic WUC-A22 H was used for ultra-
sound irradiation. The images of porphyrin-conjugated 
chitosan hydrogel were taken with Scanning Electron 
Microscopy (SEM), JEOL JCM-6000Plus.

Synthesis of porphyrin 1 and 2
In our previous paper, free-based porphyrins 
5-(4-formylphenyl)-10,15-20-tris (4-(hexyloxyphenyl) 
porphyrin and 5-(4-formylphenylethynyl)-10,15,20-tris 
(4-(hexyloxyphenyl) porphyrin were synthesized and 
characterized [28]. For Zinc (II) metal insertion, to a 
stirred solution of 9.5 μmol free porphyrins in dry DMF 
(4 mL), 14.25 μmol of dry Zn (OAc)2 (2.6 mg, 1.5 eqv.) 
was added. The reaction mixture was heated to reflux 
(153 °C) and stirred for 24 h under an argon atmosphere. 
The resulting reaction mixture was poured into water 
(100 mL) to give precipitates which were then filtered 
and further washed with water. Purification by column 
chromatography (SiO2, CH2Cl2:C6H14 (5:1)) gave the tar-
get porphyrin 1 (6.6 mg, 6.65 μmol) in 70 % yield, and 
porphyrin 2 (6 mg, 5.7 μmol) in 60 % yield as dark purple 
color solids.

Porphyrin 1. FT-IR, ν (cm−1): 2956, 2923 (CHAr), 2856 
(CHaliphatic), 1723(C = O), 1493 (C = Cphenyl), 1461 (C = N), 
1185, (CHpyrrole), 959 (CHporph. Ring), 730 (CHpyr. Ring). MS-
MALDI-TOF (m/z) C63H64N4O4Zn[calcd]: 1004.42, [found]: 
1004.16 [M]+. 

1H NMR (500 MHz, CDCl3) δ (ppm): 1.02 (s, 9H, methyl-H), 
1.46,1.52 (b,12H, CH2 (8,9), 1.64 (m, 6H, CH2 (7), 1.98 (m, 
6H, CH2(6), 4.26 (t, J = 6.3 Hz, 6H, CH2(5), 7.29 (d, J = 6.1 
Hz, 6H, CH (3), 8.11 (d, J = 8.3 Hz, 6H, CH (4), 8.31 (d, J 

= 7.8 Hz, 2H, CH (2), 8.41(d, J = 7.6 Hz, 2H, CH (1), 8.90 
(m, 6H, CH (pyrrole), 10.41 (s, 1H, CHO). 13C NMR (125 
MHz, CDCl3); δ ppm: 163.30 (CHO), 156.21-124.81 (Ar-
CH), 59.52 (OCH2), 30.15-22.15 (CH2), 14.12 (CH3). UV-vis 
(λ, nm) (DMSO) 432 (5.01), 564 (3.83), 607 (3.74). 

Porphyrin 2. FT-IR ν (cm−1): 2955, 2921 (CHAr), 2852 (CHa-

liphatic), 2212 (C ≡ C), 1723 (C = O), 1464 (C = N), 1173 
(C–Hpyrrole), 995 (C–Hporp. ring), 795 (C–Hpyr. ring). MS-MALDI-
TOF (m/z) C71H68N4O4Zn [calcd]: 1104.45, [found]: 
1104.18 [M]+. 1H NMR (500 MHz, CDCl3) δ (ppm): 0.95 
(s, 9H, methyl-H), 1.02,1.55 (b,12H, CH2 (8,9), 1.66 (m, 
6H, CH2 (7), 1.92 (m, 6H, CH2(6), 4.27 (t, J = 6.3 Hz, 6H, 
CH2(5), 7.29 (d, J = 7.1 Hz, 6H, CH (3), 7.82 (d, J = 6.9 Hz, 
2H, CH (β), 7.97 (d, J = 6.3 Hz, 2H, CH (2), 8.13(d, J = 4.4 
Hz, 2H, CH (1), 8.26(d, J = 6.3 Hz, 2H, CH (4), 8.31(d, J = 
6.9 Hz, 2H, CH(α), 8.89 (m, 6H, CH (pyrrole), 10.05 (s, 1H, 
CHO). 13C NMR (125 MHz, CDCl3); δ ppm: 160.83 (CHO), 
145.32-112.08 (Ar-CH), 68.27 (OCH2), 31.12-22.32 (CH2), 
13.10 (CH3). UV-vis (λ, nm) (DMSO) 432 (5.04), 565(3.89), 
608(3.85).  

Preparation of porphyrin-conjugated chitosan 
hydrogel CS-1 and CS-2
The conjugation of porphyrins to chitosan was accomp-
lished through Schiff’s base reaction between amino 
groups on chitosan and aldehyde groups on porphyrin 
termini. This procedure was carried out using previo-
usly reported methods with slight modifications[22, 29-
32]. Briefly, to prepare 10 wt% chitosan conjugates, 5 
mg of each porphyrin was dissolved in 2 mL of DMF and 
added drop by drop to a mixture of chitosan (50 mg) 
in 1% acetic acid (5 mL). The homogeneous was soluti-
on stirred at room temperature for 48 h. 2 M NaOH (5 
mL) solution was poured into the reaction mixture, stir-
red for 6 hr, and stored in NaOH solution for 24 h then 
hydrogels were collected by centrifugation. Then, the 
hydrogels were rinsed repeatedly with excess distilled 
water until neutral pH. 

CS-1. FT-IR ν (cm−1): 3355 (NH2chitosan), 3310 (OHchitosan), 
2915, 2884 (CHAr), 1649 (C=N), 1579 (N–Hchitosan bending), 
1150 (C–Hpyrrole), 1060 (–C–O–Cchitosan) 1026 (–C–O–Hchi-

tosan), 895(C-Hchitosan β glycosidic bond). UV-vis (λ, nm) (DMSO) 
432(4.95), 566(4.26), 609(4.22). 
CS-2. FT-IR ν (cm−1): 3365 (NH2chitosan), 3305 (OHchitosan), 
2923,2872 (CHAr), 1644 (C=N), 1579 (N–Hchitosan bending), 
1149 (C–Hpyrrole), 1060 (–C–O–Cchitosan) 1034 (–C–O–Hchi-

tosan), 894(C-Hchitosan β glycosidic bond). UV-vis (λ, nm) (DMSO) 
432(5.03), 566(4.39), 609(4.35).
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Singlet oxygen quantum yield (ΦΔ) determination
Singlet oxygen quantum yield (ΦΔ) determinations were 
carried out a 2 mL portion of the CS-Por. solutions con-
taining the singlet oxygen quencher irradiated in the Q 
band region with the photo-irradiation set-up described 
in the reference [33]. For singlet oxygen measurements, 
DPBF was used as a chemical quencher (Φ∆ H2TPP = 0.52 
in DMSO) [34]. DPBF degradation at 417 nm was monito-
red by UV-Vis spectroscopy. The solutions of 10×10−6 M 
of complexes (1 mL) containing DPBF 1 mL (∼1×10−5 M) 
were prepared in the dark and irradiated in the Q band 
region. The light intensity of 7.05×1015 photons s−1 cm−2 
was used for ΦΔ determinations.  Singlet oxygen quan-
tum yields (ΦΔ) were calculated using equation 1. In the 
equation, R and RStd were DPBF’s photobleaching rates 
in the presence of the respective samples and standard, 
respectively, while  and  were the rates of light absorp-
tion by the samples and standard, respectively. 
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Photodegradation quantum yield (Φd) determination
Photodegradation quantum yields were determined 
using Eq. 2,
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where “C0” and “Ct” are the sample concentrations be-
fore and after irradiation respectively, “V” is the reacti-
on volume, “NA” is the Avogadro’s constant, “S” is the ir-
radiated cell area, “t” is the irradiation time, “Iabs” is the 
overlap integral of the radiation source light intensity 
and the absorption of the sample. A light intensity of 
1.38 x 1016 photons s-1 cm-2 was employed to determine 
the photodegradation. The degradation of max. Q band 
was monitored after each 10-minute irradiation. 

Results and discussion

Synthesis and characterization
As shown in Scheme 1, a Schiff-base reaction was used 
to create a covalently cross-linked chitosan hydrogel 

with porphyrin photosensitizers. Two structural varia-
tions were introduced in the porphyrin molecules: the 
addition of electron-donating hexyloxy chains at the 
para position of the meso-phenyl and the incorporati-
on of a phenyl acetylide spacer between the porphyrin 
macrocycle and the chitosan. The hexyloxy chains are 
expected to improve the solubility of the dyads while 
also enhancing electron-donating effects on their pho-
tophysical properties. Meanwhile, the phenyl acetyli-
de spacer introduces rigidity to the structure, extends 
π-conjugation, and increases luminescence. Phenyle-
neethynylene subunits serve as linking bridges[35,36], 
facilitating a high degree of conjugation between the 
donor (porphyrin), and the acceptor (chitosan).

The target porphyrins synthesized were Zinc porphyrin 
1, with an aldehyde group directly attached to the para 
position of the meso-phenyl substituent, and porph-
yrin 2, featuring an aldehyde group separated from 
the porphyrin macrocycle by a phenyl acetylide spacer. 
These porphyrins were successfully obtained from their 
free-base derivatives, achieving reaction yields of 70% 
and 60%, respectively, as detailed in our previous study. 
[28].  The synthesizing procedure of porphyrin 1 and 2 
is outlined in the experimental section. Chemical struc-
tures were characterized using standard tools such as 
Mass, FT-IR, 1H NMR, 13C NMR and UV-Vis spectroscopi-
es (Figure 1-2 and Figure S1-S6). 

In the FT-IR absorption spectra (Figures 1 and 2), peaks 
at 2956 and 2923 cm⁻¹ for porphyrin 1 and at 2955 cm-1 
and 2921 cm⁻¹ for porphyrin 2 correspond to aromatic 
C-H stretching vibrations. Aliphatic C-H stretches ap-
pear at 2856 cm⁻¹ for porphyrin 1 and at 2852 cm⁻¹ for 
porphyrin 2. For porphyrin 2, a weak ethynyl (C≡C) vib-
ration is detected at 2212 cm⁻¹. Both porphyrins exhibit 
strong aldehyde C=O stretches around 1723 cm⁻¹. Addi-
tionally, characteristic vibrations of the porphyrin mac-
rocycle[37,38] are seen at 1461 cm⁻¹ (C=N) for porphyrin 
1 and 1464 cm⁻¹ for porphyrin 2. The porphyrin ring vib-
rations occur at 959 cm⁻¹ and 995 cm⁻¹, while the peaks 
at 730 cm⁻¹ and 795 cm⁻¹ correspond to pyrrole ring 
bending. Lastly, pyrrole ring vibrations appear at 1185 
cm⁻¹ for compound 1 and 1173 cm⁻¹ for compound 2. 

The MALDI-TOF mass spectra of porphyrins 1 and 2 
displayed peaks corresponding to their molecular ions 
[M]+(Figure S1 and S2). For porphyrin 1 (C₆₃H₆₄N₄O₄Zn), 
the calculated molecular weight is 1004.42 Da, and 
the experimental value observed was 1004.16 Da. For 
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porphyrin 2 (C₇₁H₆₈N₄O₄Zn), the calculated molecular 
weight is 1104.45 Da, with an experimental value of 
1104.18 Da. The minimal differences between the cal-
culated and observed masses (0.26 Da for 1 and 0.27 
Da for 2) indicate excellent agreement, confirming the 
identity and integrity of the molecular ions for both 
compounds.

The 1H NMR spectra of compounds 1 and 2 (Figures 
S3-S4) were recorded, showing distinct signals for the 
porphyrin structures.

For porphyrin 1, the three aliphatic hexyloxy chains 
display signals for their CH₂ groups: a broad signal bet-
ween 1.46 and 1.52 ppm (12H) corresponds to the CH₂ 
protons at positions 8 and 9, while a multiplet at 1.64 
ppm accounts for the CH₂ protons at position 7 (6H). 
Another multiplet at 1.98 ppm is attributed to the CH₂ 
groups at position 6 (6H), and a triplet at 4.26 ppm (J 

= 6.3 Hz) represents the CH₂ groups directly attached 
to oxygen (6H). A singlet at 1.02 ppm corresponds to 
the methyl protons from the hexyloxy chains (9H). The 
aromatic region shows a doublet at 7.29 ppm (J = 6.1 
Hz) from the protons on the phenyl rings at position 3 
(6H) and a doublet at 8.11 ppm (J = 8.3 Hz) from the 
phenyl rings at position 4 (6H). The aromatic protons on 
the aldehyde-substituted phenyl ring are represented 
by two doublets at 8.31 ppm (J = 7.8 Hz, 2H) and 8.41 
ppm (J = 7.6 Hz, 2H) for positions 2 and 1, respectively. 
A multiplet at 8.90 ppm corresponds to the protons 
on the pyrrole rings of the porphyrin core (6H), while 
a singlet at 10.41 ppm represents the aldehyde proton 
(1H) (Figure S3).

For porphyrin 2, the hexyloxy chain protons appear 
similarly: a singlet at 0.95 ppm for the methyl groups 
(9H), a broad signal between 1.02 and 1.55 ppm for the 
CH₂ groups at positions 8 and 9 (12H), a multiplet at 
1.66 ppm for the CH₂ protons at position 7 (6H), and a 
multiplet at 1.92 ppm for the CH₂ groups at position 6 
(6H). The CH₂ groups adjacent to oxygen show a triplet 
at 4.27 ppm (J = 6.3 Hz, 6H). The aromatic protons on 
the phenyl rings of the hexyloxy groups give rise to a 
doublet at 7.29 ppm (J = 7.1 Hz, 6H), while the β protons 
on the ethynyl linker appear as a doublet at 7.82 ppm (J 

= 6.9 Hz, 2H). A doublet at 7.97 ppm (J = 6.3 Hz) corres-
ponds to the protons at position 2 on the formylphenyl 
ring (2H), and a doublet at 8.13 ppm (J = 4.4 Hz) repre-
sents the protons at position 1 (2H). Additionally, the 
protons on the phenyl rings at position 4 of the porph-

yrin give a doublet at 8.26 ppm (J = 6.3 Hz, 2H), while 
the α protons on the ethynyl group show a doublet at 
8.31 ppm (J = 6.9 Hz, 2H). The multiplet at 8.89 ppm is 
assigned to the pyrrole protons (6H), and the singlet at 
10.05 ppm corresponds to the aldehyde proton on the 
formylphenylethynyl group (1H) (Figure S4).

In addition, to confirm the structures of porphyrins 1 
and 2, the 13C NMR spectra were recorded (Figures S5-
S6). Methyl (CH₃) carbons appeared at 14.12 and 13.10 
ppm for compounds 1 and 2, respectively. The alipha-
tic ethylene (CH₂) carbons resonated between 30.15–
22.15 ppm for 1 and from 31.12–22.32 ppm for 2. The 
ethyl CH₂ carbons in the hexyl chain linked to oxygen 
(OCH₂) showed signals at 59.52 ppm and 98.27 ppm for 
1 and 2, respectively. Aromatic (CH) carbons resonated 
between 156.21–124.81 ppm for 1 and from 145.32–
112.08 ppm for 2, while aldehyde (CHO) carbons shif-
ted to 163.30 ppm for 1 and 160.83 ppm for 2. These 
NMR findings align with the proposed structures of the 
compounds.

For porphyrin and chitosan conjugation, previously re-
ported methods were used with slight modifications 
[22, 29-32] Briefly mixing chitosan in 1% acetic acid so-
lution with Zn(II) porphyrin in DMF at a 10 wt% concent-
ration resulted in covalently linked hydrogel formation. 
To confirm the successful synthesis of chitosan hydro-
gels, FT-IR, UV-vis and SEM spectroscopic methods 
were applied. The FT-IR spectra of aldehyde substitu-
ted Zinc(II) porphyrins 1 and 2 exhibit a distinctive sharp 
and intense peak at 1723 cm−1 for the C=O, and for the 
aldehydic C-H stretching absorpsions at 2856 cm-1 and 
2852 cm-1 respectively, characteristic of aldehyde vibra-
tion (Figure 1-2). Figure S7 represents the FT-IR spect-
rum of non-conjugated commercial chitosan.Two cha-
racteristic peaks at 3361 cm-1 and 3285 cm-1 that cor-
respond to –NH and –OH functional groups of chitosan. 
Also -N–H bending vibration of primary amine (- NH2) of 
chitosan appears at 1574 cm-1 [39]. –C–O–C stretching 
vibrations at 1061 cm-1 and symmetrical vibration of the 

–C–O–H at 1024 cm-1 are known as fingerprint peaks of 
chitosan in the FT-IR spectra [40]. The bands at 1149 
cm-1 and 894 cm-1 are representing the typical of the 
chitosan β glycosidic bond [41]. In the FT-IR spectra of 
the CS-1 and CS-2 the absorption band specific to the 
symmetric vibration C=O of porphyrin at 1723 cm−1 fully 
disappeared in the spectrum of dried hydrogel, con-
firming that porphyrin attached to chitosan via imine 
bonds while a new peak of C=N at 1649 cm−1 appeared 
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more intense than chitosan on this curve, confirming 
the reaction between chitosan and aldehyde groups on 
porphyrins as linkers (Figure 1-2).  

Morphology of Chitosan Hydrogel
As mentioned earlier, hydrogels have been widely 
employed as frameworks owing to their outstanding 
biological performance, inherent ability for cellular in-
teraction, and resemblance to the extracellular matrix. 
The morphology, including factors such as porosity and 
pore structure of the scaffold, plays a crucial role in 
influencing the diffusion of nutrients or oxygen, mec-

hanical properties, and the growth of cells within the 
three-dimensional structure of hydrogels [42]. After the 
CS-Por hydrogels were sampled, and dried on a grid, the 
internal morphology of them was investigated by scan-
ning electron microscopy (SEM), as shown in Figure 3. 
Porphyrin-containing hydrogels CS-1 and CS-2 showed 
uniform coloration indicating homogeneous distributi-
on of the dye over the entire material. CS-1 and CS-2 
displayed a purple-green color consistent with the dis-
persed dye species, while the pure chitosan hydrogel 
without porphyrins tended to be colorless as expected 
(Figure 3). SEM images of the porphyrin-conjugated chi-

Scheme 1. Synthesis of porphyrin-conjugated chitosan hydrogel CS-1 and CS-2.
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Figure 1. FT-IR spectra of Zn(II) Porphyrin 1 and chitosan hydrogel CS-1.

Figure 2. FT-IR spectra of Zn(II) Porphyrin 2 and chitosan hydrogel CS-2.
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tosan further confirm their homogeneous distribution 
and morphology within the hydrogel matrix.

Photophysical and Photochemical Properties
Photochemical (singlet oxygen generation) properties 
of Zinc(II) porphyrins 1, 2, and porphyrin- conjugated 
chitosan hydrogel CS-1 and CS-1 were investigated in 
comparison with unsubstituted tetraphenyl porphyrin 
(TPP) in DMSO. DMSO served as the solvent owing to 
its non-toxic properties in biological environments. All 
of the data discussed below are summarized in Table 1.

Ground State Absorption 
Porphyrins show a strong UV-visible absorption peak, 
known as the Soret band, near 400 nm, and a weaker 
Q band near 550 nm. These bands, caused by electron 
transitions between molecular orbitals, are key to un-
derstanding porphyrins’ photochemical properties [43]. 
The behavior of metalloporphyrins in ground state ab-
sorption undergoes changes upon metal insertion, lea-
ding to a collapse of the Q band region from four bands 
to two. This alteration is attributed to an increase in 
symmetry (TPP, D2h; ZnTPP, D4h) within the porphyrin 
macrocycles[44-46].

The optical characteristics of porphyrins and chitosan 

hydrogels were evaluated by analyzing UV-vis spectra 
of 10 μM solutions in DMSO (Figure 4). All structures 
followed the Lambert–Beer law, revealing a consistent 
linear relationship between absorbance and concent-
rations in DMSO throughout the entire concentration 
measurement range. Complexes 1 and 2 exhibited the 
Soret bands at 431 and 432 nm respectively and rela-
tively weak Q bands in the 564–608 nm region (Figure 
5A and 5B). Both complexes display absorption at ne-
arly identical wavelengths, suggesting that, contrary 
to complex 1, the incorporation of a second benzene 
ring as a spacer, connected to the meso-phenyl group in 
complex 2 via a triple bond did not yield the anticipated 
impact on conjugation. 

To evaluate the optical properties of porphyrin conjuga-
te chitosan hydrogels, 10 μM solutions in DMSO were 
formulated by dissolving completely dried hydrogels 
containing 10 wt% porphyrin. To achieve this, 0.220 mg 
of CS-1 (with 0.02 μM porphyrin) and 0.242 mg of CS-2 
(with 0.02 μM porphyrin) hydrogels were individually 
weighed and dissolved in 2 mL of DMSO each. The ab-
sorption spectra of the Chitosan CS-1 and CS-2 hydro-
gels exhibited the same features as well as the porph-
yrin complexes 1 and 2 in DMSO, characterized by dis-
tinct Q-bands at the same wavelengths. (Figure 5C and 

Figure 3. Pictures of hydrogels, dry form of hydrogels and SEM images of A) CS-1, B) CS-2 and C) non-conjugated CS. 
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5D). Additionally, no aggregation behavior was obser-
ved in the chitosan conjugates. These findings indicate 
that the photophysical characteristics of porphyrins re-
mained largely unaltered following its conjugation with 
chitosan. Porphyrin 2 and its chitosan-conjugated deri-
vative CS-2 showed the highest absorption intensity in 
DMSO (Table 1) among all compounds. It can be expec-
ted that the presence of a phenylacetylene unit acting 
as a spacer group on porphyrin effectively prevented 
aggregation. Table 1 summarizes the wavelengths and 
associated extinction coefficients in Soret-band, Q01, 
and Q00 bands.

Singlet Oxygen Quantum Yields (ΦΔ)
Singlet oxygen quantum yield represents the ratio of 
the number of singlet oxygen molecules produced to 
the number of absorbed photons. The ΦΔ value provi-
des valuable insights into the effectiveness of a photo-
sensitizer in generating singlet oxygen, which is a key 
reactive oxygen species involved in various photoche-
mical and photophysical processes [47]. Various met-
hods have been developed over the past five decades 
to measure the efficiency of ΦΔ [48-50].  Indirect met-
hods, such as chemical trapping and O2 consumption 
techniques [51,52] are applicable in both organic and 
aqueous environments. In this study, the determination 
of ΦΔ values was carried out using an indirect method in 

DMSO. DMSO is a solvent commonly employed as a pe-
netration enhancer in clinical settings to facilitate drug 
delivery into tissues [53]. It is essential to acknowledge 
that although DMSO serves as an appropriate solvent 
for these investigations, it does mimic the complexities 
of biological environments, but these emasurements 
are performed to assess whether the conjugation to 
chitosan affects or not the intrinsic photoproprerties 
of the pophyrins. In this study, as an indirect method, 
measurements involved monitoring the disappearance 
of the absorption band of 1,3-diphenylisobenzofuran 
(DPBF) during irradiation, with subsequent monitoring 
of the quenching by the singlet oxygen generated using 
UV-Vis spectroscopy. Figure 6A-D depict the absor-
bance intensity of DPBF (at 417 nm) when exposed to 
porphyrin complexes 1 and 2, as well as porphyrin-con-
jugated hydrogels CS-1 and CS-2, respectively, over time 
with irradiation. 

The literature contains substantial research on porph-
yrin-chitosan conjugates for efficient singlet oxygen 
generation, enabled when the photosensitizer’s triplet 
state becomes populated, facilitating reactions with 
molecular oxygen. For example, Ferreira et al. develo-
ped six distinct film types for evaluating photodynamic 
therapy (PDT) efficiency, including chitosan-only and 
chitosan-porphyrin combinations, with singlet oxygen 

Figure 4. 10 μM solutions of 1, 2, CS-1, CS-2 in DMSO respectively.
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quantum yields around 50% [54]. Similarly, Li et al. ob-
served comparable results by integrating porphyrin-
based carbon dots (TPP CDs) with chitosan, where a 
significant reduction in DPBF absorption (50%) after 28 
minutes of irradiation indicated reactive oxygen species 
(ROS) generation [55].

Belali et al. developed a CS/NH2-TPP/FA hydrogel as a 
photosensitizer carrier for selective PDT, achieving a 
singlet oxygen delivery efficiency of 0.64 [27]. Castrol 
et al. reported the synthesis of cationic porphyrin-chi-
tosan conjugates for antimicrobial PDT (aPDT), where 
DPiBF decay indicated efficient singlet oxygen producti-
on under the tested conditions [25].

Zhang et al. constructed an antimicrobial system uti-
lizing chitosan-encapsulated metal-organic nanopar-
ticles (Fe-TCPP@CS NPs) with TCPP as a photosensiti-
zer, facilitating both photodynamic and photothermal 

therapies. The porphyrins within these nanoparticles 
effectively transferred energy to molecular oxygen to 
generate singlet oxygen [56].

Another example includes 5,10,15,20-tetrakis(pentafl
uorophenyl)porphyrin [H2(TPFPP)] immobilized within 
chitosan to form hybrid nanoparticles for PDT, achieving 
a singlet oxygen quantum yield of 0.69 without compro-
mising photophysical properties [24]. Furthermore, Sen 
et al. demonstrated that hybrid structures of cationic 
palladium porphyrins with chitosan significantly enhan-
ce singlet oxygen generation (SOG), achieving ΦΔ values 
between 0.51 and 0.66 [57].

Recent studies indicate that among chitosan-conjuga-
ted macrocycle derivatives, structures incorporating 
chlorin e6 (Ce6) and phthalocyanine (Pc) have achieved 
the most effective results, demonstrating notably high 
singlet oxygen yields. For instance, Zhang et al. repor-

Figure 5. UV-vis absorption spectra of A) 1, B) 2, C) CS-1 and D) CS-2 in DMSO solutions of 2-10 μM concentration range. Insets: absor-
bance vs. concentration.
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ted a chitosan-Ce6 nano-assembly with 1O2 generation 
reaching up to 80% [58], while Strokov et al. achieved 
an SOG efficacy of 0.89 for chitosan-SiPc conjugates, 
significantly surpassing that of SiPc alone (ΦΔ = 0.44) 
[31].

In our study, comparing the singlet oxygen quantum 
yields (ΦΔ) among the porphyrin complexes, complex 
1 exhibits a SOG of 50%, while complex 2 demonstra-
tes a higher SOG of 68%. Structurally, the presence 
of the phenylacetylene group as a spacer leads to the 
increase in SOG generation. This spacer group effect 
persists when transitioning to hydrogel structures for-
med through porphyrin chitosan conjugation. The ΦΔ 
value of CS-2 (78%) surpasses that of CS-1 (52%). Con-
sequently, when considering all structures collectively, 
porphyrin-conjugated hydrogels demonstrate superior 
singlet oxygen generation compared to non-conjugated 
porphyrins at equivalent concentrations. These findings 
highlight the effectiveness of the hydrogel structure in 
enhancing the singlet oxygen generation of porphyrins. 
The network within the hydrogel structure proves to be 
a valuable system for preventing the self-quenching of 
porphyrins, thereby enabling effective singlet oxygen 
generation. In comparison to the existing literature, the 
CS-2 hydrogel developed in our study demonstrates 
the highest singlet oxygen generation efficiency (ΦΔ = 
78%) among reported chitosan-conjugated porphyrin 
hydrogels. This highlights the efficacy of our approach 
in enhancing photodynamic activity through optimized 
chitosan-porphyrin conjugation.

In the sono-photochemical investigations, porphyrins 1, 
2, and chitosan hydrogels CS-1 and CS-2 were subjected 
to simultaneous ultrasound and light irradiation for 10 
seconds (initially 5 seconds of ultrasound followed by 5 
seconds of light). The observed changes are depicted in 
Figure 7A-D. The calculated ΦΔ values for compounds 
1, 2, and chitosan hydrogels CS-1 and CS-2 are outlined 
in Table 1. For this sono-photodynamic therapy (SPDT) 
application, a 35 kHz ultrasound frequency was selec-
ted to evaluate the influence of ultrasound irradiation 
on the singlet oxygen production capacities of the in-
vestigated photosensitizing candidates, employing con-
sistent UV-vis spectra [59], in contrast to the conventi-
onal ultrasound frequency used in standard literature 
studies (around 1 MHz) [60,61]. In sono-photodynamic 
studies, the singlet oxygen generation further incre-
ased to 0.56, 0.76, 0.58, and 0.81 for compounds 1, 2, 
and chitosan hydrogels CS-1 and CS-2 respectively, rep-

resenting approximately 10% improvement compared 
to photodynamic studies. Among all compounds the 
highest singlet oxygen quantum yield ΦΔ value of 81% 
of CS-2, attributed to the presence of the spacer group 
and chitosan conjugation. For PDT or SPDT applications, 
when the sono-photochemical studies of well-known 
photosensitizers such as porphyrins and phthalocya-
nines which are the synthetic analogs of the naturally-
existing porphyrins and their composite structures in 
the literature are examined, it is seen that the studies 
on phthalocyanines [62-67] have increased in the last 5 
years. However, the same increase has not been seen 
for porphyrin macrostructures and their conjugate deri-
vatives [68-72]. This study aims to fill the gap in the field 
of sono-photochemical studies of porphyrin structures. 
It is also important as it is the first sono-photochemical 
study of porphyrin-conjugated chitosan hydrogels. Mo-
reover, considering the singlet oxygen generation value 
(ΦΔ), which is the most important parameter in PDT and 
SPDT methods, both photochemical and sono-photoc-
hemical studies in this research showed that porphyrins 
1 and 2 and their conjugated chitosan hydrogel forms 
have similar or higher values than the reference TPP 
value (ΦΔ= 0.52). These findings highlight the effective 
enhancement of singlet oxygen quantum yield achie-
ved by both the designed compounds and the applied 
method. Hence, whether or not sono-photodynamic 
therapy (SPDT) is applied, the successful generation of 
singlet oxygen from hydrogels confirms the potential of 
this system as a promising candidate for crafting a no-
vel system aimed at eliminating cancer cells through the 
PDT or SPDT method.

Photodegradation Quantum Yield (Φd)
Photodegradation involves the oxidative decomposi-
tion of the photosensitizer when exposed to light irra-
diation, and this process is assessed through quantum 
efficiency. In photodynamic therapy (PDT), the photo-
degradation quantum yield (Φd) of the photosensitizer 
holds a crucial significance. The Φd value indicates the 
compound’s stability under light irradiation. Examining 
the quantum yield of photodegradation offers valuable 
insights into the efficiency of porphyrins in producing 
reactive oxygen species (ROS) and their capacity to in-
duce the targeted degradation of specific biomolecules. 
According to the literature, the quantum yield of pho-
todegradation (Φd) for stable photosensitizers typically 
falls within the range of 10−3 to 10−6 [73]. In this study, 
the photodegradation of the compounds in DMSO was 
examined after exposure to light at 10-minute intervals 
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by monitoring the reduction in absorbance. Figure 8A-D 
illustrate the changes in the Q band of the compounds. 
The photodegradation quantum yield (Φd) values of the 
studied compounds 1, 2, CS-1, and CS-2 in DMSO are 
given in Table 1. The Q band intensity of the compo-
unds remained unchanged in DMSO under light irradi-
ation. All investigated porphyrin structures and chito-
san hydrogel derivatives exhibited comparable stability, 
with a Φd on the order of 10-4. This range demonstrates 
a relatively stable behavior under irradiation, with mi-
nimal reductions in Q band absorbance over the light 
exposure intervals.

Comparing these findings with existing literature high-
lights several insights into the stability of these porph-
yrin structures. For instance, the Golec et al have studi-
ed on free base and zinc porphyrins observed increased 
Φ𝑝𝑏 in deoxygenated solutions due to prolonged triplet 
state lifetimes, which led to faster photodecompositi-
on and lower stability under similar conditions [74]. In 

contrast, our current findings in DMSO suggest that the 
chitosan conjugation of porphyrins CS-1 and CS-2 not 
only maintains photostability but also effectively stabi-
lizes the porphyrin core, with Φ𝑑 values lower than ob-
served in their study for unbound forms.

Additionally, Castro et al reported on cationic porph-
yrins bound to chitosan, the Φ𝑝𝑏 values for immobilized 
porphyrins also remained lower than their unbound co-
unterparts, suggesting that the chitosan matrix effecti-
vely mitigates photodegradation by physically limiting 
the porphyrin’s molecular freedom and exposure to 
ROS. This stability enhancement is beneficial for pro-
longed ROS generation, especially in PDT applications, 
where controlled ROS production without excessive 
degradation is desired for efficient bacterial inactivati-
on [25].

Lastly, the study on hematoporphyrin-carboxymethyl 
chitosan nanoparticles showed that the aggregation-

Figure 6. Determination of singlet oxygen quantum yield of A) 1, B) 2, C) CS-1 and D) CS-2 in DMSO, respectively. Inset: Plot of DPBF 
absorbance at 417 nm vs time.
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caused quenching effect in such systems significantly 
reduced Φ𝑑, boosting both photostability and ROS ef-
ficacy under light exposure [75]. Consistent with this 
finding, our chitosan-porphyrin conjugates (CS-1 and 
CS-2) exhibit enhanced stability and comparable Φ𝑑 va-
lues, which reinforce the beneficial role of chitosan in 
preserving porphyrin’s photodynamic functionality.

In conclusion, our results demonstrate that both free 
and chitosan-bound porphyrins maintain relatively low 
photodegradation quantum yields in DMSO, with chi-
tosan conjugation enhancing stability. These findings 
align with the literature, where chitosan matrices con-
sistently reduce photodegradation rates, supporting 
the suitability of chitosan-bound porphyrins as stable 
photosensitizers for extended use in applications requ-
iring controlled ROS production, such as photodynamic 
therapy.

Conclusion
This study presents a novel approach to enhance the 
singlet oxygen generation efficiency of porphyrins by 
covalently conjugating them to chitosan hydrogel mat-
rices. The successful covalent linkage of porphyrins to 
chitosan hydrogels was confirmed using spectroscopic 
and microscopic techniques. Photochemical studies re-
vealed that the hydrogel structures exhibited superior 
singlet oxygen generation compared to free porphyrins 
in solution, with the presence of a phenylacetylene 
spacer further enhancing singlet oxygen production. 
Sono-photochemical investigations demonstrated the 
potential of these hydrogels for enhanced singlet oxy-
gen generation under ultrasound and light irradiation. 
Moreover, the stability of the synthesized compounds 
under light irradiation suggests their suitability for PDT 
and SPDT applications. Overall, the results suggest that 
porphyrin-chitosan hydrogels hold promise as effective 
photosensitizers for PDT and SPDT applications, offering 

Figure 7. Determination of singlet oxygen quantum yield of A) 1, B) 2, C) CS-1 and D) CS-2 in DMSO by sono-photochemical process, 
respectively. Inset: Plot of DPBF absorbance at 417 nm vs time.
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improved biocompatibility, stability, and singlet oxygen 
generation efficiency compared to non-conjugated 
porphyrins. These results highlight the versatility and 
effectiveness of porphyrin-conjugated chitosan hydro-
gels as agents for targeted cancer therapy, emphasizing 
the need for additional research into their therapeutic 
applications and potential clinical use. Further investi-
gations are necessary to assess the therapeutic efficacy 
of these hydrogels in both in vitro and in vivo models of 
cancer and other diseases.

Supplementary materials
FT-IR spectrum of non-conjugated chitosan, Mass spectra and 1H 
NMR spectra, 13C NMR spectra of porphyrins 1 and 2 are given in 
the supplementary material.

Figure 8. UV-Vis spectral change of A) 1, B) 2, C) CS-1 and D) CS-2 during photodegradation measurements in DMSO, respectively.

Compound Soret (logɛ) Qy(1,0) Qy(0,0) Qx(1,0) ΦΔ SΦΔ Φd

1 432 (5.01) 564 (3,83) 607 (3.74) - 50 56 1.14x10-4

2 432(5.04) 565 (3.89), 608 (3.85) - 68 76 3.50x10-4

CS-1 432(4.95) 566 (4.26), 609 (4.22) - 52 58 2.13x10-4

CS-2 432(5.03) 566 (4.39), 609 (4.35) - 78 81 2.08x10-4

H2TPP 419 (5.6) 516 (4.33) 548 (4.19) 589 (4.09) 0.5276 - -

Table 1. Photophysical and photochemical properties of 1, 2, CS-1 and CS-2 in DMSO.
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