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ure hydrogels implement on-
demand release of multiple therapeutic drugs for
infected wounds†
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Xiuwen Wu*a and Jianan Ren *a

Wound infections bring huge challenges to clinical practice. A series of approaches are involved in the

management of infected wounds including use of antibacterial agents, granulation tissue regeneration

and scar prevention. In this study, we fabricated a sandwich-structure hydrogel dressing through

layer-by-layer assembly of films and hydrogels. By pre-loading silver nanoparticles (AgNPs), vascular

endothelial growth factors (VEGF) and ginsenoside Rg3 (Rg3) into each layer of the sandwich

compound, this hydrogel could realize the sequential release of these drugs onto infected wound

beds as demanded. Moreover, altering the thickness of middle layer could further change the drug

delivery patterns characterized by delay at the initial releasing timepoint. When applying this dressing

on infected wounds of rabbit ears, we found it could alleviate infection-induced inflammation,

promote granulation tissue regeneration and inhibit scar formation. Collectively, the design of

sandwich-structure hydrogels was facilitated to deliver specific drugs sequentially during their

therapeutic time window for complicated diseases and has shown potential applications in infected

wounds.
1 Introduction

Hydrogels have outstanding advantages in delivering drugs
because of their controlled delivery manner. Therapeutic drugs
are loaded through simple mixture, linkage to one reactant or
even direct participation in the formation of hydrogels.1–3 Based
on these methods, the drugs achieve sustained release or smart
release regulated by outer stimuli such as pH, temperature,
light, enzyme, ATP and electric eld, etc.4–9 The resulting
different releasing patterns can adapt to the specic treatment
requirements for abnormal cells or diseases. However, in most
cases, rehabilitation can only be attained through multiple
stages, during which specic drugs can be applied to reverse
pathological process for each stage.

For this purpose, studies concerning the sequential release
of two or more drugs are being carried out. For example, the
hydrogel/microspheres system can deliver drugs at different
times.10,11 Such effects are also achieved using multilayer
nanoparticles or microparticles and compartmental
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tion (ESI) available. See DOI:

f Chemistry 2019
nanobers.12–15 These drug releasing systems share the similar
principle that drugs loaded in the inner layer are released more
slowly than those in the outer layer. In addition, the drugs
themselves can affect releasing dynamics due to the differences
of drug structure, hydrophilia and molecular weight,16–18 which
consequently lead to phased drug release. As a result, the drug
releasing models can be regulated to meet multiple clinical
demands.

Infected wounds are common but intractable healthcare
issues, featured by the impairment of skin integrity and inva-
sion of pathogens.19,20 Patients with infected wounds suffer
from pain, delayed discharge from hospital and nancial loss. A
satised treatment of infected wounds includes a series of
approaches such as sufficient antisepsis, wound repair and anti-
scar.21,22 Targeting above three stages, we constructed a sand-
wich-structure hydrogel dressing that carried functional drugs
in a lm–hydrogel–lm (FHF) architecture (Fig. 1). Silver
nanoparticles (AgNPs) were loaded in basement lm for anti-
sepsis;23 vascular endothelial growth factors (VEGF) were loaded
in middle hydrogel for wound healing,24 and ginsenoside Rg3
(Rg3) was loaded in top lm for anti-scar. When applied on the
infected wounds, the FHF structure enables these drugs to be
released from top to down. We assume that the time drugs take
to wound beds is different because of their spatial distributions,
which may enable phased drug release consistent with wound
healing process.
RSC Adv., 2019, 9, 42489–42497 | 42489
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Fig. 1 Schematic diagram of sandwich-structure hydrogels through layer-by-layer assembly of films and hydrogels to realize the sequential
release of AgNPs, VEGF and Rg3 onto wound beds for treatment. CC: carboxymethyl chitosan; AHA: aldehyde hyaluronic acid.
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2 Materials and methods
2.1. Materials

Xanthan gum (xan, viscosity of 1% aqueous solution at 20 �C:
1450–2000 mPa s, TCI Development Co. Ltd, Shanghai, China);
citric acid (Sigma-Aldrich, USA); hyaluronic acid sodium (HA,
Mw: 2� 105, HMC, China); chitosan (deacetylation degree: 85%,
Mw: 2 � 105, Shanghai Aiyan Biotech Co. Ltd, China); sodium
periodate (Sigma-Aldrich, USA); monochloroacetic acid (Sigma-
Aldrich, USA); ethylene glycol (Sigma-Aldrich, USA); commercial
AgNPs (size: �60 nm, Shanghai Jianglai Co. Ltd); recombinant
human vascular endothelial growth factor 121 (rhVEGF121,
PeproTech Co. Ltd, USA); ginsenoside Rg3 (Rg3, purity > 98%,
Nanjing Dilger Medical Technology Co. Ltd); all other reagents
were of analytical reagent grade.
2.2. Synthesis of drug-loaded lm–hydrogel–lm dressing

2.2.1 Drug-loaded xan-based lm. The generation of xan-
based lm was referred to the work by Bueno et al.25 based on
a crosslinking reaction (Fig. S1A†). Generally, 6 mg mL�1 of xan
aqueous solution was mixed with citric acid at the concentra-
tion of 0.3 mg mL�1. Then, the solution was poured onto
a Teon-coated plate and treated in a hot air oven at 50 �C until
a lm (thickness: �0.2 mm) was casted. This casted lm was
peeled from the plate and treated in the oven again at 165 �C for
7 min. Aer cooling at room temperature, the lm was stored in
a sealed plastic bag at 4 �C. Based on the above procedures, the
AgNP-loaded lm was obtained by additional ultrasonic
dispersion of AgNPs into xan aqueous solution at 40 mg mL�1,23

and Rg3-loaded lm was obtained by extra adding Rg3 meth-
anol solution into xan aqueous solution at 220 mg mL�1.

2.2.2 VEGF-loaded carboxymethyl chitosan (CC)/aldehyde
hyaluronic acid (AHA) hydrogel. The CC/AHA hydrogel was
synthesized based on Schiff base reaction (Fig. S2A†) in line
with our previous work.10 Generally, 5 g chitosan was suspended
into 50 mL isopropyl alcohol. 25 mL of 10 mmol mL�1 NaOH
solution was added dropwise and the resulting mixture was
42490 | RSC Adv., 2019, 9, 42489–42497
stirred for 30 min. Then, 50 mL of 60 wt% monochloroacetic
acid solution was added and the entire mixed solution was
heated with stirring at 60 �C for 3 h. Aer ltration and washing,
the solid product (CC) was collected. AHA was obtained by
oxidation of hyaluronic acid.26 Briey, 5 mL of 0.5 mmol mL�1

sodium periodate was added dropwise to 100 mL of 1 wt%
hyaluronic acid aqueous solution, followed by stirring for 2 h at
room temperature shielded from light. Then, the unreacted
sodium periodate was neutralized by adding 1 mL ethylene
glycol for 1 h. Aer dialysis and freeze drying, AHA was
collected. The CC/AHA hydrogel was generated by equivolu-
metric mixture of CC and AHA at 24 mg mL�1 and 60 mg mL�1,
respectively. By premixing VEGF in CC solution at 0.5 mg mL�1,
the drug-loaded hydrogel was achieved.

2.2.3 Fabrication of drug-loaded sandwich-structure hydro-
gel dressing. The drug-loaded lm was tailored in the same round
shape with the cross section of syringe. We put AgNP-loaded lm
at the bottom, then injected VEGF-loaded hydrogel in the middle,
and nally put Rg3-loaded lm on the top. Aer complete gela-
tion of CC and AHA (required time: �60 s), the entire sandwich-
structure hydrogel was extruded (Fig. S3†).

2.3. Characterization of sandwich-structure hydrogel
dressing

2.3.1 FTIR spectrometry of xan-based lm and CC/AHA
hydrogel. The powders of xan, citric acid, xan-based lm, chi-
tosan, CC, hyaluronic acid, AHA and CC/AHA hydrogel were
ground to a dry KBr disk and scanned at a resolution of 4 cm�1

in the wave number range of 4000–500 cm�1 using a Nicolet-
6700 spectrometer (Thermo®, USA).

2.3.2 Swelling ratio of xan-based lm and CC/AHA hydro-
gel. The hydrogel swelling ratio was determined by the
following formula:27

Swelling ratio ¼ (Mswollen gel � Mdried gel)/Mdried gel � 100%;

Mdried gel standed for the mass of dried hydrogel, andMswollen gel

standed for the mass of swollen hydrogel at equilibrium.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Micromorphology of sand-structure hydrogels. (A) SEM image of FHF-1.6. (B) SEM image of FHF-2.5. (C) SEM image of FHF-3.8. (D)
Thickness of sandwich-structure hydrogels before and after lyophilization. FHF-x: film–hydrogel–film assembled sandwich-structure dressing
where its middle layer is x mm.
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2.3.3 Morphology of sandwich-structure hydrogel dressing.
The micromorphology of xan-based lm and CC/AHA hydrogel
was recorded by scanning electron microscopy (SEM). Briey,
the cross section of lm and hydrogel was sprayed with gold and
then observed under a scanning electron microscope (S-4800,
Hitachi®, Japan).
2.4. Drug releasing assay

2.4.1 Test container. A modied syringe was used to carry
the sandwich-structure hydrogel. This design enabled only
AgNP-loaded lm could contact with dispersion solution and
almost imitated the real situation that only one surface of
dressing could contact with wound bed.

2.4.2 Sample collection. Aer the sandwich-structure
hydrogel was prepared in a modied syringe, we added 10 mL
phosphate buffer solution (PBS, pH ¼ 7.4) containing 0.5 wt%
sodium dodecyl sulfate.28 At each pre-dened interval time,
1 mL supernatant was retrieved and replaced with fresh
dispersion solution.

2.4.3 Drug detection. AgNPs, VEGF and Rg3 in the collected
supernatant were tested individually. The concentration of
AgNPs was measured by an UV-visible spectrophotometry
(METASH®, China) at the absorption peak of 400 nm. VEGF
concentration was calculated using a VEGF ELISA assay kit
(CUSABIO®, China). The amount of released Rg3 was deter-
mined by a high-performance liquid chromatography (HPLC,
This journal is © The Royal Society of Chemistry 2019
Thermo®, USA). The cumulative release was gured out from
the ratio of above supplements in the supernatant to the total
amount added in the sandwich-structure hydrogel.
2.5. Antibacterial assay in vitro

We prepared bacterial suspension of S. aureus and E. coli at the
turbidity of 0.5 based on McFarland standards. Next, the
bacterial suspensions were inoculated onto a mannitol salt agar
plate (Bizheng Biotech Co. Ltd, China) followed by seeding
drug-free hydrogel and drug loaded hydrogel on the plate
surface. 24 h later, the bacteriostasis ring was recorded by
a smart phone. Moreover, we incubated 10 mL 1 : 50 diluted
bacterial suspension with drug-free hydrogel and drug-loaded
hydrogel for 12 h at 37 �C. Then, the resulting bacterial
suspensions were inoculated onto mannitol salt agar plates for
24 h, and images of bacterial colony formation were also
recorded by a smart phone.
2.6. Cytocompatibility assay

The sandwich-structure hydrogels were placed in a 24-well plate
and sterilized under ultraviolet light for 1 h. 1 mL of 1� 104/mL
broblasts were seeded on the surface of hydrogels. Live/dead
staining was performed at 1 d and 3 d by adding 2 mM cal-
cein AM and 4 mM ethidium homodimer to each well. Aer PBS
washing, the images were recorded using a uorescence
RSC Adv., 2019, 9, 42489–42497 | 42491
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Fig. 3 In vitro drug releasing patterns detected by the one surface-contacted immersionmethod. (A) Simple AgNP-loaded film. (B) Simple VEGF-
loaded hydrogel. (C) Simple Rg3-loaded film. (D) Drug-loaded FHF-1.6. (E) Drug-loaded FHF-2.5. (F) Drug-loaded FHF-3.8.
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microscope. Cell viability was calculated according to the
following formula:

Cell viability ¼ Ngreen/(Ngreen + Nred) � 100%;

Ngreen represented the number of living cells (labeled in green)
and Nred represented the number of dead cells (labeled in red).
Three visual elds were randomly chosen to count cells. More-
over, we investigated the effect of leachate extracted from drug-
loaded hydrogels on cell proliferation. 0.1 mL of 2 � 104/mL
human umbilical vein endothelial cells (HUVECs) was added in
wells (in triplicate) with 0.1 mL EMEM medium or 0.1 mL
leachate. Aer incubation for 1 d, 2 d and 3 d, we added 20 mL of
5 mg mL�1 MTT reagent to each well. The resulting formazan
salt was dissolved with 200 mL DMSO and then measured using
a microplate spectrophotometer at 570 nm. The relative cell
proliferation was calculated from the ratio of absorbance in
leachate to that of EMEM medium.29
42492 | RSC Adv., 2019, 9, 42489–42497
2.7. Acute infected wound models on rabbit ears

2.7.1 Animal preparation. Nine male New Zealand rabbits
weighed around 2.5 kg were provided from Jinling Hospital. The
rabbits were maintained at 25 �C under natural light–dark
cycles and allowed free access to food and water. Propofol was
used to carry out anesthesia through intravenous injection via
ear vein. All the animal care and experimental protocols were
performed in strict accordance with the chinese guideline for
the care and use of laboratory animals (Ministry of Science and
Technology [2006] le no. 398) and approved by Animal Inves-
tigation Ethics Committee of Jinling Hospital.

2.7.2 Experimental process. Aer anesthesia of rabbits, we
removed two circular skins (�1 cm in diameter) for each ear.
The four wounds of each rabbit were then treated by S. aureus +
gauze, S. aureus + brin glue, brin glue, and S. aureus + drug-
loaded sandwich-structure hydrogel, respectively. The wound
healing process was recorded at 4 d, 9 d and 14 d. At each time
point, three rabbits were sacriced and their ear granulation
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 In vitro antibacterial and biocompatible studies. (A) Inhibition zone of S. aureus generated by drug-loaded sandwich-structure hydrogels.
Red arrows: inhibition zone. (B–D) Comparison of S. aureus colony formation by fibrin glue and drug-loaded sandwich-structure hydrogels,
analyzed by Student's test. (E) Inhibition zone of E. coli generated by drug-loaded sandwich-structure hydrogels. Red arrows: inhibition zone. (F–
H) Comparison of E. coli colony formation by fibrin glue and drug-loaded sandwich-structure hydrogels, analyzed by Student's test. (I–K) Live/
dead staining of fibroblasts cultured on drug-loaded sandwich-structure hydrogels, analyzed by Student's test. (L) Cell proliferation of HUVECs
cultured in leachate of drug-loaded sandwich-structure hydrogels compared to that in EMEMmedium, analyzed by one-way ANOVA. *, p < 0.05;
**, p < 0.01; ***, p < 0.001.
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tissues were collected. The granulation thickness was evaluated
by HE staining, and the inammatory state was analyzed using
mRNA transcription of inammatory cytokines by qPCR (Table.
S1†). CD31 and a-SMA uorescent staining was used to identify
vascularization. Furthermore, we evaluated the collagen depo-
sition and ber formation by Masson trichrome staining and
western blot.
3 Results and discussion
3.1. Synthesis and characterization of sandwich-structure
hydrogel

First, we applied the FTIR spectrometry to examine xan-based
lm. As shown in Fig. S1B,† xan had characteristic absorption
bands at 1587 cm�1 and 1380 cm�1 due to the asymmetric and
symmetric stretching vibrations of the COO� groups. Aer
heating the mixture of xan and citric acid, these two stretching
vibrations were diminished, indicating the occurrence of
crosslinking reaction between carboxy group of xan and hydroxy
group of citric acid. Moreover, we analyzed the infrared spec-
trum of CC/AHA hydrogel (Fig. S2B†). Carboxylation of chitosan
was veried because the stretching vibrations of the COO�
This journal is © The Royal Society of Chemistry 2019
groups (1590 cm�1 and 1400 cm�1) were increased, and we also
conrmed aldehyde functionality of hyaluronic acid because
the stretching vibrations at 1605 cm�1 and 1390 cm�1 were
enlarged. The amino groups of CC and the aldehyde groups of
AHA could crosslink with each other via a Schiff base reaction.
The infrared spectrum of CC/AHA hydrogel was similar to that
reported previously.30,31

Next, we fabricated a sandwich-structure hydrogel layer by
layer through using xan-based lm and CC/AHA hydrogel
(Fig. S3†). The thickness of middle layer was tunable by altering
the amount of CC/AHA hydrogel. In this study, we dened the
middle layer as 1.6 mm, 2.5 mm and 3.8 mm in thickness. The
SEM clearly revealed a lm–hydrogel–lm architecture and
displayed the porous structure within each hydrogel (Fig. 2A–C).
The surface between lm and hydrogel was tightly contacted
because of intermolecular hydrogen bond interactions. Notably,
the entire thickness of sandwich-structure hydrogels was
reduced when they were lyophilized (Fig. 2D), which indicated
the dynamic restructuring of polymer networks during the loss
of internal liquids.
RSC Adv., 2019, 9, 42489–42497 | 42493
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Fig. 5 Treatment effects of drug-loaded sandwich-structure hydrogels on infected wounds of rabbit ears. (A) Schematic diagram of recovery
stages for infected wounds. (B) Images of infected wound healing treated by different interventions. (C) Comparison of wound area after using
different interventions, analyzed by two-way ANOVA. (D) Comparison of granulation tissue regeneration in different groups by HE staining. (E)
Thickness analysis of granulation tissues in different groups, analyzed by one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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3.2. Drug releasing patterns of sandwich-structure hydrogel

In the traditional drug releasing assay, hydrogels are immersed in
PBS and drugs can be released from the hydrogels in all direc-
tions.32 However, for wound infection models, wound bed is the
therapeutic site where the diffused drugs can take effects.
Therefore, in this study, we conducted the drug releasing assay
using a specic test container. This container enabled that only
one surface was in contact with PBS. By this method, we rstly
42494 | RSC Adv., 2019, 9, 42489–42497
detected the drug release in each separate layer. As shown in
Fig. 3A–C, both lm and hydrogel could release internal drugs in
a controlled manner, and the releasing duration of VEGF was
longer than that of AgNPs and Rg3. The possible reason could be
that there was smaller specic surface area of hydrogels than that
of lms and larger molecular weight of VEGF than that of the
other two drugs.18 When fabricating the compounds layer-by-
layer, we could observe that there was a delay of initial release
for VEGF and Rg3 due to the barrier effects (Fig. 3D). More
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Analysis of inflammation, vessel formation and collagen fiber deposition of granulation tissues at different stages. (A) Relative mRNA
expression of proinflammatory cytokines in granulation tissues treated by different interventions at day 4, analyzed by one-way ANOVA. (B)
Immunofluorescent staining of vessels in granulation tissues after using different treatments at day 9. CD31: red staining; a-SMA: green staining;
(C) Masson trichrome staining of collagen fibers in granulation tissues of different groups at day 14. Black arrows: inordinate fibers; red arrows:
well-organized fibers. (D) Semiquantitative analysis of collagen fibers by western blot in granulation tissues of different groups at day 14. *, p <
0.05; **, p < 0.01; ***, p < 0.001.
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interestingly, the initial releasing time was further postponed if
the thickness of hydrogel was increased (Fig. 3E and F). The above
results indicated that the sandwich-structure hydrogels could
realize the adjustable sequential release of drugs as demanded,
therefore having great potentials as wound dressings.
3.3. Antibacterial property of sandwich-structure hydrogel

Next, we evaluated the antibacterial ability of the sandwich-
structure hydrogel. Aer loading with drugs, this hydrogel could
exhibited antiseptic effects to S. aureus and E. coli conrmed by
the appearance of bacteriostasis ring (Fig. 4A and E) and the
reduction of bacterial colony formation (Fig. 4B–D and F–H). This
was attributed to the presence of AgNPs, which could kill bacteria
by collapsing bacterial membrane and prohibiting DNA
unwinding.33 To our knowledge, persistent wound infection is the
main reason leading to wound chronicity characterized by the
formation of bacterial biolm. Macrophages and other immune
cells can not physically reach bacteria to engulf them since they
are trapped within the biolm architecture, consequently causing
cell death and inammation enlargement.34 To remove this core
This journal is © The Royal Society of Chemistry 2019
factor, in this study, we loaded AgNPs in the bottom layer to
achieve the antibacterial purpose at the very early stage. There-
fore, this design was reasonable from clinical aspects.
3.4. Biocompatibility of sandwich-structure hydrogel

We further evaluated biosafety of the hydrogel dressing as it is
always an important consideration for translational medicine.
In this study, it was found that broblasts demonstrated high
rates of cell viability aer cultured on hydrogel surface (Fig. 4I–
K). Moreover, the HUVECs had a higher proliferation rate when
cultured in leachate of drug-loaded hydrogels than that of drug-
free hydrogels. It suggested that VEGF maintained its biological
activities and the potential cytotoxity risk of released AgNPs
could be neglected.35
3.5. Promotion of wound healing by sandwich-structure
hydrogel

As shown in Fig. 5A, the stages for recovery of infected wound
included antibacteria, vessel and ber regeneration, and ber
RSC Adv., 2019, 9, 42489–42497 | 42495
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reconstruction. In our experiments, we found that the
sandwich-structure hydrogel could promote the infected wound
healing of rabbit ears compared with other infected groups
(Fig. 5B and C). At day 9 postoperatively, the granulation tissues
were harvested and their average thickness was higher in the
sandwich-structure hydrogel group than that in other groups
(Fig. 5D and E). This was possibly due to the potent angiogen-
esis competence of VEGF. To further conrm it, we stained the
vessels in granulation tissues using CD31 and a-SMA, which
were biomarkers of vascular endothelial cells and capillary
formation, respectively. The results indicated that the applica-
tion of sandwich-structure hydrogels could promote vessel
formation (Fig. 6B and S4A†). Moreover, the inammatory state
of granulation tissues at day 4 was detected using qPCR. It was
found that the transcription levels of proinammatory factors
were reduced in the sandwich-structure hydrogel group
compared with those of other infected groups (Fig. 6A).
However, in contrast to the non-infected brin glue group, the
proinammatory levels of sandwich-structure hydrogel group
were relatively higher possibly due to that the bacterial debris
could generate inammation through pathogen-associated
molecular patterns.36,37 At last, we evaluated the ber deposi-
tion of granulation tissues. Excessive ber deposition is a risk
factor of hypertrophic scar formation. From the Masson tri-
chrome staining (Fig. 6C), it was found that abundant and
inordinate bers were deposited in the infected gauze group
and brin glue group at day 14, while bers in the non-infected
brin glue group and infected sandwich-structure hydrogel
group were relatively sparse and organized. The results of
western blot also indicated that the quantity of bers in the
sandwich-structure hydrogel group was smaller (Fig. 6D, S4B
and S4C†). Together, this animal study demonstrated that drug-
loaded sandwich-structure hydrogels could alleviate the
pathogen-induced inammation, promote the neovascular
formation and reduce the ber deposition for each stage of
wound healing.

4 Conclusion

In this study, we produced a sandwich-structure hydrogel
dressing through layer-by-layer fabrication of lm, hydrogel and
lm. By pre-loading specic drugs into each layer, this dressing
could realize the sequential release of drugs onto wound beds
on demands of antibacteria, vessel regeneration and ber
inhibition. This design showed the great potentials of hydrogel
assemblies at the macro level in drug delivery, and they might
have wide applications in the treatment of complicated diseases
including infected wounds.
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