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In this paper, we aimed to prepare poly(azomethine) and chitosan-based hydrogels for the controlled drug de
livery applications. For this purpose, poly(azomethine)s were prepared by oxidative polymerization and they
were characterized via using FT-IR, 1H NMR, 13C NMR, and SEC analysis techniques. Then, poly(azomethine)s
and chitosan-based hydrogels were prepared in the presence of 1,4-butanediol, and ammonium peroxodisulphate
as chain extender, and initiator, respectively, and they were also characterized using FT-IR. The mechanical,
thermal, morphological, swelling, biodegradability, antibacterial properties, and the controlled drug delivery
application were carried out in the paper. The obtained results revealed that the fabricated hydrogels have
consisted of a non-porous structure. The thermal stability of the hydrogels was decreased with the addition of
chitosan into the hydrogel matrix. Moreover, poly(azomethine) and chitosan-based hydrogels were exhibited
biodegradable, antibacterial, and pH-sensitive properties, and they have a potential application of the release of
5-FU.

1. Introduction
In recent years, hydrogels, which are preferred in biomedical ap
plications, have been very popular materials [1]. They were prepared by
using natural polymers such as alginate, carboxymethyl cellulose, chi
tosan, or hyaluronic acid, synthetic polymers such as poly(azomethine)
s, poly(ethylene glycol), poly(urethane)s or poly(vinyl alcohol), and
hybrid polymers (mixing of natural and synthetic polymers) [2–6].
Among natural polymers, chitosan (CS) is one of the most abundant
polysaccharides, and it also is a hydrophilic and natural cationic poly
mer [7]. It has consisted of abundant hydroxyl (–OH) and amine
(–NH2) groups in the structure, and the presence of these functional
groups has been gained the ability to easily crosslinking with cross
linking agents [8]. Owing to the antioxidant effect, biodegradability,
hemostatic ability, biocompatibility, anti-inflammatory activity, mucoadhesiveness properties of chitosan, it has been extensively studied in
biological, biomedical, and pharmaceutical applications such as enzyme
immobilization, drug delivery, and wound dressing [9–12]. Despite
these superior properties, chitosan has poor mechanical stability and
strength [13]. To eliminate this disadvantage, chitosan-based hybrid
hydrogels have been prepared by mixing chitosan with a synthetic

polymer with good mechanical strength.
Poly(azomethine)s or Schiff base-polymers have been composed of
the imine (-N = CH) linkage as a characteristic property in the polymer
chain. Also, they have been exhibited good thermal stability properties
like polyamides [14]. The presence of an imine bond in its structure has
been gained to the poly(azomethine)s the ability to be easily protonated,
chelate with metal ions, and doped with compounds such as iodine [15].
Due to these properties, poly(azomethine)s have been used in a variety
of applications such as solar cells, heavy metal removal, flame-resistance
materials, organic light-emitting diodes (OLED), electrochromic device
(ECD), fluorescence sensor, and biosensor, etc. [16–18].
In the present paper, poly(azomethine)s were prepared via oxidation
reaction to fabricate poly(azomethine)s and chitosan-based antibacte
rial and biodegradable hydrogels for the drug delivery application of 5fluoro uracil (5-FU). The structural characterization of the starting ma
terials, polymers, and hydrogels was performed using FT-IR. Besides,
poly(azomethine)s were also characterized using 1H NMR, 13C NMR,
and SEC techniques. Thermal stability, mechanical strength,
morphology, wettability, antibacterial activity, water uptake properties,
and drug delivery performance of the fabricated hydrogels were also
clarified.
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2. Experimental

mL), and ammonium peroxodisulphate (1%) as chain extender, and
initiator, respectively. After two hours, a viscous solution was formed,
and viscous solutions were transferred into a bottle. Then, the reaction
was maintained at 50 ◦ C for 24 h under vacuum. PAM-1 and PAM-2 gels
were washed with distilled water, and isopropyl alcohol and they were
dried at room temperature [4,6].

2.1. Materials
2,4-Diamino-6-phenyl-1,3,5-triazine (APTA), 3,5-di-tert-butyl-4hydroxybenzaldehyde hemihydrate (BHBA), 3,5-dimethoxy-4-hydroxy
benzaldehyde (MHBA), 1,4-butanediol, ammonium peroxodisulphate
(APS), low molecular weight chitosan (CS), hydrochloric acid (HCl),
hydrogen peroxide (H2O2), lipase from porcine pancreas (EC 3.1.1.3.,
Type II), potassium hydroxide (KOH), acetone, ethanol (EtOH), meth
anol (MeOH), and isopropyl alcohol were supplied as a commercially,
and they were used without purification.

2.3. Characterization
The characterization of prepolymers, their polymers (PAM-1 and
PAM-2), and hydrogels (PAM-1 gel and PAM-2 gel) was performed using
FT-IR spectroscopy fitted an ATR device between 650 and 4000 cm− 1 at
room temperature. Prepolymers and poly(azomethine)s were also
characterized by using 1H NMR (Bruker AC FT-NMR, 400 MHz) and 13C
NMR spectra (Bruker AC FT-NMR, 100.6 MHz). The Mw and Mn values
of PAM-1 and PAM-2 were determined with a Malvern Viscotek GPC
Dual 270 max system for Gel Permeation Chromatography-Light Scat
tering (GPC-LS) analysis. For GPC investigations a medium 300 × 8.00
mm Dual column Addition 1 g L-1 of lithium bromide in DMF (1 mL
min− 1) was used as a solvent. A Light Scattering Detector (LS) and a
refractive index detector (RID) were used to analyze the products at
55 ◦ C. Thermogravimetric analyses (TGA) of prepolymers, polymers,
and hydrogels were carried out using a Perkin-Elmer Diamond TG-DTA
from 20 to 600 ◦ C with a ramp of 10 ◦ C min− 1 under nitrogen atmo
sphere. Differential Scanning Calorimetry (DSC) analyses were also
performed using a Perkin-Elmer Pyris Sapphire DSC between 25 and
450 ◦ C with a ramp of 10 ◦ C min− 1 under nitrogen atmosphere. Me
chanical measurements of poly(azomethine) and chitosan-based
hydrogels were done using an Instron 3345 testing machine with a
scan rate of 1 cm min− 1 at room temperature. Moreover, dynamic loss
(Gꞌꞌ) and storage (Gꞌ) moduli were determined by measuring the rheo
logical behavior of the aqueous hydrogel samples via using Malvern
CVOR-150 Rheometer with parallel plate geometry (the gap between
two plates: 1 mm, and plate diameter: 20 mm) as a function of frequency
under the ambient conditions.

2.2. Methods
2.2.1. Synthesis of prepolymers
Prepolymer-I and prepolymer-II were prepared via condensation
reaction of APTA (0.56 g; 3 mmol) in 40 mL acetone with BHBA (1.41 g;
6 mmol) or MHBA (1.09 g; 6 mmol) in 40 mL ethanol at 60 ◦ C for 4 h in
oil bath, respectively. They were taken in a petri dish to cooled room
temperature, and the solvent evaporated. Then, they were washed with
hot distilled water (2x50 mL) to remove unreacted compounds, and
dried in a vacuum oven at 70 ◦ C. [19–23].
Color: White powder, Yield: 92% and 96% for prepolymer-I and
prepolymer-II, respectively.
1
H NMR (400 MHz, DMSO‑‑d6): 9.80 (Hydroxyl, -C-OH), 8.21
(Imine, -N = CH), 7.98 (Ar-H), 7.66 (Ar-H), 7.47 (Ar-H), 7.42 (Ar-H) and
1.39 (Methyl, –CH3) for prepolymer-I; 9.76 (Hydroxyl, -C-OH), 8.57
(Imine, -N = CH), 8.21 (Ar-H), 7.43 (Ar-H), 7.19 (Ar-H), 6.72 (Ar-H),
and 3.31 (Methoxy, –OCH3) for prepolymer-II.
13
C NMR (100.6 MHz, DMSO‑‑d6): 192.5 (Hydroxyl, -C-OH), 170.6
(Imine, -N = CH), 167.9 (Ar-C), 163.8 (Ar-C), 160.4 (Ar-C), 139.1 (ArC), 137.5 (Ar-C), 131.4 (Ar-C), 128.5 (Ar-C), 128.1 (Ar-C), 127.3 (Ar-C),
34.9 (-C-CH3) and 30.3 (Methyl, –CH3) for prepolymer-I; 191.6 (Hy
droxyl, -C-OH), 182.3 (Imine, -N = CH), 170.6 (Ar-C), 167.8 (Ar-C),
148.5 (Ar-C), 142.5 (Ar-C), 137.5 (Ar-C), 134.5 (Ar-C), 128.5 (Ar-C),
128.1 (Ar-C), 107.5 (Ar-C) and 56.5 (Methoxy, –OCH3) for prepol
ymer-II.

2.4. Morphological properties
The surface morphology of the poly(azomethine)-based hydrogels
was investigated using Field Emission-Scanning Electron Microscope
(FE-SEM, Leo Supra 35 VP). FE-SEM images were recorded after the poly
(azomethine)s coated a thin layer of gold.

2.2.2. Synthesis of poly(azomethine)s
PAM-1 and PAM-2 were synthesized by oxidative polymerization of
prepolymer-I and prepolymer-II in 0.1 M potassium hydroxide (KOH)
solution in the presence of hydrogen peroxide (H2O2) as oxidant at 70 ◦ C
for 16 h in an oil bath. They were neutralized by using 0.1 M hydro
chloric acid (HCl). Then, they were washed with hot distilled water
(2x50 mL) to remove unreacted compounds [17].
Color: Light brown powder for PAM-1 and yellow powder for PAM2, Yield: 97% and 98% for PAM-1 and PAM-2, respectively.
1
H NMR (400 MHz, DMSO‑‑d6): 9.01 (Imine, -N = CH), 8.53 (Ar-H),
8.23 (Ar-H), 7.43 (Ar-H), 7.10 (Ar-H) and 1.02 (Methyl, –CH3) for
PAM-1; 9.12 (Imine, -N = CH), 8.55 (Ar-H), 8.23 (Ar-H), 7.43 (Ar-H),
6.73 (Ar-H) and 3.59 (Methoxy, –OCH3) for PAM-2.
13
C NMR (100.6 MHz, DMSO‑‑d6): 184.6 (Imine, -N = CH), 179.3
(Ar-C), 170.6 (Ar-C), 167.9 (Ar-C), 166.3 (Ar-C), 137.5 (Ar-C), 135.0
(Ar-C), 131.4 (Ar-C), 128.5 (Ar-C), 128.1 (Ar-C), 123.4 (Ar-C), 114.4
(Ar-C), 35.0 (-C-CH3) and 30.1 (Methyl, –CH3) for PAM-1; 185.1
(Imine, -N = CH), 170.6 (Ar-C), 167.9 (Ar-C), 165.8 (Ar-C), 153.6 (ArC), 146.2 (Ar-C), 137.6 (Ar-C), 131.4 (Ar-C), 128.5 (Ar-C), 128.1 (Ar-C),
112.9 (Ar-C) and 62.5 (Methoxy, –OCH3) for PAM-2.
GPC: Mn ¼ 14300 Da, Mw ¼ 16400 Da, PDI ¼ 1.147 for PAM-1,
and Mn ¼ 15400 Da, Mw ¼ 18300 Da, PDI ¼ 1.188 for PAM-2.

2.5. Wettability performance
Hydrophilicity or hydrophobicity performance of the poly(azome
thine) and chitosan-based hydrogels was determined by using a KSV
Attension Theta Optical Tensiometer in different liquids such as form
amide, diiodomethane, water, and ethylene glycol. The surface free
energy of the poly(azomethine) hydrogels was determined by using the
van Oss Good-Chaudhury equation [6].
2.6. Water uptake performance
The water uptake (WU) performance of the poly(azomethine)s and
chitosan-based hydrogels were investigated at different pH values such
as 3, 7, and 12 using a gravimetric method. Buffer solution with the
mentioned pH values was adjusted by using sodium hydroxide and hy
drochloric acid. For this purpose, a certain mass of the hydrogels was
placed into the different pH media. At a predetermined time interval, the
hydrogel was taken out from the swelling medium, cleaned with filter
paper, and reweighed. Calculation of %WU has performed the following
equation (1) [24]:

2.2.3. Preparation of poly(azomethine) hydrogels
PAM-1 gel and PAM-2 gel were prepared using chitosan (0.3 g), and
poly(azomethine)s (PAM-1 or PAM-2; 0.3 g) in 40 mL acetic acid solu
tion with pH 3 around 65 ◦ C for 2 h in the presence of 1,4-butanediol (1

%WU = [Ww − Wd /Wd ] × 100

(1)

where Ww is the mass of the wet hydrogel sample, and Wd is the
2
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samples were taken out from the biodegradation solution, dried in a
vacuum oven, and weighed. The biodegradation percentage (% weight
loss) of the hydrogels was determined by the following equation (2) [4]:
(2)

%Weight loss = [(Wd − Ww )/Ww ] × 100

where Ww and Wd are the weight of the hydrogels before and after
the biodegradation.
2.8. In-Vitro drug release study
5-Fluoro uracil (5-FU) was used as an anti-cancer drug for physically
loaded of 5-FU into the polymeric hydrogels, and it was chosen as a
model drug in this study. For this purpose, 5-FU (0.5 mg/mL) was dis
solved in PBS, and it was immersed in this solution containing the poly
(azomethine) hydrogels for 2 h. The amount of loaded drug was spec
troscopically determined by measuring the absorbance value of the so
lution at 273 nm.
To investigate 5-FU release performance, drug-loaded the poly(azo
methine) hydrogel was placed into 20 mL freshly prepared PBS with pH
7.4, and the mixture was incubated at 37 ◦ C in a water bath. At a pre
determined time, 3 mL of this drug solution was taken out, and the
concentration was spectroscopically measured at the mentioned wave
length by using the following equation (3) [5]:
Cumulative release (%) =

Cn V + Σn−i 1 Ci Vi
m

(3)

where V is the volume of 5-FU in release medium (20 mL), Vi is the
volume of removed 5-FU (3 mL), m is mass of the hydrogels (mg), Cn is
the drug concentration at the initial state (0.5 mg/mL), and Ci is the
concentration of 5-FU in release medium, respectively.
2.9. Disc diffusion method
The antibacterial activity of the poly(azomethine)-based hydrogels
was determined against gram-negative (Enterococcus faecalis, and
Staphylococcus aureus), and gram-positive (Pseudomonas aeruginosa, and
Escherichia coli) bacteria in the presence of paper discs (gentamicin,
amikacin, erythromycin, ciprofloxacin, and ampicillin) with 1.5 mm
thickness and 6 mm diameter.

Fig. 1. FT-IR spectra of APTA, MHBA, prepolymer-2, PAM-2, chitosan, and
PAM-2 gel.

mass of the dry hydrogel sample, respectively.
2.7. Biodegradation studies

3. Results and discussion

In-vitro biodegradation performance of the fabricated hydrogels was
determined in both hydrolytic and enzymatic biodegradation experi
ments via a gravimetric method. The hydrolytic experiment was carried
out in the presence of cobalt(II)chloride (0.01 M), and hydrogen
peroxide (H2O2; 30%; v:v) whereas the enzymatic experiment was done
in the presence of lipase (1 mg/mL) in PBS (0.01 M; pH 7.4) at 37 ◦ C.
Each poly(azomethine)s and chitosan-based hydrogel samples were
immersed in 8 mL biodegradation solutions, and it was shaken at the
mentioned temperature. At the predetermined time interval, the

3.1. Structural characterization
The structure of the prepolymers, poly(azomethine)s, and hydrogels
were verified by using Fourier Transform-Infrared Spectroscopy (FT-IR),
as shown in Fig. 1, and Table 1. The characteristic amine (–NH2)
stretching vibration peak of APTA appeared at 3296 cm− 1. The hydroxyl
(–OH), and aldehyde (–CHO) stretching vibration peaks of BHBA, and
MHBA were observed at 3419–3260 and 1666–1669 cm− 1, respectively.

Table 1
FT-IR data of prepolymers, poly(azomethine)s, and hydrogels.
Compounds

Aldehyde
–CHO

Amine
–NH2

Hydroxyl
–OH

Imine
–N–
–CH

Amine
–NH/–OH

–NH

–Ether
–C–O–C

APTA
BHBA
MHBA

–
1666
1669

3296
–
–

–
3419
3260

–
–
–

–
–
–

–
–
–

–
–
–

3298
3295

1617
1614

Prepolymer-1
Prepolymer-2
PAM-1
PAM-2

–
–

–
–

3348
3310

1646
1616

–
–

–
–

–
–

CS
PAM-1 gel
PAM-2 gel

–
–
–

–
–
–

–
–
–

–
–
–

3360
3349
3357

1646
1639
1642

1068
1091
1090

3
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Fig. 2. 1H NMR spectra of the prepolymers and poly(azomethine)s.

A newly formed stretching vibration peak was seen at 1617, and 1614
cm− 1 instead of the amine and aldehyde peaks in the structure of
prepolymer-1, and prepolymer-2, respectively, reflects the stretching
– CH) linkage [25]. In the FT-IR spectra of
vibration of azomethine (–N–
– CH stretching vibration and terminal
PAM-1, and PAM-2 this –N–
–OH peaks were seen at 1646–1616, and 3348–3310 cm− 1, respec
tively, they were shifted to higher values when compared to the pre
polymers. In the FT-IR spectra of chitosan, stretching vibration peak of
amine (–NH/–OH), –NH, and ether group appeared at 3360, 1646,
and 1068 cm− 1, respectively [6]. These peaks in the structure of PAM-1
gel and PAM-2 gel was observed at 3349–3357, 1639–1642, 1091–1090
cm− 1, respectively. These results indicated that the stretching vibrations
in the structure of the hydrogels were shifted to a lower value due to the
strong hydrogen bonding formation between chitosan and the hydrogels
[26].
Fig. 2 shows 1H NMR spectra of the prepolymers and poly(azome
thine)s. As can be seen in 1H NMR data of the prepolymers, hydroxyl
– CH) protons were seen at 9.80–9.76, and
(–OH), and imine (–N–
8.21–8.57 ppm, respectively. The hydroxyl (–OH) proton in the struc
ture of PAM-1, and PAM-2 was seen in 9.01, and 9.12 ppm. Also, methyl
(–CH3) protons in the structure of prepolymer-I, and methoxy (–OCH3)
protons in the structure of prepolymer-II were observed at 1.39, and
3.31 ppm. These protons in the structure of PAM-1, and PAM-2 were

seen at 1.02, and 3.59 ppm, respectively.
As seen in 13C NMR spectra of prepolymers (Fig. 3), hydroxyl (-C– CH) carbons were observed at 192.5 and 170.6
OH), and imine (–N–
ppm for prepolymer-I, and 191.6 and 182.3 ppm for prepolymer-II. The
– CH) carbon was seen at 184.6, and 185.1 ppm for PAM-1,
imine (–N–
and PAM-2. Methyl (–CH3) carbon in the structure of prepolymer-I and
methoxy (–OCH3) carbon in the structure of prepolymer-II were
observed at 30.3, and 56.5 ppm, respectively. Also, these carbons in the
structure of PAM-1 and PAM-2 were seen at 30.1, and 62.5 ppm,
respectively. These FT-IR and NMR data were showed that the prepol
ymers and poly(azomethine)s were successfully prepared as shown in
Scheme 1.
3.2. Morphological properties
The surface morphologies of PAM-1 and PAM-2 gels were given in
Fig. 4. The surface morphologies of PAM-1 and PAM-2 gels were eval
uated via SEM after the sample surface coating with Au. As known, the
surface morphology of the hydrogels has been influenced by the
controlled drug release property and it has an important role in the
mentioned applications [27]. As seen in SEM images, PAM-1 and PAM-2
hydrogel was composed of non-homogenous and non-porous structures.
As can be seen from the SEM images of the fabricated hydrogels, they
4

M. Kamaci and I. Kaya

European Polymer Journal 158 (2021) 110680

13

N

9

12

11
10
N

7

N 8N

N

5

6

2
3
4
1
OH

HO
12

N

H3CO

8

10

9

N

6

N 7 N

N

HO

11

OCH3

13

N

9

1
OH
OCH3

11
10
N

7

6

5

2
3
4
1
O

O

12

N

H3CO

10

9

N

OCH3

6

5

4

2
3 OCH3

1
O
OCH3

13

C NMR spectra of prepolymer-1, prepolymer-1, PAM-1, and PAM-2.

R

NH2

N

11

N 7 N

N

O

Fig. 3.

8

2
3 OCH3

12

N 8N

N

4

5

N

+

N

Poly(azomethine)s

O

2 HO

R

PAM-1
R

NH2

PAM-2

-OCH3

Acetone:EtOH Reflux,
4h
(1:1, v:v)

R
HO

N
N

N
N

R

N

R Prepolymers

R

flux
, Re
16 h
O2
), H 2 R
(aq
H
KO

O

OH

N
N
R

N
N

R

N

Poly(azomethine)s

R

O

Scheme 1. Synthesis of prepolymers and poly(azomethine)s.

have not composed of the porous structure. According to the literature,
hydrogels can be classified as macro-porous micro-porous, and nonporous depending on their porous structure. During the fabrication of

hydrogels, the transfer of some components such as water and solvents
could be prevented the formation of the porous structure, consequently
hydrogels with non-porous structures be obtained, and this type of
5
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Fig. 4. SEM images of PAM-1 (a, c) and PAM-2 (b, d) gels at different magnitudes.

wettability behavior of PAM-2 gels was the molecular weight of the
polymer. Mizuno et al. stated that the higher molecular weights of the
polymers that could be used in the fabrication of the hydrogels have
been gained to the hydrogels a lower wettability performance [31]. In
addition, the surface free-energy of the fabricated PAM and CS-based
hydrogels was calculated as 27.37 and 34.20 J m− 2 for PAM-1 and
PAM-2 gels, and it was increased with the decreasing contact angle
values.

Table 2
Contact angle data of the poly(azomethine) hydrogels.
Hydrogels

PAM-1
gel
PAM-2
gel

Contact Angle (◦ )

Surface
free energy
(J/m2)

Water

Formamide

Ethylene
glycol

Diiodomethane

62

47

48

52

27.37

58

40

37

50

34.20

3.4. Thermal stability

hydrogel is also preferred in drug delivery applications [6,28]. Franke
and Gerlach stated that numerous articles have been published on the
loading of different analytes into non-porous hydrogels. Also, they have
certain swelling kinetics depending on their size and geometry [29].

Thermal degradation and transitions behaviors of prepolymers, poly
(azomethine)s, and hydrogels were studied via Thermogravimetric
Analysis (TGA), and Differential Scanning Calorimeter (DSC) tech
niques. TGA curves of prepolymers and poly(azomethine)s were repre
sented in Fig. 5a in the range of 25–600 ◦ C and results were summarized
in Table 3. In addition, the thermal degradation properties of the com
pounds and hydrogels were evaluated in terms of the char residual
weight, onset (Ton), maximum (Wmax), 20% (T20), and 50% (T50)
weight loss weight temperatures at 600 ◦ C. Ton, T20, and T50 values of
the prepolymers, poly(azomethine)s, and hydrogels were found in the
range from 106 to 198 ◦ C, 103 to 220 ◦ C, and 224 to 268 ◦ C, respec
tively. As can be seen in char values of the prepolymers, they have
exhibited a poor thermal stability behavior and they have 1% char at
600 ◦ C, whereas poly(azomethine)s have shown quite thermally stable
properties with around 55% char at this temperature. % Char residual of
PAM and CS-based hydrogels were found as 15, and 19% for PAM-1 gel
and PAM-2 gel, respectively. These results revealed that poly(azome
thine)s have higher thermal stability than prepolymers and hydrogels.
Besides, the hydrogel stability has decreased with the addition of chi
tosan due to the poor thermal stability of this natural polymer [4,6].
Fig. 5b demonstrates DSC curves of PAM-1, PAM-2, and their
hydrogels, and DSC results were given in Table 3. In DSC curves of PAM
and CS-based hydrogels, a sharp and strong endothermic peak were seen
around 125 ◦ C due to the presence of water in the hydrogel matrix [31].

3.3. Wettability properties
Hydrophobic or hydrophilic behavior of the poly(azomethine) and
chitosan-based hydrogels was studied using KSV Attension Theta Optical
Tensiometer in different liquids such as diiodomethane, ethylene glycol,
formamide, and water. The wettability measurement results were
summarized in Table 2. The water contact angle of PAM-1 and PAM-2
gels was determined as 62, and 58◦ , respectively. Formamide,
ethylene glycol, and diiodomethane contact angles were also found as
47, 48, 52◦ for PAM-1 gel, and 40, 37, 50◦ for PAM-2 gel, respectively.
These results indicated that PAM-2 gel has lower contact angle values in
all liquids compared to PAM-1 gel. This was attributed to the structure of
the poly(azomethine) and chitosan-based hydrogels. As can be seen in
Scheme 1, PAM-2 gel has composed of apolar methyl (–CH3) functional
groups while PAM-1 gel has consisted of bulky tert-butyl (–C–(CH3)3
substitute as functional groups. As a result of the apolar-polar interac
tion of these functional methyl groups in the structure of PAM-2 gel, the
hydrogel surface was buried downwards, and therefore, the contact
angle values were decreased [30]. Another reason for the lower
6
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Fig. 5. TG (a) and DTG (b) curves of the polymers and fabricated hydrogels.
Fig. 6. Stress–strain curves (a), and rheological behavior (b) of PAM-1 and
PAM-2 gels.

Table 3
TG-DTA and DSC data of prepolymers, poly(azomethine)s and hydrogels.
Compounds

TG-DTG

DSC

Tona
(◦ C)

WmaxTb
(◦ C)

T20c
(◦ C)

T50d
(◦ C)

e

Prepolymer1
Prepolymer2
PAM-1

152

174

231

220

PAM-2

171

PAM-1 gel

106

PAM-2 gel

113

182,
242,
238,
294,
190,
238,
189,
243,
145,
245,
142,
248,

a
b
c
d
e
f
g

198
165

540
581
315
322
377
376

Tg
( C)

g

1

–

–

268

1

–

–

187

–

54

166

1.789

194

–

59

126

0.104

103

224

15

119

2.362
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Char
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Table 4
DMA data of the poly(azomethine) hydrogels.

ΔCp
(J/g
◦
C)

Hydrogels

Toughness (mPa)

a

PAM-1 gel
PAM-2 gel

0.07
1.34

5.22
231.88

a
b
c

σ (kPa)

b

c

25.48
11.58

0.20
20.01

εb (%)

E (kPa)

σ = Tensile strength.
εb = Elongation at break.

E = Young’s modulus.

Glass transition temperature (Tg) of PAM-1, PAM-2, PAM-1 gel, and
PAM-2 gel was determined as 166, 126, 119, and 114 ◦ C, respectively.
As can be seen from these results, the Tg values of the hydrogels were
decreased after the hydrogel formation. This was attributed to the co
valent or hydrogen bonding of chitosan with poly(azomethine) hydrogel
network and chain mobility of the PAM and CS-based hydrogel could be
reduced because of hydrogen bonding formation [32]. Also, methyl
(–CH3) substitute functional group bearing poly(azomethine) and its
hydrogel derivative have a lower Tg value compared to the other tertbutyl (C-(CH3)3) bearing polymer and hydrogel. This could be explained
by the thermal stability of the pendant tert-butyl functional group. This
group is improved Tg values of polymers and hydrogels by increasing
rotational barriers and steric hindrance [33].
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Fig. 8. In-vitro enzymatic (a) and hydrolytic (b) biodegradation profile of
PAM-1 gel and PAM-2 gels.
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Fig. 7. Water uptake of PAM-1 gel (a) and PAM-2 gel (b) and the equilibrium
water contents of poly(azomethine) hydrogels at different pH (c).
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3.5. Mechanical strength
Cummulative Drug Release (%)

The mechanical strength of the PAM and CS-based hydrogels was
investigated by the tensile testing method (Fig. 6a) and it was evaluated
in terms of toughness, tensile strength, % elongation at break, and
Young’s modulus (Table 4). Toughness values of PAM-1 gel and PAM-2
gel was calculated as 0.07, and 1.34 mPa. It saw these results that the
toughness of PAM-2 gel was approximately more than 19-fold compared
to PAM-1 gel. Tensile strength and % elongation of break of the PAM and
CS-based hydrogel were measured as 5.22 kPa and 25.48% for PAM-1
gel, and 231.88 kPa and 11.58% for PAM-2 gel, respectively. Also,
Young’s modulus of PAM-1 gel and PAM-2 gel was calculated as 0.20,
and 20.01 kPa. The tensile strength and Young’s modulus results rep
resented that PAM-2 gel was approximately more than 46-fold, and 100fold tensile strength and Young Modulus values of PAM-1 gel. This was
attributed to the higher thermal stability behavior of PAM-2 gel
compared to PAM-1 gel as the thermal stability of any materials
increased mechanical strength increased [24].
The rheological behavior of PAM-1 and PAM-2 gels was represented
in Fig. 6b, and the dynamic storage (Gꞌ) and loss (Gꞌꞌ) moduli were

pH 3
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pH 12

60
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500 1000 1500 2000 2500 3000 3500 4000 4500
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50
40
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0
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0
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Fig. 9. 5-FU release performance of the PAM, and CS-based hydrogels.
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Fig. 10. Anti-bacterial properties of PAM-1 gel in E. coli (a), S. Aureus (b), P. Aeruginosa (c), E. Faecalis (d), and inhibition-zone area graph (e).

measured as a function of frequency. As can be seen in Fig. 6b, PAM-1
and PAM-2 gel have higher dynamic storage (Gꞌ) modulus than dy
namic loss modulus (Gꞌꞌ). This result demonstrated that the prepared
PAM-1 and PAM-2 gels were exhibited a dominant elastic behavior [34].

neutral media (41.34% for PAM-1 gel, and 13.21 for PAM-2 gel). Be
sides, the % equilibrium water content (EWC) of PAM and CS-based
hydrogels was given in Fig. 7c, and it was determined as 33.33, and
28.00% at pH 3, 29.25, and 11.63% at pH 7, and 31.09, and 22.54% at
pH 12 for PAM-1 and PAM-2 gels, respectively. These % water uptake
and EWC performance of the PAM and CS-based hydrogels revealed that
the fabricated hydrogels were exhibited more % water uptake and EWC
behavior in the acidic medium than the other tested pH media. These
were attributed to the presence of chitosan (CS) in the structure of the
fabricated hydrogels. As known, the chitosan has been composed of
amino (–NH2), and hydroxyl (–OH) groups. These –NH2 groups in the
structure of CS have been easily crosslinked with the fabricated hydro
gels, and it gained higher swelling performance to the hydrogels in the
acidic environment by protonation of residual –NH2 groups in CS [35].
Another reason for the high swelling performance of the prepared
hydrogel at acidic medium was the protonation of nitrogen atoms in the

3.6. pH sensitivity and swelling
To investigate pH sensitivity behavior of the PAM and CS-based
hydrogels, their swelling performance were studied in different pH so
lutions such as acidic (pH 3), neutral (pH 7), and alkaline (pH 12) to
investigate the pH responsibility of the fabricated hydrogels, and dy
namic % water uptake behavior of the fabricated hydrogels was given in
Fig. 7a, and b. % water uptake performance of PAM-1 and PAM-2 gels
showed that the fabricated hydrogels have the higher swelling capacity
in the acidic medium (50.03% for PAM-1 gel, and 38.92 for PAM-2 gel)
than alkaline (45.12% for PAM-1 gel, and 29.10 for PAM-2 gel) and
9
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– CH) at low pH values, and swelling performance of
imine bonding (–N–
the poly(azomethine)-based hydrogel was also increased due to this
protonation [24,36].

4. Conclusion
In the presented paper, the antibacterial, biodegradable, and pHsensitive hydrogels containing poly(azomethine) and chitosan were
fabricated for the drug delivery application of 5-fluoro uracil. The
structural characterization of the poly(azomethine)s and hydrogels was
performed via FT-IR. GPC and NMR analysis were also carried out to
investigate the structure of the poly(azomethine)s. The morphological
appearance of the hydrogel was determined by SEM analysis, and they
consisted of non-homogenous and non-porous structures. The wetta
bility behavior of the hydrogels was studied by measuring the contact
angle value in different solvents. Methyl-containing hydrogel as a sub
stitute group was exhibited a lower wettability performance due to its
higher molecular weights. The thermal stability and mechanical
strength of the fabricated hydrogel were also investigated. To determine
the pH sensitivity of the fabricated hydrogels, the swelling behavior was
studied in different pH media, and it found that they have higher water
uptake performance in the acidic medium due to easily protonation of
–NH2 groups of CS in the structure of the hydrogels. 5-FU release studied
showed that the fabricated hydrogels have around 50% drug release
amount after 4500 min. Moreover, the fabricated hydrogels were
exhibited a good antibacterial behavior against S. aureus, P. aeruginosa,
– CH) bonding in the structure.
and E. coli due to imine (-N–

3.7. In-vitro biodegradation studies
In-vitro biodegradability in an aqueous solution is a desirable and
necessary property for controlled drug release material. For this pur
pose, in-vitro biodegradation behavior of PAM-1 and PAM-2 gels was
investigated by using both enzymatic and hydrolytic experiments by
measuring weight loss in PBS (pH 7.4) for 12 weeks (Fig. 8). According
to the weight loss profile of the hydrogels, they were more hydrolytically
biodegraded (37% for PAM-1, and 40% for PAM-2) compared to enzy
matic biodegradation (47% for PAM-1, and 49% for PAM-2) results.
Besides, PAM-2 gel was exhibited more biodegradable behavior in both
enzymatic and hydrolytic degradation experiments due to the high
molecular weight of the polymer used in the fabrication of hydrogels,
and low contact angle values [4]. According to the literature, many
factors have been affected the biodegradability such as environmental
(pH, temperature, etc.), the structure of the hydrogel, molecular weight,
the glass transition temperature, hydrophobicity/hydrophilicity, and
mechanical behavior of the hydrogels such as modulus of elasticity and
Young’s modulus [4,37].
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5-Fluorouracil (5-FU) is a cytotoxic drug used in chemotherapy such
as colorectal and breast cancers and it has also exhibited a broad anti
cancer activity [38,39]. In this paper, 5-FU was chosen as a model drug,
and 5-FU release performance of PAM-1 and PAM-2 gels was studied in
0.01 M PBS under the physiological condition in different pH media (pH
3, 7, and 12). The 5-FU loading capacity of PAM-1 and PAM-2 gels was
calculated as 16.67, and 11.70 µg/mL after 2 h. 5-FU release behavior of
the fabricated hydrogels was investigated via the cumulative method in
PBS (pH 7) and Fig. 9 displays the 5-FU release profile of the PAM, and
CS-based hydrogels. % Drug release value was determined as 60.10,
50.25, 55.70% for PAM-1 gel, and 51.36, 47.15, and 49.54% for PAM-2
gel in pH 3, 7, 12, respectively. As seen in these results, PAM-1 gel has a
higher amount of 5-FU release capacity due to the higher swelling per
formance of the mentioned hydrogel compared to the swelling capacity
of PAM-2.
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