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Dextran/Sulfodextran-graft-polyacrylamide- and polyacrylamide-based hydrogels were synthesized by radical polymerization and
loaded with cefuroxime to obtain antimicrobial wound dressings. Antibiotic release from the antibiotic-loaded hydrogels into an
aqueous solution was studied by the HPLC-UV method. It is shown that cefuroxime-loaded Dextran/Sulfodextran-graftpolyacrylamide hydrogels release the antibiotic more slowly compared to polyacrylamide hydrogel with the same density of
cross-links. Antibacterial activity of the synthesized materials was tested in vitro against wild strains of S. aureus, E. coli, and
Klebsiella spp. The possibility of using the obtained antimicrobial hydrogels for the treatment of infected wounds was
conﬁrmed in vivo in a rat model.

1. Introduction
Among the many antibacterial agents, antibiotics are the
most eﬀective and widely used drugs. However, their widespread and often thoughtless use has provoked the emergence and expansion of resistant strains of bacteria. There
are two main ways to overcome antibiotic resistance: the
synthesis of novel antibiotics and the development of new
methods of antibiotic applications. Hydrogels of diﬀerent
chemical nature appear to be promising carriers of antibiotics in biotechnology and medicine. Over the last few
decades, various antibiotic-loaded hydrogels have been
developed as antibacterial coatings and dressings for the
treatment of superﬁcial trauma, burn, or diabetic wounds
[1–5]. These materials release antibiotics at the wound site,
thus preventing infection and promoting the healing process
[6]. Local administration of antibiotics signiﬁcantly reduces
the unwanted side eﬀects that are often observed with systemic use.
Hydrogels are three-dimensional cross-linked polymer
systems possessing high water swellability. The use of hydrogels as wound dressings or coverings requires some special
properties such as biocompatibility, oxygen permeability,

suﬃcient mechanical strength and ﬂexibility, and the ability
to be easily applied and removed from wounds [7, 8]. Multiple hydrophilic groups of hydrogels ensure nonadhesion
to the wound, which means painless removal of the coating.
They also create a moist wound environment that is beneﬁcial for healing [9]. Currently, various hydrogels are extensively studied as drug delivery systems, and some of them
have already been used as wound dressings. The researchers
highlight the advantages of hydrogels over traditional pharmaceuticals [2, 10].
Topical administration of antimicrobials allows formulating the hydrogels that contain high concentrations of
antibiotics [9]. It is especially important for the care of
infected wounds and burns. Sometimes, antibiotic-loaded
hydrogels are tested against both antibiotic-susceptible and
antibiotic-resistant bacteria [11, 12].
The hydrogels loaded with antibiotics must release the
active substance in a sustained manner because successful
anti-inﬂammatory wound treatment is directly dependent
on the continuous action of antimicrobial agents. Controlled
and prolonged release of the antibiotic in the aﬀected area is
the essential requirement for the prevention of bioﬁlm formation [6, 13]. Moreover, sustained delivery of the drug to
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the application site ensures a signiﬁcant increase in time
intervals needed to change the dressing on the wound. The
nature of the polymer and the degree of cross-linking are
believed to be the main factors that regulate the ability of
hydrogels to deliver drug substances and release them at
the target site. Some structure peculiarities of hydrogels
can aﬀect these processes too.
Our idea was to create polyacrylamide-based antimicrobial hydrogels for the treatment of infected wounds. These
hydrogels can be loaded with the desired amount of antibiotics, and their local application for drug release provides
overcoming the side eﬀects of a systemic overdose. To vary
the structure of the synthesized hydrogels, small amounts
of polysaccharides were used in the syntheses as structureaﬀecting components. The antibiotic-loaded samples were
tested in vitro against some painful bacteria and in vivo as
antimicrobial dressings.

2. Materials and Methods
2.1. Reagents. Acrylamide (AA), three samples of Dextran with
M w = 20 000 g/mol (D20), M w = 100 000 g/mol (D100), and
M w = 500 000 g/mol (D500), Sulfodextran with M w = 500 000
g/mol (SD500), N,N ′ -methylene-bis-acrylamide (MBA), and
cerium (IV) ammonium nitrate (CAN) were supplied by
Sigma-Aldrich (USA). Antibiotic cefuroxime and antiseptic
miramistin were purchased at a local pharmacy.
All reagents were used without further puriﬁcation.
Double-deionized water was used for all syntheses and
procedures.
2.2. Syntheses of Hydrogels. Dextran/Sulfodextran-graftpolyacrylamide (D/SD-g-PAA) hydrogels were synthesized
by free-radical polymerization in the presence of MBA as a
cross-linker (Figure 1) [14, 15]. Being added into the synthesis mixture in very small amounts, Dextran/Sulfodextran
aﬀected the structure of the ﬁnal product.
Dextran/Sulfodextran (5 × 10−4 mmol) was dissolved in
24 mL of distilled water at 25°C. The polysaccharide solution was stirred and bubbled with argon for 20 min to
remove oxygen. Then, a CAN/HNO3 initiator system
(3 × 10−2 mmol CAN in 1 mL of 0.125 N HNO3) was added,
and the solution was stirred and bubbled with argon for
another 2 min. A monomer AA (50 mmol) and a crosslinking agent MBA (0.4 g per 100 g of AA) were added to
the solution. The reaction mixture was kept under argon
for 24 h. To remove the unreacted monomer, the obtained
hydrogels were thoroughly washed with distilled water.
Then, all samples were dried and stored at ambient
temperature.
Polyacrylamide (PAA) hydrogels were synthesized under
the same conditions but without the Dextran/Sulfodextran
in the reaction mixture. The samples of cross-linked PAA
were dried and stored as the samples of cross-linked
D/SD-g-PAA.
Further in the text, the synthesized hydrogels are designated as D20-g-PAA-0.4, D100-g-PAA-0.4, D500-g-PAA0.4, and SD500-g-PAA-0.4 according to a polysaccharide
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component of the obtained samples and a ratio MBA to
AA in the syntheses.
2.3. Preparation of Antibiotic-Loaded Hydrogels. The
weighed samples of the dried hydrogels were placed in an
aqueous solution of cefuroxime (166.6 mg/mL) and incubated at 25°C for 18 hours. The amount of loaded antibiotic
in the hydrogel sample was estimated by subtracting the
amount of cefuroxime remaining in the solution from the
initial content. All concentrations were determined by
high-performance liquid chromatography with ultraviolet
detection (HPLC-UV). The hydrogels swollen in this solution were used for further studies of their ability to release
the antibiotic. Such samples contain an indication of cefuroxime (-Cef) in their names.
2.4. Antibiotic Release Study. The swollen samples of the
antibiotic-loaded hydrogels were removed from the solution
of cefuroxime, wiped with a piece of ﬁlter paper, and then
placed in 25.0 mL of distilled water. The experiment was performed with gentle stirring at 25°C. To determine the concentration of the antibiotic released into the solution, the
aliquots of the solution were taken at regular intervals and
analyzed by the HPLC-UV method. The antibiotic release
experiment was performed with each antibiotic-loaded
hydrogel at least three times.
2.5. Thermogravimetric Analysis (TGA). Thermogravimetric
studies of the synthesized hydrogels were performed using
a Netzsch TG 209 F1 Libra apparatus (Selb, Germany).
The experiments were carried in a nonisothermal mode.
Dry samples were heated with the heating rate of 10°C/min
and monitored for weight change in the range of 30-900°C.
The measurements were carried out under nitrogen protective ﬂow. The weight of the samples under investigation
was 10 mg. Al2O3 served as reference material.
2.6. In Vitro Tests for Antibacterial Activity. To test the antibacterial hydrogels for their ability to inhibit bacterial
growth, wild-type strains of Staphylococcus aureus, Escherichia coli, and Klebsiella spp. selectively grown on Endo’s or
yolk-salt agar media were used. The sensitivity of the microorganisms was evaluated by the disc diﬀusion method on a
Müller–Hinton agar of the following composition (g/L):
agar—17, hydrolyzed casein—17.5, hydrolyzed bovine
hart—2, and water-soluble starch—1.5; pH = 7:3. The dry
hydrogels were swollen (24 h) in an aqueous solution of
cefuroxime (0.1 and 1 mg/mL). A miramistin solution
(0.1 mg/mL) was used for the control experiment. The tested
samples were 5 mm in diameter, and their sizes were similar
to those of standard disks with antibiotics. The measurement
of the growth inhibition zone was carried out using a digital
caliper Miol 15-240. The contact of the hydrogel samples
with the microorganisms occurred within 24 h before
recording the diameter of growth inhibition. Statistical data
processing was performed using the Shapiro-Wilk test
(p > 0:05) and the Scheﬀe ANOVA test (p < 0:05). Each
in vitro experiment was repeated three times.
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Figure 1: The proposed mechanism of the synthesis of cross-linked D-g-PAA hydrogels.

3. Results and Discussion
The syntheses of the cross-linked Dextran (Sulfodextran)graft-polyacrylamide hydrogels include two stages: (1) the

–1,4
Derivative weight, %/ °C

2.7. In Vivo Evaluation of Healing Properties. The eﬀects of
synthesized antibacterial hydrogels on infected wound healing were assessed by the rat wound model. The in vivo tests
were performed using white outbred rats, which were kept in
standard conditions of a vivarium. All manipulations with
animals were carried out according to the Law of Ukraine
“On the Protection of Animals from Cruelty” and the European Convention for the Protection of Vertebrate Animals
Used for Research and Other Scientiﬁc Purposes.
Female rats weighing 230-260 g were selected, and general anesthesia was performed with sodium etaminal at the
rate of 3.5 mg per 1 kg of live weight. The area of the back
between the shoulder blades of the animal was cleared of
hair. A section of skin 7-8 mm in diameter was removed
with a sharp scalpel. The resulting wound was infected with
the mixture of microorganisms S. aureus, E. coli, and Klebsiella
spp., which were in physiological solution in the amount of
1·108 CFU/mL. The wound was covered with the synthesized
hydrogels loaded with cefuroxime (1 mg/mL) or miramistin
(0.1 mg/mL) and the standard fabric material (gauze dressing).
The bandage was ﬁxed with a wide Band-Aid. After 24 h, the
wound was wiped with a sterile swab, and the wound bacteria
were inoculated into the nutrient medium. Yolk-saline agar
was used to cultivate gram-positive bacteria, and Endo’s
medium was used for gram-negative bacteria.
Wound healing of the rats was assessed visually.
Skin irritation tests revealed that D/SD-g-PAA hydrogels
per se did not cause any irritation, indicating its safety for
topical application.
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Figure 2: Derivative weight loss curve vs. temperature: (1) PAA0.4, (2) D20-g-PAA-0.4, (3) D100-g-PAA-0.4, (4) D500-g-PAA0.4, and (5) DS500-g-PAA-0.4 hydrogels.

preparation of polysaccharide macroradicals as a result of
Dextran/Sulfodextran interaction with CAN/HNO3 oxidative system [16, 17] and (2) the growth of PAA chains from
active centers on the polysaccharide and their simultaneous
cross-linking by the MBA cross-linking agent (Figure 1).
Since the concentration of the cross-linking agent MBA is
the same in all syntheses, it is assumed that the density of
cross-links in all hydrogels is the same.
As shown earlier [18], the number of grafted polyacrylamide chains in the synthesized D(SD)-g-PAA copolymers
is determined by the molar ratio of the polysaccharide and
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Table 1: Temperature intervals of weight loss on heating, obtained
by the DTA method.
Sample
1
2
3
4
5

Peak 1

D20-g-PAA-0.4
D100-g-PAA-0.4
D500-g-PAA-0.4
DS500-g-PAA-0.4
PAA-0.4

Peak 2

35-190
45-160
30-180
30-185
35-190

315-485
320-450
330-450
350-480
300-470

Table 2: Content of cefuroxime in the synthesized hydrogels (g of
antibiotic per g of dried hydrogel).

1
2
3
4
5

Sample

Content (g/g)

D20-g-PAA-0.4-Cef
D100-g-PAA-0.4-Cef
D500-g-PAA-0.4-Cef
DS500-g-PAA-0.4-Cef
PAA-0.4-Cef

3.52
3.40
3.34
3.31
1.64

5,0

0.5 h

Time of contact
1h

6h

41:6 ± 3:1

55:1 ± 2:7

1

PAA-0.4-Cef

28:2 ± 1:5

2

D20-g-PAA-0.4-Cef

24:4 ± 2:3

29:6 ± 2:1

41:9 ± 1:6

3

D100-g-PAA-0.4-Cef

22:1 ± 2:3

27:0 ± 2:2

38:1 ± 2:4

4

D500-g-PAA-0.4-Cef

18:6 ± 2:7

33:9 ± 2:1

39:5 ± 2:7

5

DS500-g-PAA-0.4-Cef

27:9 ± 2:5

37:2 ± 2:0

50:6 ± 2:7

Table 4: Antimicrobial activity of cefuroxime-loaded hydrogels
swollen in 1 mg/mL antibiotic solution.
Diameter of the growth inhibition
zone (mm)
S. aureus
E. coli
Klebsiella sp.

1

PAA-0.4-Cef

27:1 ± 1:5 23:2 ± 2:8

20:1 ± 2:4

2

D20-g-PAA-0.4-Cef

26:0 ± 2:4 21:1 ± 3:0

20:3 ± 2:4

3

D100-g-PAA-0.4-Cef

29:8 ± 2:1 21:8 ± 2:7

20:2 ± 2:5

4

D500-g-PAA-0.4-Cef

25:2 ± 2:5 22:1 ± 2:8

22:7 ± 2:4

5 DS500-g-PAA-0.4-Cef 29:1 ± 2:5 21:3 ± 2:7

22:0 ± 2:8

4,0
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0
0

1

2

3

4

5

6

7

Time, h

Diameter of the growth inhibition zone, mm

Cef concentration, mg/ml

Sample

Sample

DS500-g-PAA-0.4-Cef

4,5

Table 3: Release of cefuroxime (in %) from the antibiotic-loaded
hydrogels into water.

S. aureus

35
30
25
20
15
10
5
0

Figure 3: Cefuroxime concentration in water solution vs. time of
contact with DS500-g-PAA-0.4-Cef hydrogel.

1

2

the CAN initiator. Formed under the action of the initiator,
the active centers on the polysaccharide macromolecule trigger the growth of polyacrylamide chains. According to the
molar ratio of Dextran (Sulfodextran) to CAN used in the
syntheses of hydrogels described above, approximately 60
points of growth can appear on the polysaccharide macromolecule. Near the grafting point, the growing polyacrylamide chains have a conformation that essentially diﬀers
from those for PAA macromolecules in solution [16, 19].
An increase in the molecular weight of Dextran molecules,
as well as the appearance of a charge on the polymer chain
of Sulfodextran, has a signiﬁcant eﬀect on the conformation
of the growing polyacrylamide chain in the nearest vicinity
of the polysaccharide. Thus, the internal structure of the
cross-linked D/SD-g-PAA hydrogels and their properties
may diﬀer from the structure and properties of crosslinked PAA with the same number of cross-links.

Cef 0.1 mg/ml

3

4

5

Miramistin
Cef 1 mg/ml

Figure 4: Activity of the antimicrobial hydrogels (1) PAA-0.4-Cef,
(2) D20-g-PAA-0.4-Cef, (3) D100-g-PAA-0.4-Cef, (4) D500-gPAA-0.4-Cef, and (5) DS500-g-PAA-0.4-Cef against S. aureus
(black—miramistin 0.1 mg/mL; blue—cefuroxime 0.1 mg/mL;
red—cefuroxime 1 mg/mL).

According to thermogravimetric data, all synthesized
hydrogels are very hydrophilic and contain water even when
dried. The ﬁrst weight loss step is registered in the range of
40-190°C with a maximum of about 100°C indicating water
desorption (Figure 2). In addition, in this interval at higher
temperatures, the elimination of NH3 and CO can occur as a
result of chemical reactions between some neighboring functional groups of the polyacrylamide chains [20]. The second
distinct weight loss step is observed at 300-485°C with a rather
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Figure 5: Cultivation of bacteria using Endo (left) and yolk-salt (right) agar media after removal of (a, b) cefuroxime-loaded hydrogels from
infected wound; (c, d) miramistin-loaded hydrogels; (f, g) gauze dressings.

lower maximum on the derivative weight loss curve. It corresponds to the decomposition of the polymer matrix itself,
which consists mainly of polyacrylamide fragments. The
destruction of the polymer matrix of D/SD-g-PAA-0.4 samples begins at a higher temperature compared to PAA-0.4.
The increase in this temperature is 15-50°C, depending on
the internal structure of the hydrogels (Table 1).
To prepare the antibiotic-loaded hydrogels for drug
release studies, the samples of the dry hydrogels were swollen in an aqueous solution of cefuroxime for 18 h. As shown
in Table 2, the content of cefuroxime is the greatest for the
hydrogels that were synthesized using Dextrans as a
structure-aﬀecting component.

The contact of the synthesized antibiotic-loaded hydrogels with water leads to the desorption of drug molecules
into the solution. A typical antibiotic release proﬁle is shown
in Figure 3. For all samples, the initial burst of release is
followed by desorption at a slower rate. After 3 hours, only
a slight increase in the concentration of cefuroxime in the
solution can be registered. The sample PAA-0.4-Cef was
found to have the highest release rate; the content of cefuroxime in this hydrogel decreased by 55% after 6 h of contact
with water (Table 3). The behavior of D-g-PAA-0.4-Cef
hydrogels in this process is somewhat diﬀerent. Being initially more loaded with cefuroxime, these samples release
the drug into solution more slowly than PAA-0.4-Cef.
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(a)

(b)

(c)

Figure 6: Rat wounds after removal of bandages (24 h): (a) classic gauze dressing (the wound was opened after the animal’s motor activity);
(b) miramistin-loaded D500-g-PAA-0.4 hydrogel; (c) cefuroxime-loaded D500-g-PAA-0.4 hydrogel.

Thus, D/DS-g-PAA-0.4-Cef hydrogels have some advantages over other hydrogels under investigation. They are
assumed to be promising biomaterials for topical application
as antimicrobial dressings with prolonged action.
To compare the antimicrobial activity of the antibioticloaded hydrogels with diﬀerent internal structures, the dry
samples were swollen in an aqueous solution of cefuroxime
(0.1 or 1 mg/mL) for 24 h. Miramistin was used as cargo
for control experiments. All synthesized cefuroxime-loaded
hydrogels demonstrate high activity against test bacterial
strains of S. aureus, E. coli, and Klebsiella spp. The diameter
of the growth inhibition zone is 25-30 mm for S. aureus and
20-23 mm for E. coli and Klebsiella spp. when using the
hydrogel samples prepared by swelling in a solution of cefuroxime with a concentration of 1 mg/mL (Table 4).
The antimicrobial activity is dose-dependent, but even at
a low dose, antibiotic-loaded hydrogels demonstrate high
eﬃcacy against harmful microorganisms (Figure 4).
The in vivo study of the activity of the synthesized
antibiotic-loaded hydrogels against infections was carried
out on a rat wound model. Rat models are widely used to
investigate various treatments for living organisms [21, 22].
To evaluate the possibility of using antibiotic-loaded D/SDg-PAA hydrogels in wound protecting and healing, two
hydrogels D500-g-PAA-0.4 and SD500-g-PAA-0.4 were swollen in cefuroxime solution (1 mg/mL), and then, they were
used to cover the infected wounds of rats. After 24 hours,
the bandage was removed from the infected wound, and the
surface material of the wound was scraped oﬀ. Inoculation of
scraping microorganisms on a nutrient medium shows the
complete absence of gram-negative bacteria (Figures 5(a)
and 5(b), left) and very few colonies of gram-positive colonies
(Figures 5(a) and 5(b), right) after 24 h of their growth.
According to obtained data, the studied cefuroxime-loaded
hydrogel samples demonstrate a higher eﬀectiveness against
bacteria compared to the miramistin-loaded hydrogels
(Figures 5(c) and 5(d)) and especially to classic gauze dressings (Figures 5(f) and 5(g)).
The cefuroxime-loaded D/SD-g-PAA hydrogels demonstrated their eﬃcacy against a mixture of pathogenic
bacteria, so they can be used topically as antimicrobial dressings. The in vivo experiments show that these antimicrobial

hydrogels substantially inhibit the growth of microorganisms
on an infected wound surface. The appearance of the rat
wounds after removing the bandage conﬁrms the promising
use of antibiotic-loaded hydrogels as biomaterials that provide good healing of superﬁcial wounds (Figure 6).

4. Conclusions
D/SD-g-PAA-based hydrogels are promising materials for
the development of antimicrobial dressings for the protection and treatment of superﬁcial wounds. As shown, the
structure of hydrogels can be controlled at the stage of synthesis. These hydrogels can be loaded with the desired
amount of antibiotics, ensuring that the drug is delivered
to the desired site without systemic overdose. The synthesized antimicrobial hydrogels can be prepared in the shape
and size required for the wound. It has been shown that
the release of the antibiotic is slower for antibiotic-loaded
D/SD-g-PAA hydrogels compared to PAA-based hydrogel
with the same number of cross-links, which is beneﬁcial
for wound healing. Testing of cefuroxime-loaded hydrogels
on infected rat wounds has shown rapid clearance and healing of the infected wounds.
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