Research Article
www.acsami.org

Antibacterial and Anti-Inﬂammatory pH-Responsive Tannic AcidCarboxylated Agarose Composite Hydrogels for Wound Healing
Neethu Ninan,†,‡ Aurelien Forget,† V. Prasad Shastri,§,∥ Nicolas H. Voelcker,*,† and Anton Blencowe*,‡
†

Future Industries InstituteARC Centre of Excellence in Convergent BioNano Science and Technology, University of South Australia,
Mawson Lakes, South Australia 5095, Australia
‡
School of Pharmacy and Medical Sciences, University of South Australia, Adelaide, South Australia 5000, Australia
§
Institute for Macromolecular Chemistry, University of Freiburg, Freiburg 79106, Germany
∥
BIOSSCentre for Biological Signalling Studies, University of Freiburg, Freiburg 79104, Germany
S Supporting Information
*

ABSTRACT: pH-sensitive hydrogels play an important role in controlled drug
release applications and have the potential to impact the management of wounds.
In this study, we report the fabrication of novel carboxylated agarose/tannic acid
hydrogel scaﬀolds cross-linked with zinc ions for the pH-controlled release of
tannic acid. The resulting hydrogels exhibited negligible release of tannic acid at
neutral and alkaline pH and sustained release at acidic pH, where they also
displayed maximum swelling. The hydrogels also displayed favorable antibacterial
and anti-inﬂammatory properties, and a lack of cytotoxicity toward 3T3 ﬁbroblast
cell lines. In simulated wound assays, signiﬁcantly greater cell migration and
proliferation was observed for cells exposed to tannic acid hydrogel extracts. In
addition, the tannic acid hydrogels were able to suppress NO production in
stimulated human macrophages in a concentration-dependent manner, indicating
eﬀective anti-inﬂammatory activity. Taken together, the cytocompatibility,
antibacterial, and anti-inﬂammatory characteristics of these novel pH-sensitive
hydrogels make them promising candidates for wound dressings.
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people.8 The eﬀective treatment of ulcers before they reach a
chronic stage would greatly reduce suﬀering to patients and
economic burdens on healthcare systems.
Heavily exudating wounds require regular changes of
dressings to limit bacterial colonization and induce wound
healing. Nonadhesive wound dressings are simple and
inexpensive to change, whereas foam dressings are highly
absorbent.9 Using hydrogels, the balance between adsorption of
exudate and release of moisture can be tuned, with superabsorbent gels being at the extreme.10 Among the diﬀerent
hydrogels, responsive hydrogels have received signiﬁcant
attention due to their potential to respond to external triggers
such as pH, and release their payload in a more controlled
manner.11 Generally, hydrogels having ionizable groups have a
tendency to display pH-responsive swelling and release
characteristics. Hydrogels with anionic functionalities, such as
carboxylic groups, exhibit minimum ionization and reduced
hydration at low pH. When the pH of the medium is increased
above the pKa of the anionic groups they become highly
ionised, leading to charge repulsion and hydration, and

INTRODUCTION
Antibacterial wound dressings have become increasingly
popular in recent years, with most commercial suppliers now
oﬀering silver coated or nanoparticle impregnated dressings.1,2
While the broad spectrum antibacterial eﬃcacy of such
dressings has been demonstrated, several studies have also
reported on the cytotoxicity of silver to mammalian cells and a
negative impact on the wound healing process.3,4 Furthermore,
silver wound dressings are expensive, and there are ongoing
concerns over absorption and nanotoxicity of nanoparticles. As
a result, there has been signiﬁcant eﬀort directed toward the
identiﬁcation of alternative antibacterial agents. In this study,
we employ tannic acid (TA) as a cheap and naturally occurring
antibacterial agent, and demonstrate its pH-controlled release
from hydrogel dressings.
Wound ﬂuid pH plays a vital role in the wound healing
cascade.5,6 Although the pH of intact skin is 5.5, the pH of the
wound environment can vary signiﬁcantly depending on the
type of wound, the stage of the healing process, or other factors,
such as infection. The pH of stage I pressure ulcers is around
5.5−5.6, which would allow for their treatment with wound
dressings that release therapeutics at acidic pH.7 Wounds
arising from pressure ulcers, diabetic foot ulcers, and venous
ulcers are a serious global health issue that aﬀects millions of
© 2016 American Chemical Society
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resulting in hydrogel swelling.12 Banerjee et al. fabricated
poly(N-isopropylacrylamide-co-acrylic acid) hydrogels that can
be used for the sustained release of growth factors (pH range
∼6.7−7.9) in murine wound models to evoke a better healing
response.13 Agarose is a natural polysaccharide extracted from
red algae with repeating units of 1,3-linked-D-galactose and 1,4linked 3,6-anhydro-1-galactose residues.
Agarose solutions form thermoreversible gels on cooling
below 40 °C as a result of physical cross-linking.14 This
behavior, combined with unique mechanical properties and
good biocompatibility have seen agarose employed widely for
cosmetics and biomedical applications, including cell therapies,15 drug delivery,16 tissue engineering,17 and molecular
biology.18 In general, native agarose hydrogels are not ideal for
cell adhesion and growth due to their high hydrophilicity and
antiadhesive characteristics, leading to poor adsorption of celladhesive proteins. However, this characteristic is favorable in
hydrogel dressings, as it limits tissue ingrowth into the matrix,
which would cause damage to the healing wound when
removed. In this study a carboxylated agarose (CA) derivative
was selected to confer pH-responsive properties to the hydrogel
dressing.19,20
Tannic acid (TA) is a weakly acidic polyphenolic compound
that contains digallic acid groups conjugated to a central
glucose core via ester linkages.21 TA derivatives are present in
plants and micro-organisms, and have the ability to precipitate
proteins (collagen, gelatin, albumin), some polysaccharides and
alkaloids from solution.22 As a result, they have been used as
precipitating agents, biological antioxidants, and metal ion
chelators.12 TA can aﬀect the biological availability or activity of
metal ions through chelation, although suitable patterns of
substitution and a pH above the pKa of the phenolic groups is
generally required.23
TA is also considered as an antioxidant,24 antimicrobial,
antiviral25 and anti-inﬂammatory agent, and was used as a
therapy of choice for the clinical treatment of burns in the mid1920s.26 This treatment was abandoned in the 1940s due to
concerns over hepatotoxic eﬀects, however, recent re-evaluation
of early studies suggests native pathophysiological phenomena
were responsible, rather than TA intoxication.27 As a result,
there has been a renewed interest in the use of TA as an
adjuvant therapy for burn wounds and other therapeutic
applications, including as an antimicrobial agent. Given the
recent re-evaluation of TA toxicity, and results demonstrating
biocompatibility, the topical application of TA may be subject
to less stringent regulatory conditions in the future. Payne et al.
veriﬁed that TA inhibits the surface colonization of Staphylococos aureus via a mechanism dependent upon the putative
staphylococcal antigen A, namely transglycosylase IsaA.28 Luo
et al. showed that TA/graphene containing freeze-dried foams
have excellent antibacterial properties.29 In addition, biocompatible and biodegradable TA hydrogels with antibacterial and
antioxidant properties have recently been reported.30 Xu et al.,
synthesized TA/chitosan/pullulan composite nanoﬁbers for
wound healing applications, although these materials were not
pH responsive.31 Natarajan et al., fabricated TA cross-linked
collagen scaﬀolds for wound healing whereby TA is used as a
cross-linking agent and not as a therapeutic moiety.32 However,
the development of pH-sensitive hydrogels for the controlled
release of TA are yet to be reported.
Many metal salts have important roles in the repair and
regeneration of tissue. In particular, zinc salts (Zn2+) are a vital
micronutrient that forms a component of enzymes required to

maintain structural integrity of proteins and regulate gene
expression.33 Zinc salts are found in cell culture medium and
are necessary for protein synthesis, cell proliferation, and T-cell
development, as well as acting as antioxidants.34 Zinc salts also
control protein kinase C activity and are needed for the
integrity of the immune system. In wound healing, zinc salts
promote collagen synthesis, cellular growth, and replication,
reduce free radical activity, and inhibit bacterial growth.35
In this study, we combine the advantageous properties of TA,
zinc salts, and carboxylated agarose to generate novel pHresponsive hydrogels for wound healing. We hypothesized that
the inclusion of pH-responsive characteristics would allow for a
more controlled and sustained release of TA. The morphological, mechanical, antibacterial, anti-inﬂammatory, and wound
healing properties of the TA-based pH-responsive hydrogels
were evaluated in vitro.

■

EXPERIMENTAL SECTION

Materials. Zinc(II) chloride (ZnCl2; ≥ 98%) was purchased from
Merck and used as received. Hydrochloric acid (37%), tannic acid
(TA), sodium bicarbonate (NaHCO3) buﬀer tablets, gentamicin,
phosphate buﬀered saline (PBS) tablets, Dulbecco’s Modiﬁed Eagle’s
Medium (DMEM), fetal bovine serum (FBS), Griess reagent, Luria
broth, Luria agar, Rosewell Park Memorial Institute (RPMI)-1640
medium, sodium nitrite, and MTT reagents were purchased from
Sigma-Aldrich and used as-received. Penicillin and streptomycin were
purchased from Invitrogen. Ethanol (100%) was received from Altia
Plc (Finland). Escherichia coli (E. coli, ATCC3 25922) was obtained
from American Type Culture Collection (Manassas, U.S.A.). NIH 3T3
ﬁbroblast cells (ATCC CRL-1658) and human promonocytic
leukemic cells (U-937, ATCC CRL-3253) were acquired from the
American Type Culture Collection (Manassas, U.S.A.). For cell culture
studies, ultrapuriﬁed water supplied by a Milli-Q system (Millipore
Co., U.S.A.) was autoclaved and then used. Carboxylated agarose
(CA) was prepared as previously described in the literature.19
Preparation of Hydrogels. CA60 (2% w/v) was dissolved in
distilled water (15 mL) at 70 °C and 10 mL of TA was added to
provide a ﬁnal TA concentration of 0.5% w/v. To this solution was
added a 0.1 M ZnCl2 (1 mL). 0.05 M NaHCO3 solution was then
added, and the mixture was stirred for 10 min before being cooled at 4
°C to obtain the CA60/TA/Zn (CTZ) composite hydrogels. A series
of hydrogels (CTZ1−4) were prepared by raising the pH of the
mixture with diﬀerent amounts of 0.05 M NaHCO3 solution (1, 2, 3,
and 4 mL, respectively). A control CA60/TA hydrogel (CT) was
prepared without the addition of zinc chloride or NaHCO3 solutions.
The hydrogels were lyophilized in a freeze-dryer (FDI freeze-dryer,
Dynavac Co., U.S.A.) for 24 h to aﬀord dehydrated scaﬀolds for
further testing. This method of hydrogel manufacture ensures that the
encapsulation eﬃciency is 100%.
CA60 was chosen for this study as it displays excellent
cytocompatibility, desirable cell adhesion characteristics and it forms
hydrogels without the need for any additional additives, allowing the
eﬀect of zinc ion cross-linking on the pH release of TA to be studied.
Two % w/v CA60 was selected for this study as it provided hydrogels
with desirable mechanical properties, whereas low TA and zinc
chloride concentrations were chosen to minimize potential side eﬀects.
Although other ions could be incorporated into the hydrogels,
including Ca2+ and Mg2+ ions, Zn2+ ions were chosen for this study as
they provided the best control over the release of TA.
Physico-chemical Characterization. The surface morphology of
the dehydrated scaﬀolds was evaluated by excising thin sections,
followed by their examination via scanning electron microscopy (SEM,
Quanta 450 FEG instrument; Hillsboro, U.S.A.), using a 30 kV beam
of secondary electrons under high vacuum (6 × 10−4 Pa). The
interactions between the CA60, TA and Zn2+ were evaluated via
attenuated total reﬂectance Fourier transform infrared (ATR-FTIR)
spectroscopy (Thermo-Nicolet Nexus 870), by scanning along a
frequency range of 400 to 4000 cm−1. The mechanical properties of
28512
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the hydrated hydrogels were analyzed using a universal testing
instrument (EZ test, Shimadzu). Compression testing was conducted
on cylindrical specimens (18 mm diameter, 4 mm height) placed
between metal plates and measurements were recorded using a 50 N
load cell. The compressive modulus was evaluated from the slope of
the linear region of the stress−strain curve. Five repeats of each
hydrogel composition were tested and their averages reported
including the standard deviation (SD).
Swelling Studies. Swelling studies of CT and CTZ2 were
performed using 10 mM sodium phosphate solution. The pH of the
solution was adjusted using 0.1 M HCl or 0.1 M NaOH to achieve pH
values of 1, 3, 5.5, 7.4, and 10. The hydrogel precursor mixture (100
μL) was placed in a vial, allowed to set, and then immersed in solution
(50 mL). Percentage water uptake was measured as a function of pH
at 24, 48, and 72 h. The percentage of swelling was determined from
the following equation and was expressed as mean ± SD (n = 3): %
swelling = [(W2 − W1)/W1] × 100%, where, W1 and W2 are the initial
and ﬁnal weights, respectively.
In Vitro Release Studies. The release of TA from the hydrogels
was measured spectrophotometrically using an Agilent 8453 UV
spectrophotometer. The hydrogel precursor mixture (100 μL) was
added to the bottom of a UV cuvette and allowed to set at room
temperature before the addition of medium (4 mL) at pH 1, 3, 5.5, or
7.4. The cuvette was placed in a multicell cuvette transport set at 37
°C. Time-based measurements of TA release were conducted over 15
h. The TA released into the medium was determined by measuring its
absorbance at 280 nm and comparing to standard curves. The release
curve was plotted as percentage of drug released versus time. All
experiments were conducted in triplicate. The TA release kinetics were
scrutinized using mathematical models, including zero order, ﬁrst
order, Higuchi, and Hixon-Crowell models.
MTT Assay. The in vitro cytotoxicity of the hydrogels was assessed
via a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
(MTT) assay using 3T3 ﬁbroblast cell lines. Hydrogel precursor
mixture (100 μL) was transferred to a well plate, allowed to set,
washed with 1X PBS, and incubated with 1 mL of DMEM
(supplemented with 10% fetal bovine serum (FBS), 1% Glutamax
(10X), and 1% penicillin/streptomcycin for 24 h in a humidiﬁed 5%
CO2 incubator. The conditioned medium was then removed and the
cytotoxicity of the leachables was tested. 3T3 ﬁbroblasts were grown in
DMEM with 10% fetal bovine serum, 1% glutamax, 1% penicillin/
streptomcycin, and kept in a humidiﬁed CO2 incubator. For MTT
assay, 1 × 104 cells in 100 μL were seeded in each well of 96 well
plates and incubated for 24 h. On the following day, the medium was
replaced with 100 μL of the hydrogel conditioned medium, and the
cells were incubated for 24 h in a humidiﬁed 5% CO2 incubator. Ten
μL of MTT solution (5 mg/mL in PBS) was added to each well (in
the dark) and the cells were incubated for 4 h. Solubilization buﬀer
(100 μL) was added to each well, and the plates were gently agitated
for 2 h. The absorbance of each well was measured at 570 nm using a
Biotek Synergy 2 Multimode microplate reader and subtracted from
the background at 670 nm. Cells treated with Triton X were used as a
positive control and cells alone (untreated) were used as a negative
control. All assays were conducted in triplicate. Data were plotted as
mean ± SD and cell viability was determined using the following
equation: cell viability (%) = [(A − Apos)/(Aneg − Apos)] × 100%,
where A, Apos, and Aneg are the absorbances of sample, positive, and
negative control, respectively.
Trypan Blue Exclusion Assay. Hydrogels CT and CTZ2
precursor mixture (100 μL) was transferred to a well plate, allowed
to set, washed with 1X PBS, and incubated with DMEM (1 mL) for 24
h in a humidiﬁed 5% CO2 incubator. 3T3 cells were cultured to ∼90%
conﬂuence in 6 well plates and then exposed to the hydrogel
conditioned medium (100 μL). After 24 h incubation, the cells were
trypsinised and then resuspended in 1X PBS. Trypan blue (0.4%, w/v)
solution was prepared in buﬀered isotonic salt solution (pH ≈ 7.4),
and 10 μL was mixed with 10 μL of cell suspension, loaded into a
hemacytometer, and examined immediately under a microscope at low
magniﬁcation. The blue stained cells and the number of total cells
were counted. Cells treated with Triton X were used as a positive

control and cells alone (untreated) were used as a negative control. All
samples were conducted in triplicate. Data were plotted as mean ± SD
and cell viability was determined using the following equation: cell
viability (%) = [1.00 − (number of blue cells/number of total cells)] ×
100%.
Live/Dead Cell Staining. Live and dead 3T3 cells after treatment
with hydrogel conditioned medium (CT and CTZ2) were qualitatively
distinguished by sequential staining with ﬂuorescein diacetate (FDA)
and propidium iodide (PI). Five ×104 cells were seeded onto each well
of 24 well plates, followed by 24 h incubation in hydrogel conditioned
medium (1 mL) at 37 °C in a 5% CO2 incubator. After incubation, the
medium was removed and cells were washed with 1X PBS. They were
then incubated in staining solution (5 mg/mL of FDA and 2 mg/mL
of PI in DMEM) for 5 min and washed with 1X PBS. The cells were
visualized under a Nikon Eclipse ﬂuorescent microscope.
Cell Migration Assay. 3T3 cells were cultured to ∼80%
conﬂuence in 6 well plates, washed with PBS and starved for 24 h
with DMEM containing 0.1% FBS, which inhibits the cell’s ability to
proliferate and ensures that wound closure results solely from cell
migration.36 Subsequently, a mock wound (scratch) was induced
across the cell sheet using a 200 μL pipet tip on the bottom of each
well and rinsed with medium to remove cell debris. Separately,
hydrogel precursor mixture (100 μL) was placed in a well plate,
allowed to set, washed with 1X PBS, and incubated in DMEM with
10% FBS (2 mL) for 24 h in a humidiﬁed 5% CO2 incubator. The
hydrogel conditioned medium (2 mL) was then added to the wells
containing the scratched cell sheets. Scratched cell sheets treated with
DMEM with 10% FBS (2 mL) served as a control. Phase contrast
images of the treated and untreated cells were taken after 0, 24, and 48
h and visually compared to monitor the diﬀerences in cell migration
propensity.
Antibacterial Studies. The antibacterial activity of hydrogel
CTZ2 was assessed against E. coli using an agar disc diﬀusion test. The
prerequisite amount of log-phase bacterial stock was uniformly spread
on Luria−Bertani agar plates and incubated until a bacterial bioﬁlm
had formed. Hydrogel CTZ2 discs (4 mm diameter) were placed on
top of the bioﬁlm and zones of inhibition were measured after 24 h.
The diameters of the zones of inhibition were measured using a pair of
Vernier callipers. Sterile paper discs (4 mm diameter) loaded with 5
mM gentamicin (10 μL) and 1X PBS (10 μL) served as positive and
negative controls, respectively. All experiments were performed in
triplicate, and the antibacterial activity was determined as the average
of diameters (mm) of inhibition zones developed around the discs.
Anti-inﬂammatory Activity. The anti-inﬂammatory activity of
hydrogel CTZ2 was assessed by measuring nitric oxide (NO) released
as nitrite via a Griess assay. Hydrogels precursor mixture (100 μL) was
transferred to a well plate, allowed to set, washed with 1X PBS, and
incubated with DMEM with 10% FBS (1 mL) for 24 h in a humidiﬁed
5% CO2 incubator. Separately, U-937 cells were seeded at a density of
5 × 104 cells/well and were allowed to reach conﬂuency over 24 h. 100
ng/mL of lipopolysaccharide (LPS) was added to each well to
stimulate NO production. After 5 h, hydrogel conditioned medium
(100 μL) was added to each well and incubated for 24 h. Cells treated
with LPS alone acted as positive controls and cells without any
treatment (no LPS or conditioned medium) acted as negative controls.
After incubation for 24 h, the U-937 cells were centrifuged, and the
supernatants (100 μL) were transferred to a 96 well plate along with
100 μL of Griess reagent (10 g in 250 mL nitrite free water). After 15
min, the amount of NO was quantiﬁed using a Biotek Synergy 2
Multimode microplate reader by measuring optical density at 540 nm.
The morphology of the normal and exposed U-937 cells was also
monitored by taking phase contrast images using an inverted
microscope system (Nikon Eclipse).

■

RESULTS AND DISCUSSION

Fabrication of pH-Responsive Hydrogels. pH-responsive hydrogels were fabricated from carboxylated agarose
(CA60), TA and ZnCl2, and referred to as CTZ hydrogels
(Scheme 1). CA60 is a derivative of agarose in which 60% of
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Scheme 1. Synthesis of Hydrogel CT and pH Sensitive Hydrogels CTZ1-4

compression testing was conducted on dehydrated samples,
referred to as scaﬀolds (Figure 1a,b). The compression

the primary hydroxyl groups of the galactose units have been
oxidized to carboxylic acids, and was selected for this study as a
result of its biocompatibility and ability to form pH responsive
ionic interactions. TA was chosen as a result of its antibacterial
and anti-inﬂammatory properties, which are desirable characteristics for wound dressings. The hydrogels were prepared by
dissolving CA60 in water at 70 °C and adding TA, ZnCl2, and
bicarbonate solutions to aﬀord hydrogel precursor solutions,
which were then cooled (4 °C) to allow gelation (Scheme 1).
In addition to the physical cross-links provided by the
carboxylated agarose, in CTZ hydrogels zinc ions can
contribute to the formation of ionic cross-links between the
agarose chains, as well as with the TA.
A series of hydrogels (CTZ1−4) were prepared by adjusting
the pH of the precursor solution with diﬀering amounts of
bicarbonate solution (Table 1) as TA displays varying degrees
Table 1. Composition of the CT and CTZ Hydrogels and the
pH of the Hydrogel Precursor Solution (Immediately Prior
to Gelation), and TA and CA60 solutions
composition
sample

CA60 (%w/v)

TA
(mM)

TA
CA60
CT
CTZ1
CTZ2
CTZ3
CTZ4

n/a
2
2
2
2
2
2

3
n/a
3
3
3
3
3

Zn2+
(mM)

NaHCO3
(mM)

pH

n/a
n/a
n/a
4
4
4
4

n/a
n/a
n/a
2
4
6
8

3.50
4.54
4.13
3.95
4.85
5.30
6.87

Figure 1. (a) Force−displacement curves and (b) compressive moduli
(n = 5) for the CT and CTZ scaﬀolds. SEM images of dehydrated
scaﬀolds (c) CTZ2 and (d) CT.

modulus of CT was 0.043 MPa. On addition of Zn2+ and
raising the pH of the hydrogel precursor solution, signiﬁcantly
stiﬀer scaﬀolds were obtained including CTZ1 and CTZ2 with
compressive moduli of 0.275 and 0.947 MPa, respectively.
However, further increases of the pH resulted in scaﬀolds
CTZ3 and CTZ4 with poor mechanical integrity as evident
from a sharp drop in the compression moduli. The higher pH
of the precursor solution from which these two scaﬀolds were
prepared (Table 1) would result in signiﬁcant deprotonation of
the CA60 and the formation of charged chains that would
contribute to electrostatic repulsion and a decrease in polymer
chain interactions, leading to weaker intermolecular forces and
softer materials. Furthermore, as the pH of the precursor
solution increased, a green discoloration was noted that
persisted in the hydrogels (Figure 1b; inset) and dehydrated
scaﬀolds, which was attributed to the formation of zinc tannate
complexes. These zinc tannate complexes aggregate to form
networks39 that may reduce the concentration of zinc ions
available to form ionic cross-links between the agarose polymer
chains, contributing to the reduced mechanical integrity. As a
result of its superior mechanical strength, scaﬀold CTZ2 was
selected for further studies.

of ionization and chelation at diﬀerent pH values. TA is a
weakly acidic polyphenol with gallic acid molecules that are
capable of donating protons. TA’s ability to form metal
complexes is highly pH dependent.37 At low pH, the phenolic
groups of TA are predominately protonated and relatively few
phenolate binding sites are available for complexation with
metal ions. As the pH increases, the degree of deprotonation of
TA increases and more phenolate binding sites become
available for complexation with metal ions. Therefore, by
varying the pH of the precursor solution the interactions
between the CA60, TA, and Zn2+ ions in the resulting
hydrogels could be tuned. A control hydrogel containing CA60
and TA alone (CT) was also prepared without Zn2+ crosslinking.
Mechanical Properties. Mechanical strength is a vital
factor in wound dressings as they need to be stress resistant,
durable, ﬂexible, soft, and elastic in order to adjust with the
stresses exerted by diﬀerent parts of the body, particularly
during movement.38 To assess the mechanical properties,
28514
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Structural Characterization. SEM analysis of the
dehydrated scaﬀolds CTZ2 and CT revealed pores ranging in
size from 35 to 280 μm and 45−325 μm, respectively (Figure
1c,d, respectively). The surface morphology (refer to
Supporting Information (SI), Figure S1) and pore structure
of the hydrogels were distinctly diﬀerent, with CTZ2 consisting
of smooth walls interlaced with lots of smaller pores, and CT
consisting of wrinkled walls with larger pores that may
contribute to the signiﬁcantly lower compressive modulus.
The open pore structure of the scaﬀolds potentially allows them
to absorb wound ﬂuids and keep the wound dry.40,41
The possible interactions between CA60, TA, and Zn2+ ions
in the scaﬀolds were investigated via ATR-FTIR spectroscopic
analysis of pure CA60, TA, and scaﬀolds CT and CTZ2 (Figure
2). The FTIR spectrum of CA60 revealed prominent peaks at

more prominent in scaﬀold CTZ2, is consistent with a
symmetric carboxylate anion stretch. Both of these observations
indicate partial deprotonation of the agarose and TA
components in CTZ2, and potential interaction and crosslinking by zinc ions.
Swelling Studies. The extent of swelling and swelling rate
are essential properties of hydrogels that control the diﬀusion
and release of therapeutics and nutrients, and in the case of
wound healing, the absorption of wound exudates.44 The
swelling of the optimized hydrogel CTZ2 was measured as a
function of pH for up to 72 h (Figure 3a). In all cases, the

Figure 3. Percentage swelling of hydrogels (a) CTZ2 and (b) CT in
various pH solutions over 72 h (SD ± 3). TA release proﬁles from
hydrogels (c) CTZ2 and (d) CT at various pH values.

percentage swelling continued to increase over the 72 h period,
although samples incubated in acidic solutions (pH 1, 3, and
5.5) swelled signiﬁcantly more than those incubated in basic
solutions (pH 7.4 and 10). Typically, hydrogels composed of
polyacidic polymers would be expected to swell more at basic
pH values as a result of deprotonation and charge repulsion
between the polymer chains.45 However, for ionically crosslinked polyacidic hydrogels, such as the CTZ system, acidic
conditions are likely to disrupt the ionic Zn2+ cross-links.46
Concurrently, the acidic conditions would increase protonation
of the CA60 leading to an increase in intermolecular H-bonding
between polymer chains. The loss of ionic cross-links is oﬀset
somewhat by the H-bonding, but overall there would be a
reduction in the strength of the intermolecular interactions at
low pH resulting in higher swelling. Under basic conditions, the
ionic cross-links are stable and prevent swelling to the extent
observed under acidic conditions. TA may also play a role in
cross-linking at higher pH values. For instance, at pH 10, TA
will be ∼50% deprotonated (TA pKa ≈ 10) and could complex
between Zn2+ ions and the agarose to form part of the crosslinked network. These conclusions were also supported by
swelling studies conducted on hydrogel CT (Figure 3b), which
lacks an ionically cross-linked network and displayed
signiﬁcantly diﬀerent swelling characteristics, swelling approximately equally at all pH values tested.
Release of Tannic Acid. For drug eluting hydrogel
systems, the drug release is determined by the interactions
between the drug and the hydrogel, the rate of drug diﬀusion,

Figure 2. ATR-FTIR spectra of TA, CA60, and scaﬀolds CT and
CTZ2.

1615 and 1069 cm−1 consistent with CO (carboxylic acid)
and CO stretching vibrations, respectively. In the FTIR
spectrum of TA, a characteristic peak at 1704 cm−1 was
apparent due to stretching vibrations of CO (carboxylic
ester) groups, and peaks at 1607, 1526, and 1445 cm−1 were
consistent with aromatic CC stretches. Peaks at 1174 and
1021 cm−1 were attributed to vibrations of substituted benzene
rings and those at 1310 and 751 cm−1 to out-of-plane and inplane vibrations of OH bonds.42,43
The characteristics peaks of TA at 1704, 1607, and 1174
cm−1, and CA60 at 1069 cm−1 were also found unchanged in
the composite scaﬀolds CT and CTZ2 (Figure 2). However,
scaﬀold CTZ2 has several distinct peaks at 1485 and 1369
cm−1, which were not present in the parent compounds or
scaﬀold CT. The peak at 1485 cm−1 likely results from the
aromatic CC stretch of TA, shifted from 1444 cm−1 in CT,
and caused by deprotonation of the hydroxyl groups and metal
ion complexation, as noted previously for polyphenolic
compounds.43 The peak at 1369 cm−1, which is signiﬁcantly
28515
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Table 2. In Vitro Mathematical Modelling of TA Release from CTZ2 and CT at Various pH Values
linear regression coeﬃcient (R2) of CTZ

linear regression coeﬃcient (R2) of CT

kinetic model

pH 3.0

pH 5.5

pH 7.4

pH 3.0

pH 5.5

pH 7.4

zero order
ﬁrst order
Higuchi
Korsmeyer Peppas

0.8534
0.8547
0.9942
0.9684

0.9909
0.9924
0.9900
0.8483

0.9938
0.9960
0.9907
0.9942

0.9527
0.9605
0.9889
0.9082

0.9520
0.9600
0.9800
0.9064

0.9579
0.9654
0.9952
0.8501

and stability and biodegradation of the hydrogel. The triggered
release of drugs from hydrogels combined with a controlled
release rate is a very desirable property of pH-responsive
hydrogels. Therefore, the release of TA from hydrogels CTZ2
and CT was studied at pH 3, 5.5, and 7.4 using UV−vis
spectroscopy. This technique revealed asymptotic release
proﬁles (Figure 3c,d) where the release of TA from CTZ2
was high at low pH and decreased with increasing pH. The
release proﬁles conﬁrmed CTZ2 to be a pH-sensitive hydrogel
that released TA in response to acidic conditions in a controlled
manner, whereas minimal release (<5%) occurred at pH 7.4.
This was not observed for hydrogel CT, which released TA
irrespective of the medium pH. These results are consistent
with the swelling characteristics and proposed ionic interactions. For CTZ2 at high pH, the Zn2+ cross-links contribute
to the retention of TA in the hydrogel, whereas lower pH
results in the disruption of ionic interactions, protonation of
TA, and hydrogel swelling, leading to release of TA. Regardless
of pH, a near linear release of TA from the CTZ2 was noted. In
comparison, hydrogel CT lacks ionic cross-links and
interactions, so a burst release of TA is observed independent
of pH.
The mode of drug release (i.e., TA) from the hydrogels was
investigated by ﬁtting the linear regression coeﬃcient (R2) of
the release data (Figure 3c,d) to diﬀerent kinetic models,
including zero order, ﬁrst order, Higuchi, and Korsmeyer
Peppas models47−49 (Table 2). The Higuchi model was found
to be the best ﬁt to describe TA release from CT at pH 3, 5.5,
and 7.4, and CTZ2 at pH 3. According to this model, drugs are
homogeneously distributed in the matrix and drug diﬀusion
takes place only in one direction from the insoluble matrix.50
However, CTZ2 demonstrated ﬁrst order release kinetics as the
pH increased to 5.5 and 7.4, indicating that release was only
dependent on the concentration of TA present in the hydrogel.
Thus, ﬁrst order kinetics was observed when CTZ2 exhibited
pH-responsive behavior at pH 5.5 and 7.4. In all other cases,
the Higuchi model was observed with uncontrolled release of
TA. Similar release proﬁles and kinetic models (Higuchi and
ﬁrst order) have also been noted for ionically cross-linked beads
that release drugs in a pH-dependent fashion.51
Antimicrobial Activity. The antimicrobial activity of TA
can involve various modes of action including destabilization of
the cytoplasmic membrane, increased permeability of the
membrane, or enzyme inhibition by interacting with bacterial
proteins.52,53 These multiple modes of action reduce the risk of
developing antimicrobial resistance and make TA a promising
antimicrobial candidate. The in vitro antibacterial activities of
the hydrogel CTZ2 was examined against E. coli using an agar
diﬀusion test (Figure 4a,b). E. coli was used for the study as it is
one of the causative agents of burn wound infections, and have
exhibited remarkable virulence potential.54 It is worth noting
that in previous studies the antibacterial properties of TA
against a range of bacteria, including E. coli, S.aureus, and
P.aeruginosa were found to be similar,55 indicating the potential

Figure 4. (a) Digital image showing agar disc diﬀusion test result for
hydrogel CTZ2, 5 mM gentamicin (positive control) and 1X PBS
(negative control) against E. coli; the dotted circles depict the zone of
inhibition (ZOI). (b) Bacterial ZOI diameter (n = 3) for the controls
and hydrogel CTZ2 against E. coli. Percentage viability as determined
by (c) MTT and (d) trypan blue exclusion assays for 3T3 ﬁbroblasts
incubated in the presence of Triton-X (positive control), unconditioned media (negative control), and hydrogel CT and CTZ2
conditioned media.

broad spectrum activity of TA-releasing hydrogels. Hydrogel
CTZ2 exhibited similar antibacterial activity to that of
gentamycin, a broad-spectrum antibiotic used for severe
systemic infections. The diameter of the zone of inhibition
(ZOI) for CTZ2 was 8 mm and that of the positive control
(gentamicin) was 9 mm. In contrast, no ZOI was observed
around the negative control disc loaded with PBS. This activity
is comparable to other antibacterial TA-containing wound
dressings, albeit CTZ2 can impart bactericidal activity at much
lower TA concentrations.31,56 The potential side eﬀects of TA
are concentration dependent, and therefore, minimizing the TA
concentration while still imparting comparable antibacterial
properties are important considerations for the use of TA in
medical applications. Hydrogel CTZ2 allows TA concentrations to be reduced while maintaining good antibacterial
acidity, and allows the TA release to be further controlled in
response to pH.
Cell Viability Assays. The cytocompatibility of hydrogels
CT and CTZ2 was assessed with 3T3 ﬁbroblast cells using a
standard MTT assay, which measures the metabolic activity of
cells (Figure 4c). Fibroblast cells were selected for this study as
they secrete the structural framework for tissues and play an
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essential role in wound healing.57 The hydrogels were
incubated with media and then the conditioned media was
used in the MTT assays. Cells incubated in unconditioned
media and Triton-X were used as negative and positive
controls, respectively. CTZ2 conditioned media displayed
higher cell viability (∼83%) compared to CT conditioned
media (∼65%), as evaluated by the MTT assay. The reduction
in cell viability for these hydrogel conditioned mediums
compared to the negative control can potentially be explained
by the increased internalization of TA released from the
hydrogels, which may temporary slow cell metabolism. This is
consistent with the TA release proﬁles, which show that at pH
7.4 hydrogel CT released TA signiﬁcantly quicker than CTZ2.
Whereas the TA release from the pH-sensitive hydrogel
CTZ2 induced bacterial lysis, it did not cause a signiﬁcant
reduction in 3T3 ﬁbroblast cell viability, which is likely to result
from the structural and functional redundancy of eukaryotic
cells as compared to prokaryotic cells.58 These results highlight
the importance of incorporating zinc salts into the hydrogels.
The incorporation of Zn2+ ions is believed to contribute toward
ionic cross-linking of the components of the hydrogel matrix
(TA and CA60), which facilitates the slow and pH responsive
release of TA, and also serves as an essential micronutrient for
the cells. It is also worth noting that the concentration of TA
used in formulating CT and CTZ was less than the cytotoxic
concentration of TA reported in the literature (3 mg/mL).59
MTT assays are based upon mitochondrial reductase present
in live cells that reduce the tetrazolium dye to formazan
crystals.60 In certain instances, treatment of cells with MTT
may result in increased enzymatic activity, which may not be
necessarily due to cell number or cell viability.61 Therefore, a
trypan blue exclusion assay was conducted to complement the
results obtained from the MTT assays. According to the trypan
blue exclusion assay (Figure 4d), the cell viability of CTZ2 was
∼92%, compared to ∼71% for CT. These experiments veriﬁed
that there was no signiﬁcant reduction in cell viability for
hydrogel CTZ2 compared to positive cells, suggesting that they
are cytocompatible.
Cell viability assays were visually validated using live/dead
staining of 3T3 ﬁbroblasts via ﬂuorescence microscopy and
compared to controls (Figure 5). Untreated metabolically
active ﬁbroblasts (negative control) exhibited bright green
ﬂuorescence similar to cells exposed to hydrogel CTZ2
conditioned medium, with similar cell morphology (Figure
S2) and negligible cell death. Slightly greater cell death was
observed in the case of CT due to uncontrolled release of TA,
although the number of dead cells were negligible compared to
the positive control, supporting the conclusion that the
hydrogels are cytocompatible
Cell Migration. Cell migration is a complex multistep
process that involves the movement of cells from one area to
another, and plays a vital role in wound repair.62 The wound
scratch model is a 2D assay to evaluate wound healing in vitro.
Literature has shown that wound healing hydrogels that have
improved wound scratch assay results also display remarkable
wound healing in vivo.63,64 To assess the propensity of the TA
hydrogels to promote cell migration and proliferation, CTZ2
conditioned media was applied to an 80% conﬂuent 3T3 cells
that had been starved of nutrients for 24 h and then manually
scratched to simulate a wound (Figure 6). Cells need growth
factors that not only stimulate replication but are normally
required to prevent the cells from undergoing apoptosis. Fetal
bovine serum (FBS) is commonly used to supplement the

Figure 5. Fluorescence microscopy images of FDA/PI stained 3T3
ﬁbroblasts incubated in the presence of unconditioned media (negative
control), media treated with Triton-X (positive control), CT
conditioned medium, and CTZ2 conditioned medium. Live cells are
stained green and dead cells are stained red.

necessary growth factors in the medium.65 If cells are deprived
of FBS, then they show reduced growth that soon leads to cell
death. In this study, the 3T3 cells were cultured to ∼80%
conﬂuence and were then starved with DMEM containing 0.1%
FBS. Such starvation conditions generally inhibit the
proliferating ability of cells.
The surface of the cell sheet was scratched with a pipet tip to
create a mock wound (as demarked by the dotted lines in
yellow) and the displaced debris was removed (Figure 6). The
remaining cell sheet was then incubated with CTZ2
conditioned medium (DMEM with 10% FBS). Microscopy
images after 24 h revealed signiﬁcant cell proliferation and
migration across the scratched area, and by 48 h the scratched
area had been completely covered by a conﬂuent cell sheet. In
comparison, the control cells, which were treated with DMEM
with 10% FBS, showed signiﬁcantly lower cell proliferation and
migration. This experiment provides evidence that the
extractables (i.e., TA and Zn2+ ions) from the CTZ hydrogels
promote cell proliferation and migration, which could
potentially lead to improved wound repair.
Anti-Inﬂammatory Activity. During the early stages of
wound healing inﬂammatory cells, including neutrophils and
monocytes, are recruited to the injured area where they play an
important role in clearing the site of bacteria and debris, and
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inﬂammatory activity of the CTZ hydrogels was tested in
terms of their ability to suppress NO production by the human
macrophage cell line U-937.
It was found that CTZ2 conditioned medium could suppress
NO production in a concentration-dependent manner,
indicating the eﬃcacy of the TA released from CTZ2 hydrogel
system to impart the desired therapeutic eﬀect (Figure 7a). The

Figure 7. (a) Anti-inﬂammatory activity of U937 cells treated with
LPS alone (positive control), CTZ2 conditioned medium (50 and 100
μL) and cells without any treatment (negative control), as determined
by a Griess assay. Phase contrast microscopy images of U-937 cells (b)
not exposed to LPS (negative control), (c) exposed to LPS for 24 h
and then treated with CTZ2 conditioned medium and incubated for
24 h, and (d) exposed to LPS (positive control) and treated with
normal medium and incubated for 24 h. The yellow arrows highlight
the spindle shape adopted by some U937 cells on activation with LPS,
whereas, remaining cells were rounded due to reduced LPS activation.

Figure 6. Cell migration assay of CTZ2 conditioned medium and
control medium for 0, 24, and 48 h, demonstrating increased cell
motility and proliferation in the case of cells incubated in CTZ2
conditioned medium; the yellow dotted lines demark the wound
scratch created using a pipet tip.

stimulate the formation of granulation tissue and neovascularization. However, the persistence of inﬂammatory
cells contributes to elevated levels of cytokines that stimulate
the production of tissue-degrading proteinases and can lead to
prolonged inﬂammation that can impair the healing process.66
Therefore, wound dressings that provide anti-inﬂammatory
factors have the potential to dampen this response and provide
a more favorable wound healing environment. Polyphenolic
compounds, including TA and green tea extracts, have been
well noted for their anti-inﬂammatory properties.67,68 Therefore, the anti-inﬂammatory properties of the CTZ2 hydrogel
extracts were assessed against macrophages in vitro.
Nitric oxide (NO) is secreted by mammalian cells and plays a
vital role in the pathogenesis of inﬂammation.69 NO is a proinﬂammatory mediator that induces inﬂammation during
abnormal conditions, which makes it an interesting marker
for the treatment of inﬂammatory diseases. Macrophages can be
activated by lipopolysaccharide (LPS), which is an exogenous
stimulus for the overproduction of NO. As a result of the
extremely short physiological half-life of NO, it is rapidly
reduced to nitrite, which can then be measured quantitatively
by the Griess assay.70 For analysis of anti-inﬂammatory
potential, we used human U-937 cells as it is a monocyte−
macrophage diﬀerentiation model that is widely accepted by
researchers for similar studies. In this study, the anti-

phase contrast microscopy images revealed that the untreated
U-937 cells have a smooth circular shape (Figure 7b),71 but
when incubated with LPS, the cells were activated and
deformed. Blebbing was also noted, implying that some cells
had become apoptotic. Cells activated with LPS, and later
exposed to CTZ2 conditioned medium had both circular and
spindle-shaped cells due to reduced LPS activation (Figure 7c),
demonstrating the potential anti-inﬂammatory activity of the
hydrogel. In comparison, a reduction in cell number was noted
for cells exposed to LPS alone (positive control) (Figure 7d) as
a result of signiﬁcant cell death.

■

CONCLUSIONS
In summary, we have developed novel thermosetting and pHsensitive hydrogels composed of carboxylated agarose and
tannic acid (TA), and ionically cross-linked with zinc salts. The
hydrogels were shown to swell and release TA in a pHdependent manner, and could potentially be used to release
therapeutic doses of TA from wound dressings. Compared to
native carboxylated agarose, the optimized TA hydrogel
displayed a signiﬁcantly improved compressive modulous of
0.947 MPa. The TA hydrogels did not induce toxicity toward
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3T3 ﬁbroblasts as conﬁrmed via MTT and trypan blue assays,
and they also displayed comparable antibacterial activity to
gentamicin against E. coli. Importantly, this activity was
comparable to other antibacterial TA-containing wound
dressings, but at much lower TA concentrations. The antiinﬂammatory activity of the TA hydrogel on LPS-activated U937 cells was veriﬁed using an NO assay. To convert these
promising results into a practical application further studies are
required demonstrating the eﬃcacy of the wound dressings in
in vivo models of diﬀerent wound types.
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