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Abstract

Bacterial cellulose/polyacrylic acid (BC/PAA) pH-responsive hydrogels were
prepared by free-radical polymerization (in situ) using BC as the raw material
and AA as the monomer. The hydrogels were loaded with curcumin (Cur) to
prepare pH-responsive intelligent medical dressings. The preparation process
of the hydrogels was optimized by a single factor and response surface expe-
riment using their swelling degree as an index. The structures of BC/PAA
pH-responsive hydrogels were characterized by scanning electron microscope
(SEM), Fourier Transform Infrared spectrometer (FTIR), X-ray diffraction
(XRD), and tensile tester, and the swelling properties, mechanical properties,
bacteriostatic properties, and drug release behavior were investigated. The re-
sults showed that the BC/PAA pH-responsive hydrogel has a three-dimensional
network structure with the swelling rate up to 1600 g/g, compressive strength
of up to 8 KPa, and good mechanical properties, and the drug release beha-
vior was in line with the logistic dynamics model, and it has good inhibitory
effects on common pathogens of wound infection: E. coli, S. aureus, and P.
aeruginosa.

Keywords
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1. Introduction

A hydrogel is an interpenetrating three-dimensional network structure material

with good swelling and biocompatibility. Environmentally responsive [1] hy-
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drogels, a class of hydrogels that change the drug release pattern by adjusting
environmental physicochemical parameters, such as pH, temperature, and ionic
strength, have received a lot of attention in the field of controlled drug release
[2] [3] [4], where the swelling behavior of pH-sensitive hydrogels can change
with environmental pH and have been used successfully in targeted drug deli-
very systems in recent years [5] [6] [7]. pH-responsive hydrogels [1] contain hy-
drophilic groups, such as -OH, -CONH, -COOH, and -SOsH, which endow the
polymers with good water absorption properties. Meanwhile, these groups change
the gel network structure (via protonation/deprotonation) and their swelling beha-
vior, thereby enabling the polymers to guide drug release through a phase change or
volume change under the change of the external environment. In an acidic envi-
ronment, the hydrogel possesses a lower swelling rate, its structure remains com-
pact, and the drug is “protected” inside the hydrogel. When the pH of the environ-
ment increases, the hydrogel further expands, thereby leading to drug release. This
pH-responsive hydrogel can be invoked as a drug carrier for drug targeting release.
For chronic bacterial infection wounds, the surface is weakly alkaline (pH > 7.3);
however, when pH-responsive hydrogels are applied to such wounds, drugs can be
made available at a faster rate, thus killing bacteria in a short time. However, in a
wound with pus or necrotic tissue type (such as ulcers), its surface is acidic, which
makes the hydrogels release the drug steadily and slowly [8].

Bacterial cellulose (BC) [9] is widely used in medical materials, such as trauma
dressings [10], artificial blood vessels [11], drug carriers [12], artificial cartilage,
and bone tissue scaffolds [13] due to its good biocompatibility and degradability.
However, there are very few studies on the controlled release of pH-responsive
herbal medicines for skin trauma. A previous study confirmed that BC-based
hydrogels loaded with nano-arsenic have significant antibacterial, antioxidant,
and anti-inflammatory properties and can be used as a topical dressing carrier
for skin wound healing [14]. In addition, a study revealed that composites pre-
pared by combining tannic acid and magnesium chloride with BC have good
biocompatibility and that the antibacterial effect, when applied to infected
wounds, is ideal [15]. Another study used BC-based hydrogels prepared by io-
nizing radiation as oral protein molecular carriers and found that the cumulative
drug release in the simulated gastric fluid was less than 10%, which indicates the
potential of these hydrogels to protect protein drugs from the gastric acid envi-
ronment [16]. Furthermore, some authors use natural products as raw materials
to develop hydrogels. A physical double network hydrogel prepared using natu-
ral glycyrrhizic acid and biocompatible polyvinyl alcohol in water/glycerol solvent
demonstrated high mechanical properties, biocompatibility, and anti-freezing and
anti-drying abilities [17]. A temperature-responsive cellulose hydrogel composite
material (with cotton fiber as raw material), through a two-step polymerization of
the temperature-responsive poly(N-isopropyl acrylamide) and polyurethane
grafted onto fiber non-woven fabrics or with N,N-methylene double propylene

copolymer grafted onto hydrogel carrier and its intelligent response regulation
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behavior, is beneficial for applications in wound dressings and other fields [18].
Acrylic acid (AA) can form polyacrylic acid (PAA) under light, heat, or peroxide
conditions [19]. PAA is a water-soluble electrolyte that contains a carboxyl hy-
drophilic group that can react to pH changes in the environment; it is a typical
pH-sensitive hydrogel [20]. However, PAA has poor mechanical strength.
Moreover, PAA hydrogels prepared by free radical polymerization have a small
specific surface area and no pore structure, which makes the response rate late.
AA and BC were compounded by in situ radical polymerizations to prepare
BC/PAA pH-responsive hydrogels with a three-dimensional network structure.
The hydrogels were used to load curcumin (Cur) in order to prepare intelligent
medical dressings. Therefore, the optimal preparation process of the hydrogels
was studied. The structure and properties of the hydrogels were characterized
and tested by scanning electron microscopy (SEM), Fourier transforms infrared
spectrometry (FTIR), X-ray diffraction (XRD), rotary rheometry, and ser-
vo-controlled high and low-temperature tensile testing in order to clarify the
properties of the hydrogels. Furthermore, the pH-responsive drug release beha-
vior and antibacterial performance of the intelligent medical dressings based on
the hydrogels were investigated.

In this paper, we propose to prepare a BC/pH-responsive hydrogel-based
smart medical dressing using BC as the dressing base and AA as the monomer.
The dressing can overcome the defects of traditional medical gauze, absorb the
wound exudate and toxin, block external infection source, prevent wound infec-
tion, good moisturizing and air permeability, easy to remove, no secondary
damage to the wound, while intelligent response to wounding infection, the in-
telligent release of drugs loaded in the hydrogel when the wound becomes in-
fected, thus inhibiting wound infection and promoting wound healing. This study
can provide a foundation for the development of new medical dressings that have

good economic and social benefits in the modern pharmaceutical industry.

2. Materials and Methods
2.1. Materials

Acrylic acid (AA), potassium persulfate (K,S,0s), and N,N’-methylene bisacry-
lamide (MBA) were purchased from Damao Chemical Reagent Factory (Tianjin,
China). Glycerol was purchased from Tianjin Fuyu Fine Chemical Co., Ltd.
(Tianjin, China). BC membrane (purity = 99.9%) was purchased from Hainan
YIDA Food Industry Co., Ltd. (Hainan, China). Absolute ethanol (C,HsOH) was
purchased from Tianjin Tianli Chemical Reagents Co., Ltd. (Tianjin, China).
Phosphate-buffered saline (PBS, WH0112201 911XP), calcein-AM, and pyridi-
nium iodide (PI) kit were purchased from Wuhan Procell Life Science & Tech-
nology Co., Ltd. (Hubei, China). Peptone, agar powder, beef paste, sodium di-
hydrogen phosphate, and potassium dihydrogen phosphate were purchased
from Beijing Aoboxing Biology Technology Co., Ltd. (Beijing, China). Curcu-
min was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,

DOI: 10.4236/msa.2022.133008

109 Materials Sciences and Applications


https://doi.org/10.4236/msa.2022.133008

F.Jiang et al.

China). E. coil, S. aureus, and P. aeruginosa were purchased from Beijing Micro-
biological Culture Collection Co., Ltd. (Beijing, China).

2.2. Preparation and Process Optimization of BC/PAA
pH-Responsive Hydrogels

The BC film was rinsed several times with deionized water and a neutral pH (pH
7) is reached. It was then soaked in 1 wt% NaOH solution at 60°C for about 6 - 8
h. Afterward, the BC film was soaked in deionized water and refrigerated at 2°C -
8°C. Accurately, 6.30, 4.90, and 4.08 g BC films were suspended in 20 mL of deio-
nized water and homogenized for 5 min with an adjustable high-speed homoge-
nizer to form a uniform and stable dispersion. The monomer AA and the cros-
slinking agent MBA were added to make the final concentrations of 1 mol/L and
0.045 mol/L, respectively. The BC film was then placed in a 150 mL three-mouth
flask and nitrogen was applied for 15 min. Potassium persulfate, an initiator rela-
tive to AA, was added and the reaction was stirred at 65°C for 30 min. After the
reaction, the reactants were injected into pre-warmed Petri dishes for 24 h, washed
3 - 4 times with deionized water at 60°C, and freeze-dried at —60°C for 12 h to ob-
tain lyophilized BC/PAA pH-responsive hydrogels. BC/PAA pH-responsive hy-
drogels with maa/mc equivalent to 3:5, 1:2, and 3:7 prepared according to the
above process and recorded as BC/PAA1, BC/PAA2, and BC/PAA3, respectively.

The swelling rate of the prepared hydrogel in the buffer solution (pH 8) was
used as an index to investigate the influence of the following factors: 1) ma/msc:
1:1, 1:2, 1:3, 1:6, and 1:9; 2) reaction time: 15, 30, 45, 60, and 90 min; 3) reaction
temperature: 50°C, 55°C, 60°C, 65°C, and 70°C; 4) mass fraction of the
cross-linker MBA: 0.025%, 0.045%, 0.065%, 0.085%, and 0.1%.

2.3. Structural Characterization and Performance Testing

Lyophilized BC membranes, PAA powders, and lyophilized BC/PAA pH-responsive
hydrogels were analyzed by a VERTEX 70 Series FTIR spectrophotometer. The
wavenumber range was 600 - 4000 cm™', the wavenumber accuracy was 0.01
cm™}, and the resolution was better than 0.09 cm™.

The crystal structure of BC membrane PAA and freeze-dried BC/PAA
pH-responsive hydrogels were analyzed by a D/max2200PC automatic X-ray
diffractometer. The specification of this instrument is as follows: working vol-
tage = 40 kV, current = 20 mA, A = 0.154 nm, Cu target, Ni filter, scanning speed
= 8"/min, scanning range = 5" to 60°, and step size 0.02".

FEI Verios460 scanning electron microscope was utilized to observe and pho-
tograph the freeze-dried BC film, PAA, and freeze-dried BC/PAA pH-responsive
hydrogel after gold spraying.

The rheological properties of the hydrogels were investigated at the frequency
range of 10 - 100 Hz using a HAAKE MARS 60 rotational rheometer. The di-
ameter of the measurement plate was 25 mm, the measurement spacing was 1.5
mm, and the test temperature was constant at 25°C. The storage modulus (G')

and loss modulus (G") were also recorded.
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The BC/PAA pH-responsive hydrogel was injected into a mold with a diame-
ter of 1 cm and height of 1 cm to obtain a circular hydrogel with a diameter of 1
cm. The compression elastic modulus of the hydrogel sample was tested using a
servo electronic tensile testing machine and the test rate was 2 mm/min. When
the sample was compressed to 70% strain, the compression was stopped imme-
diately and data were recorded.

The weight of the freeze-dried BC/PAA pH-responsive hydrogel with an
mya/mgc of 1:2 was denoted as W, The samples were plunged in a PBS buffer
solution with pH 5.0, pH 6.0, pH 7.0, and pH 8.0 for 72 h, respectively, and the
swelling equilibrium was reached. After wiping the surface of the samples, the
weight was reported as W, The hydrogel swelling ratio (Q) was determined ac-
cording to Formula (1):

Q :st;wd %100 (1)

d

where Qis the swelling rate (g/g), Wyand W;is the mass of hydrogel before and
after immersion (g), respectively.

The BC/PAA pH-responsive hydrogel was prepared by the optimal process
that adopts the maa/mc of 1:2 and a round sample film of ®2 cm was cut. The
BC/PAA pH-responsive intelligent dressing was prepared by the adsorption
method. In brief, 0.015 g Cur was dissolved in 5 mL ethanol and 2 g BC/PAA
hydrogel was immersed in the Cur solution under dark conditions of 37°C and
200 r/min oscillation for 24 h; the solvent was evaporated at room temperature.

The BC/PAA-Cur dressing ( Wioa) Was sonicated in 10 mL of methanol for 8
min, centrifuged at 8000 rpm for 5 min, and the supernatant was obtained to
determine its absorbance value at 425 nm in order to calculate the BC/PAA-Cur
dressing loading ;. Another BC/PAA-Cur dressing was placed in 500 mL of dif-
ferent media (Table 1) for drug release and the drug release solution was taken at
70, 80, 90, and 100 h. The Cur content in the solution was determined by spectro-
photometry at 425 nm. The drug release rate (R;) of the BC/PAA-Cur dressing was
computed according to formula 2 and the drug release curve was drawn. The fol-
lowing four models were utilized: 1) zero-level release model: Q =a+bx; 2) Hi-
guchi equation: Q=bx"?+a; 3) Logistic equation: Q=a+(b-a) / (1+x/ c)d ;
and 4) SWeibull equation: Q=a- (a - b)ef(kx)d evaluation of BC/PAA-Cur
dressing drug release behavior.

R, (%) = %xmo 2)

1

Table 1. Drug release medium formulation.

1# 2# 3# 4# 5# 6# 7# 8#
NaCl/(mol/L) - - 0.11 0.15 0.17 0.11 0.15 0.17
pH-buffer solution 40 80 40 40 40 80 80 80

Sodium dodecyl sulfate (%) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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where W, is the mass of Cur in the drug release solution (mg); Wiew is the drug
loading of the BC/PAA-Cur dressing (mg).

Accurately, 2.0 g beef paste, 2.5 g peptone, and 7.5 g agar powder were
weighed and dissolved in 500 mL of water. Their pH was adjusted to 7.2 - 7.4 to
prepare an agar medium. The experimental equipment and culture medium
were sterilized at 0.1 MPa and 121°C for 20 min. The sterilized agar medium was
prepared in Petri dishes under an aseptic environment and allowed to cool na-
turally until solidification. BC/PAA-Cur dressings containing 2, 3, and 6 wt% of
Cur were prepared according to the method described in section 2.3.5, which
were noted as BC/PAA-Cur2, BC/PAA-Cur3, and BC/PAA-Cur6, respectively.
The BC/PAA pH-responsive hydrogel (915 mm, 3 mm thick) and the
BC/PAA-Cur dressing were placed in a 24-well plate after UV irradiation for 12
h and 1 x 106 CFU/mL E. coil suspension (400 pL) was added. The antibacterial
test of S. aureusand P. aeruginosa was consistent with the above steps.

1) Growth test

The above-mixed system was incubated at 37°C for 48 h and then diluted to
107* - 107® CFU/mL. Accurately, 100 pL of the culture solution was evenly spread
on nutrient agar plates and incubated at 37°C for 48 h. The number of colonies
was counted. The bacterial inhibition rate of the BC/PAA-Cur dressing was then
calculated according to formula 3. The bacterial suspension without the addition
of hydrogel was invoked as the control group.

Cc — Cs

C

Antibacterial rate(%) = %100 (3)
where C¢ is the average number of colonies in the control group and Cs is the
average number of colonies in the sample group.

2) Evaluation of bacterial cell membrane integrity

The mixed system was incubated for 12 h at 37°C. The hydrogel was removed
and the remaining culture medium was centrifuged at 8000 rpm for 5 min; after-
ward, the cells were collected, resuspended, and stained with Calcein-AM and PI
Live/Dead assay kit. The culture fluid was aspirated and the bacteria were resus-
pended on smears and observed under a Laser scanning Confocal Microscope
(LSCM) at excitation and emission wavelengths of 494 nm and 514 nm, respectively.

The bacteria obtained by centrifugation after removing the hydrogel from the
above-mixed system were fixed with 2.5% glutaraldehyde solution for 2 h,
washed thrice with PBS, and dehydrated with 30%, 50%, 60%, 70%, 80%, and
100% ethanol in a graded manner (twice each, 15 - 20 min each time). The cell
morphology of E. coil, S. aureus, and P. aeruginosa after subjection to sputtering
gold spraying at 10 kV accelerating voltage was observed using SEM, respectively.

3. Results and Discussion

3.1. Preparation Process of BC/PAA pH-Responsive Hydrogel

The effect of maa/msc on BC/PAA pH-responsive hydrogel preparation is shown
in Figure 1(a). With the change of maa/msc, the hydrogel swelling rate showed
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Figure 1. Effects of maa/nmc (a), reaction time (b), reaction temperature (c), and addition of crosslinking agent (d) on the prepa-

ration of BC/PAA pH-responsive hydrogels.

an increasing trend, followed by a decreasing trend. The highest hydrogel swel-
ling rate was observed when m4a/msc was 1:2. This may be due to the interaction
between BC and PAA during the polymerization reaction, which forms a certain
network space and increases the water absorption of the hydrogel. The hydrogels
prepared under different AA/BC mass ratios are transparent and soft blocks with
certain elasticity and viscosity (Figure 2). With the increase of BC content, the
color of the hydrogel gradually changed from transparent to milky white and the
shading gradually increased as well. In addition, after adding BC, the texture of
the hydrogel changed from soft to hard, showing a definite elasticity that may be
due to the higher YounG’s modulus and mechanical strength of BC. As depicted
in Figure 1(b), with an increase in the reaction time, the swelling ratio of hy-
drogels first increased gradually and reached the maximum value at 30 min.
However, with the extension of the reaction time, the swelling ratio of hydrogels
gradually decreased. This may be due to the fact that the polymerization time is
too short. The polymer has not yet fully formed a three-dimensional network
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PAA/BC
1:2

Figure 2. BC/PAA pH-responsive hydrogels with different mAA/mBC ratios.

structure and the water absorption performance of the hydrogels is not high. By
extension of the reaction time, the polymer gradually formed a relatively com-
plete three-dimensional network structure and the water absorption perfor-
mance was improved. However, when the reaction time is too long, the molecu-
lar weight between the crosslinking sites is too small because of the intertwining
effect of the larger molecular weight polydactyly acid chains and because the
stretching of the network is restricted, which is not conducive to the transport of
water molecules to the interior of the hydrogel, which in turn decreases the wa-
ter absorption performance [21].

The effects of controlling other factors constant and changing the reaction
temperature were investigated (Figure 1(c)). When the temperature was lower
than 65°C, the hydrogel swelling rate was small. This is because, at a lower tem-
perature initiation reaction, the crosslinking rate is slow, which results in an in-
complete reaction. Thus, it is difficult to form a good hydrogel network struc-
ture. However, when the reaction temperature reaches 65°C, the swelling ratio of
the hydrogel reaches the maximum. When the reaction temperature continues
to increase, the polymerization rate is too fast and the speed of homopolymeri-
zation, chain initiation, and chain termination is also faster, which results in an
uneven structure of the hydrogel and a low swelling ratio.

The effects of controlling other factors constant and changing the amount of
cross-linking agents were investigated (Figure 1(d)). By increasing the dosage of
the cross-linking agent, the hydrogel swelling rate showed a growing trend and
then a decreasing trend, and the hydrogel swelling rate was maximum when the
dosage of the cross-linking agent reached 0.045%. When the amount of cross-
linking agent was less, the cross-linking density of the polymer was too low, thus
forming a sparse three-dimensional network structure, which was not conducive
to water retention. With the increase in the amount of the cross-linking agent,
the crosslinking sites in the hydrogel network structure increased and the cros-
slinking density increased to form a network structure so that the hydrogel exhi-
bits a good swelling property. When the amount of the crosslinking agent was
too large, the hydrogel formed a sizable crosslinking density and a dense net-

work structure, which weakened the water absorption performance and reduced
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the swelling rate of the hydrogel. Therefore, 0.045% crosslinking agent was cho-
sen as the optimal level for the preparation of hydrogels.

Based on the single factor experiment, the Box-Benhnken Design was used to
conduct the response surface experiment on the BC/PAA pH response hydrogel
preparation process. The experimental results were adjusted by statistical soft-
ware to obtain a binary regression equation of the response value (Y) on the in-
dependent variable as follows: A = 733 + 27.5A + 86.38B + 78.63C — 59AB +
185.5AC — 22.25BC — 77.88A% — 45.13B* — 93.13C% Results of the regression
ANOVA, as well as the significance analysis of this experimental model, are pre-
sented in Table 2.

The results showed that the R? of the model was 0.9337, which implies that
93.37% of the change in the response value is caused by independent variables
(mass ratio, reaction time, and reaction temperature). This means that the
change in the relationship between independent variables and dependent va-
riables is obvious. The F value of the model was 10.96 (p = 0.0023), which indi-
cates that the model was significant. The F value (lack of fit) of the equation was
0.89 (p = 0.4816) and the out-of-fit term was not significant. Therefore, the re-
gression equation was well-fitted throughout the regression region. Thus, the
points in the experiment can be replaced by this model and the experimental re-
sults can be analyzed. It can be seen that B, C, AC, A% and C? has a significant
effect on the response values; therefore, there is no simple linear relationship
between the dependent variables and the factors. The comprehensive analysis

shows that for the response values, the mass ratio, reaction time, and reaction

Table 2. ANOVA of the response surface design of the experimental results.

Source of variance quadratic sum degree of freedom F value significance level*

model 351,157.69 9 10.96 0.0023

A-A 6050 1 1.69 0.2337

B-B 59,685.12 1 16.76 0.0046

C-C 49,455.12 1 13.8 0.0074

AB 13,924 1 3.9 0.0885

AC 137,641 1 38.64 0.0004

BC 1980.25 1 0.5559 0.4802

A2 25,534.8 1 7.2 0.0316

B2 8573.75 1 2.4 0.1647

C2 40,541.12 1 11 0.0119
residual 24,931.25 7

lack of fit 10,637.25 3 0.89 0.4816
pure error 14,294 4
summation 376,088.94 16
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temperature have a strong interaction effect on them.

Figure 3(a) showed that the swelling rate Q, which reflected the
pH-responsiveness of the BC/PAA pH-responsive hydrogels, was extremely high
when the mass ratio was 1:2; Q was also extremely high when the reaction tem-
perature was 65°C. With the change of the mass ratio and reaction temperature,
the response value showed a gentle slope of a smooth surface, indicating that the

interaction between factors A and B was relatively insignificant. Figure 3(b)
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*p < 0.001 is considered highly significant; p < 0.05 is significant indigenous.

Figure 3. Response time contour and response surface diagrams.
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showed that there was a great value of Q when the AA/BC mass ratio was 1:2
and that the response value was also maximum when the reaction time was 20
min. Meanwhile, the response surface was smooth and had a certain slope,
which indicates that the interaction of factors A and C was more significant. Q
was highest when the reaction temperature was 65°C and the surface of the re-
sponse surface was flattered at this time, which indicates that the interaction
between factors B and C was less significant (Figure 3(c)). After analysis, the
optimal preparation process of the BC/PAA pH-responsive hydrogel predicted
by the regression model is as follows: AA/BC mass ratio of 1:2, a reaction time of
30 min, and reaction temperature of 65°C. Under this process, the swelling rate
of the BC/PAA pH-responsive hydrogel can reach 1600 g/g.

3.2. Characterization and Performance of BC/PAA pH-Responsive
Hydrogel

As depicted in Figure 4, in the IR spectrum of BC [22], the vibration absorption
peak of O-H was at 3347 cm™; the C-H stretching vibration absorption peak was
near 2887 cm™!, the -C=0- stretching vibration was near 1647 cm™’; the absorp-
tion peak of the C-H bending vibration was close to 1429 cm™ and 1321 cm™.
The C-O stretching vibration was 1108 cm™ and 1051 cm™. In the IR spectra of
AA [23] [24], 3311 cm™ was the stretching vibration of -OH in COOH; 1704
cm™ was the -C=0 stretching vibration; 1630 cm™ was the characteristic ab-
sorption peak of C=C; the C-O stretching vibration was near 1250 cm™. In the
IR spectrogram of BC/PAA, the -OH stretching vibration peak was at 3312 cm™;
the -C=0 stretching vibration was at 1702 cm™; the C-O stretching vibration

was at 1241 cm™; the alcohol C-O stretching vibration was near 1040 cm™,

W
BC/PAA1

BC/PAA2

BC/PAA3

PAA '

1 1 1 1 1 1 1 1 1 " 1 " 1 " 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm”™!
Figure 4. IR spectrum of BC/PAA1, BC/PAA2, BC/PAA3, BC, and PAA.
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which was consistent with that of BC at 1051 cm™, the 907 cm™ and 902 cm™
cyclic C-O-C stretching vibration of BC were consistent with the disappearance
of the characteristic C=C absorption peak in BC/PAA at 1590 cm™ to 1635 cm™,
thus indicating the formation of BC/PAA pH-responsive hydrogels by radical
polymerization-initiated cross-linking. With the increase of the BC content in
the hydrogel preparation, the absorption peaks of the characteristic groups were
approximately the same and no new characteristic peaks appeared; however, the
peak intensities of the absorption peaks of the characteristic groups were differ-
ent, which is probably related to the increase of the BC content in the hydrogel.

The BC [22] pattern had three main diffraction peaks at 14°, 16°, and 23° and
the characteristic peaks corresponding to (110), (116), and (200) crystal planes
(Figure 5), which indicate that BC had a cellulose type I crystalline structure.
The PAA hydrogel showed no sharp crystallization peak. The peak shape was
flat, which indicates that the crystallinity is small. The obvious crystallization
peak appeared at 23° on the hydrogel curve prepared by BC/PAA, which indi-
cates that the addition of BC could improve the crystallization performance of
the BC/PAA pH-responsive hydrogel, which was related to the high crystallinity
of BC itself. Furthermore, a large number of hydrogen bonds were established
between BC molecules and PAA molecular chains, which further improved the
crystallinity of the hydrogel.

PAA hydrogel without BC had a smooth surface and a less porous structure
(Figure 6(a)). It can be seen from Figures 6(b)-(d) that, with the incorporation
of BC, the BC/PAA hydrogel forms a loose and porous structure and that there

\
,»»/"/ \‘\ BC/PAAI

———

BC/PAA2
BC/PAA3

I

0 10 20 30 40 50 60 70 80
2-Theta(degree)

Figure 5. XRD pattern of BC/PAA pH-responsive hydrogel.
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'f‘__.. \"a A 0l
Figure 6. SEM images of PAA (a), BC/PAAL (b), BC/PAA2 (c), and BC/PAA3 (d).

is a laminar structure of “pore over pore”, which has more storage space, makes
the composite hydrogel to possess a better swelling and water holding capacity.

The energy storage modulus (G') of the hydrogel characterizes the elastic proper-
ties of the sample, while the loss modulus (G") characterizes the flow properties. In
the frequency range of 0 - 10 Hz, the G' of the BC/PAA pH-responsive hydrogel
with different mass fractions of BC is greater than G", which indicates that the
BC/PAA pH-responsive hydrogels possess stable viscoelastic solid properties and
are outstanding elastic gels (Figure 7). The value of G"/G' is used to refer to the
viscoelastic and mechanical properties of a gel [25]. With the gradual increase of
the BC content, the G"/G' of each hydrogel sample decreased, which indicates
that the crosslinking degree of the hydrogel increased and showed good elastic
properties (Table 3). BC had a regulatory effect on the elastic properties and
mechanical strength of the hydrogel. When maa/msc is 3:7 (BC/PAA3), G' could
reach 8.6 kPa, thus indicating that the hydrogel had good elasticity and mechan-
ical strength.

A good mechanical property is an important factor in the practical application
of hydrogel dressings. If the hydrogel is fragile, it is easily destroyed during ap-
plication (causing the burst release of the drug), which cannot achieve a good
therapeutic effect. As can show in Table 3, with the increase of the BC content,
the compressive strength of the hydrogels showed an overall upward trend.
When maa/msc (BC/PAA3) was 3:7, the maximum compressive strength of the
hydrogels was 10.3 g/cm? and the hydrogels were compressed to 70% of their
original height without rupture (Figure 7(b)), thus indicating that the prepared
hydrogels had high strength and toughness. This is linked to the increase of pore
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Figure 7. BC/PAA pH-responsive hydrogel with a maa/nmc of 3:7: before compression (a), after compres-

sion (b), and rheological curve (c).

Table 3. Effects of maa/nmc on G"/G' of BC/PAA pH-responsive hydrogel and its com-
pressive strength.

Sample BC/PAA1 BC/PAA2 BC/PAA3
G"/G' (at 10 Hz) 0.2459 0.2285 0.1954
Strength(g/cm?) 1.9 8.6 10.3

and network structure of the hydrogels by BC. From the SEM results in Figure
6, it can be seen that the pores of the hydrogels are more uniform with the addi-
tion of BC, which indicates that BC fibers play a supporting role in hydrogels by
improving the G' and mechanical properties of hydrogels.

The BC/PAA2 hydrogels showed rapid water absorption properties in differ-
ent pH solutions and their swelling ratios increased rapidly in a short time. After
swelling for 10 h, the swelling rate of the hydrogel was 1200 g/g in pH = 5 (acid-
ic) environment, 1400 g/g in pH = 7 (neutral) environment, and 1600 g/g in the
pH = 8 (alkaline) environment (Figure 8), thus indicating that the swelling rate
of the BC/PAA pH-responsive hydrogel in the alkaline environment was higher
than that in the neutral and acidic environment and that the hydrogel had good
pH responsiveness. This is because acrylic acid deprotonates at a pH above its
pKa (4.25), leading to a high network osmotic pressure, which results in the ex-
pansion of the hydrogel network. However, when the ambient pH is lower than
the pKa value of polyacrylic acid, the network structure of polyacrylic acid de-
protonates [26] and the solvated polyacrylic acid returns to the protonated state.
In an acidic environment, the hydrogel will have a tighter structure due to the
stronger hydrogen bond between the carboxyl groups in the acrylic-based hy-

drogel network structure. However, in alkaline or neutral environments, this
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Figure 8. Swelling properties of BC/PAA hydrogels with of mAA/mBC of 1:2 in different
pH environments.

hydrogen bonding will be disrupted and electrostatic repulsion occurs between
the chain segments in the hydrogel network structure, thus resulting in a hydro-
gel with a higher swelling rate. The good pH responsiveness of the BC/PAA
pH-responsive hydrogel prepared in this study allows the hydrogel to be used as
a wound dressing with the ability to respond to pH changes caused by wound
infection, thus achieving intelligent drug release and better absorption of wound
exudate in ulcer-like wounds treatment.

As depicted in Figure 9, the overall trend of Cur release rate in BC/PAA-Cur
dressing increased and then leveled off as the release time increased. The drug
release rate tended to increase rapidly from 0 to 10 h. In pH = 8 solution, the
drug release rate of the BC/PAA-Cur dressing reached a maximum of 57.2% at
60 h. In pH = 4 solution, the BC/PAA-Cur dressing reached a maximum drug
release rate of 11.4% at 10 h. This shows that the BC/PAA-Cur dressing pos-
sesses good and sustained drug release in an alkaline solution (pH = 8), with a
cumulative drug release that is five times higher than that in an acidic environ-
ment (pH = 4). This is closely linked to the good pH responsiveness of the hy-
drogel. Shang et al. proved that, compared with acidic conditions, the pore size
and swelling rate of acrylic hydrogel increased in an alkaline environment,
which was consistent with the results of this study [27]. The good pH-responsive
drug release behavior of the BC/PAA-Cur dressing allows it to maintain a low
swelling rate and a tight structure in an acidic environment, where the drug is
“protected” inside the hydrogel and where the hydrogel swells further when the
environmental pH increases, thus allowing the drug to be released. For chronic

bacterial infection wounds, the surface was weakly alkaline (Ph > 7.3). When the
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Figure 9. Effect of pH on the release performance of drug-loaded BC/PAA pH-responsive
hydrogel.

hydrogel was used in the wound, the drug could be made public at a faster rate,
thus killing bacteria in a shorter time. For instance, for pus or necrotic tissue
wounds (such as ulcers), the surface of the wound is acidic, which makes the
drug release remain low in order to avoid drug abuse when the wound is not in-
fected. Meanwhile, appropriate swelling capacity enables the dressing to ex-
change pus, blood, and other substances on the wound interface and strengthen
wound healing. The above drug release behavior suggests the BC/PAA-Cur
dressing as a modern intelligent medical dressing.

Under different pH conditions, with the increase of ionic strength in the drug
release environment, the overall Cur release rate showed a tendency of first in-
crease and then became flattered. Figure 10(a) showed that the maximum drug
release rates of the BC/PAA-Cur dressings in an acidic environment (pH = 4)
with Cnaa = 0.11 mol/L, 0.15 mol/L, and 0.17 mol/L were 13.8%, 13.2%, and
12.6%, respectively. Figure 10(b) shows that the maximum drug release rates of
the BC/PAA-Cur dressing in an alkaline environment (pH = 8) at Cy.a = 0.11
mol/L, 0.15 mol/L, and 0.17 mol/L were 63.2%, 55%, and 49%, respectively. This
indicates that the greater the ionic strength, the more unfavorable the release of
Cur in the drug-loaded gel becomes, which might be related to the change in
osmotic pressure in the release environment. Therefore, when the ionic strength
of the tissue fluid increases in the process of skin tissue injury, its effect on Cur
release should be considered.

As depicted in Figure 11, with an increase in temperature, the overall drug

release rate showed an initial increasing trend and then became flattered. In an
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Figure 11. Effect of temperature on the release performance of drug-loaded BC/PAA pH-responsive hydrogel ((c) pH PBS, (d)

pHS PBS).

acidic environment (pH = 4), the drug release rate of the BC/PAA-Cur dressing
increased with the increase of temperature; however, the overall drug release rate
remained at a low level (the maximum drug release rate was 16% at 39°C). In an
alkaline medium (pH = 8), the BC/PAA-Cur dressing reached the drug release
equilibrium at 39°C for 60 h and the cumulative drug release rate was 70%, while
the cumulative drug release rates at 37°C and 35°C were 57.3% and 48.1%, re-
spectively. During drug release, as the temperature increases, the rate of Cur
molecules diffusion accelerates, and the rate of drug release increases. The be-
ginning phase of drug release is faster, which facilitates the rapid introduction of
a higher concentration of the drug locally in the wound, thus effectively control-
ling the infection [28]. In the subsequent phase, the drug is released slowly and
continuously for several hours, which can be tailored to the long-term control of

infection.

In this study: 1) the Zero-level release model Q = a + bx [29]; 2) the Higuchi
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70

equation Q= bx'?> + a [30]; 3) the Logistic equation Q= a + (b - a)/(1 + (x/ )¢
[31]; and 4) the SWeibull equation Q = a—(a — b)e ~*9"? (Q s the cumulative re-
lease rate, X is the release time, and a, b, ¢, d, and k are the fitting constants) [32]
were applied. The release curves of the BC/PAA-Cur dressing in PBS solutions at
pH = 4 and pH = 8 were fitted. The fitting curves and kinetic equations are illu-
strated in Figure 12 and Table 4. Compared with the zero-level release model,
the kinetic model of Cur release from the BC/PAA-Cur dressing under different
pH conditions established by the logistic kinetic model was well-fitted and the R?
was greater than 0.9800, thus indicating that the kinetic behavior of Cur release
from the BC/PAA-Cur dressing under different conditions can be described by
the logistic kinetic model. The Higuchi and Sweibull models can both be
well-fitted for the Cur release process. The basic material of the BC/PAA-Cur
dressing BC has a nice three-dimensional network structure and the hydrogel
prepared by BC/PAA-Cur has a large number of network pore structures itself.
During the drug loading process, Cur cannot only partially be adsorbed on the

70
a b
60 _ 60 -
° e o © [ ] o o o & O
NS ° ° - NS o« s
Ssop e Ssof e
el 2|
040 © od0f ©
3 3
. kol
jol jol
Z[) 30 F L] pH4 ED 30 B L pH4
£ ® pHB g ¢ pHS
Q —— Linear Fit of pH4 A —— Higuchi Fit of pH4
20 Linear Fit of pH8 20 - — Higuchi Fit of pH8
10F NF gugses = = = 5 5 5 85 858
1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
t/h
60 60
c e o o o o d e o o oo
— "
50 - . 50 - o« ®
N -”" N o
NPT D4k ®
I E
[ o
g g
— 30 | — 30 |
O o
o) = pH4 oy = pH4
E) e pHS 2 e pHS8
a T a p
20 L — LogTstlc F%t of pH4 20 —— SWeibull2 Fit of pH4
Logistic Fit of pH8 SWeibull2 Fit of pH8
OF sypaes = % =8 5 5 & & =& OF agges === 5 85 =5 5 = =&
0 20 40 60 80 100 0 20 40 60 80 100
t/h

Figure 12. Drug release kinetics fitting curves of BC/PAA pH-responsive hydrogels in pH 4 and pH 8 PBS (a) the zero-level dy-
namics; (b) the Higuchi dynamics; (c) the logistic dynamics; and (d) the SWeibull dynamics.
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BC/PAA
BC/PAA -Cur2

P, aeruginosa S. aureus E. coli

surface of the hydrogel but can enter the hydrogel pore structure and be wrapped
by the gel pore, thereby forming a skeleton drug loading system. Therefore, the
Higuchi and Sweibull models can both be used to better describe the Cur release
kinetics of the BC/PAA-Cur dressing. Among them, the logistic kinetic equation
can better describe the release behavior of the BC/PAA-Cur dressing, and its ac-
tual cumulative release curve overlaps well with the fitted curve, thus indicating
that the release mechanism under this condition is not just a simple process of
diffusion but with hysteresis, mutation, and complete release.

Figure 13(a) showed that the indicator bacteria without BC/PAA-Cur
pH-responsive hydrogel incubation appeared in a large number of colonies after
plating the culture. While the indicator bacteria incubated with BC/PAA-Cur2,
BC/PAA-Cur3, and BC/PAA-Cur6 showed a decreasing trend after plating the cul-
ture. According to the quantitative analysis of the colony number (Figure 13(b)),

Table 4. Dynamic fitting of the drug release process.

Sample  model equation R?
Zero-level Q=0.0087t +9.2124 0.83618
Higuchi Q=0.09953t1/2 + 9.0162 0.93846
t

H4 Logistic =10.2831.2765/(1 + 0.8855 0.98928

P & Q U 32430
SWeibull Q=10.5191 - 10.5191exp (-0.01579t0.3911) 0.94121
Zero-level Q=0.1507t + 44.4426 0.9073
Higuchi Q=1.68901t1/2 + 41.19153 0.97934
pHS Logistic Q=0.38439 — 0.31355/(1 + 0552 )0.30118 0.9897
SWeibull Q=57.9239 — 57.9239 exp (0.02408t1.18857) 0.99312

BC/PAA BC/PAA
-Cur3 -Cur6 b I BC/PAA Il BC/PAA-Cur3

125
[l BC/PAA-Cur2 [l BC/PAA-Cur6

Inhibitory rate / %

T T T
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Figure 13. (a) Antibacterial property of hydrogels using agar diffusion assay; (b) Antibacterial effect of hydrogels on E. coil, S.

aureus, and P. aeruginosa.

DOI: 10.4236/msa.2022.133008

125 Materials Sciences and Applications


https://doi.org/10.4236/msa.2022.133008

F.Jiang et al.

the inhibition rates of BC/PAA-Cur6 against E. coil, S. aureus, and P. aeruginosa
were 96.53%, 99.73%, and 94.24%, respectively, which indicates that the
BC/PAA-Cur dressing had good antibacterial properties against E. coil, S. au-
reus, and P. aeruginosa. With the increase of the Cur content, the antibacterial
ability increased, which indicates that the drugs in the dressing could be effec-
tively released and that the drugs had good antibacterial properties.

The cell membrane is a major structural component of bacteria and intracel-
lular biochemical reactions and respiration are closely related to it. In order to
clarify the antibacterial potential mechanism of the BC/PAA-Cur dressing, the
calcein-AM/PI double fluorescence staining method was used to evaluate the in-
tegrity of the indicator bacteria cell membrane after the dressing treatment. Calce-
in-AM is cleaved by intracellular esterases to form the membrane-impermeable
polar molecule calcein, which is retained in cells and emits strong green fluores-
cence (liver cells). PI cannot cross the membrane of living cells but can pass
through disordered regions of the membrane of dead cells to reach the nucleus
and intercalate into the DNA double helix of the cell to produce red fluorescence
(dead cells).

After 12 h of co-culture of the bacteria and materials, E. coil, S. aureus, and P.
aeruginosa treated with the BC/PAA pH-responsive hydrogel showed green flu-
orescence under LSCM (Figure 14); however, for the strains treated with
BC/PAA-Cur dressing, red fluorescence was observed to increase from less to
more with increasing drug concentration under LSCM. This indicates that the
BC/PAA-Cur dressing can Kkill bacteria by disrupting the bacterial cell mem-
brane.

The SEM of E. coil, S. aureus, and P. aeruginosa after incubation with BC/PAA
pH-responsive hydrogel and BC/PAA/Cur-3 are shown in Figure 15. After in-
cubation in the hydrogel without Cur loading, E. coil, S. aureus, and P. aerugi-
nosa on BC/PAA hydrogel were rod-shaped and spherical and had smooth sur-
faces. After the BC/PAA/Cur-3 treatment, a large amount of intracellular leakage
from the surface of P. aeruginosa could be observed. Also, the morphology of E.

coil and S. aureus was significantly damaged, with the surface wrinkled, distorted,
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Figure 14. Confocal images of the three bacterial strains with calcein-AM/PI dual fluorescent staining after 12 h of co-incubation

with different hydrogels.
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Figure 15. SEM images of the morphology of E. coli, S. aureus, and P. aeruginosa after 12 h of
co-incubation with BC/PAA and BC/PAACur-3 hydrogels.

and no longer intact. Studies have shown that Cur may destroy the cell mem-
brane or break E. coil cells through a special mechanism. Wang et al. reported
that Cur has antibacterial activity against S. aureus and that the mechanism is
through the destruction of the bacterial cell wall, followed by its spread into the
cell and destruction of cellular organelle structure, thus eventually leading to
apoptosis [33]. Similarly, Yun and Lee [34] reported in their study that Cur induc-
es the production and intracellular accumulation of reactive oxygen species, which
in turn damages macromolecules, such as proteins, nucleic acids (DNA/RNA),
and lipid membranes, thereby leading to apoptosis. It is suggested that Cur may
induce cell death through any of the above mechanisms. These results suggest
that the combination of Cur and pH-responsive hydrogels can be used as a smart

antimicrobial wound dressing to treat local skin injuries.

4. Conclusions

1) The optimal preparation process of pH-responsive hydrogel is as follows: a
reaction temperature of 65°C, reaction time of 30 min, BC/PAA mass ratio of 2:1,
0.025% initiator, and 0.5% cross-linking agent. The hydrogel swelling rate prepared
under this process can reach 1600 g/g. The prepared BC/PAA pH-responsive hy-
drogel has a three-dimensional network structure, which can achieve rapid re-
lease or sustained release of drugs by adjusting pH. The dissolution rate increas-
es from 200 g/g to 1600 g/g within 48 h at pH =5 - 8.

2) The compressive strength of the pH-responsive hydrogel can reach up to
8.7 kPa, with good mechanical properties. The storage modulus of the hydrogel
is about (1 - 30) x 10 Pa under the shear action of 0.01 - 1.00 rad/min and the
mechanical properties are stable.

3) The drug release behavior of the BC/PAA-Cur dressing prepared based on
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the pH-responsive hydrogel conforms to the logistic kinetic model, showing
good wound pH responsiveness, sustained drug release characteristics, and an-
tibacterial activity against common pathogens, such as E. coil, S. aureus, and P.
aeruginosa, by damaging the bacterial cell membrane. The findings from this
study provide a foundation for the development of new medical dressings that
have good economic and social benefits in the modern pharmaceutical industry.
In the future, the pharmacodynamics of the dressing will be evaluated, animal
skin wound models will be established, and the wound healing effect of the
dressing will be studied at the cellular level and molecular level to clarify the
practical application of the dressing in wound healing and to lay the foundation

for its practical application as a medical dressing.
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