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Abstract
Wounds heal through a complex process including four phases. Any interruption or interference in healing process can
prevent wound healing. Infection is one of the most common complications preventing wounds from healing. In this study,
we investigated the fibroblast cell morphology and behavior of a gelatin-based hydrogel containing anthocyanin to determine
whether it can be used for early detection of infection. The experimental results ascertained that 6 h after culturing the
fibroblasts, they could be well attached to the surface of the hydrogel, and 48 h after seeding, they were spread over the
surface and connected with each other. After the addition of a low dose of anthocyanin, the vitality of the cell increased,
and the results of the ATR-FTIR analysis showed that anthocyanin could eliminate remaining glutaraldehyde free radicals.
Anthocyanin also could change its color after the addition of bacterial supernatant. Thus, hydrogels containing black carrot
anthocyanin may be a potential therapeutic and diagnostic strategy to promote wound healing and early detection of infection.
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Introduction

Skin, the largest organ of human body, is the first line of
defense from pathogens and microorganisms and provides
a physical barrier against external physical and chemical
attacks [1, 2]. It consists of two distinct layers, namely the
epidermis and dermis, which overlay the hypodermis (the
subcutaneous fat). Epidermis is the superficial layer of the
skin, and the top layer of epidermis, stratum corneum, which
is composed of layers of dead keratinocytes, provides resis-
tance to the penetration of microorganisms, and at the same
time it retains moisture and nutrients under the skin [2–5].
Skin is considered as an ecosystem, and each gram of this
tissue is colonized by over 103 microorganisms such as bac-
teria, viruses and fungi. Besides,most of themare harmless or
beneficial for their hosts [6]. Wounds heal through four well-
orchestrated, integrated and overlapping phases: hemostasis,
inflammation, proliferation and remodeling [7]. Any inter-
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ruption or interference in these pathways acts as an obstacle
and leads to a non-healing or “stalled” wound. One of the
inhibitors of the wound healing process is infection [8]. After
a breach on the skin, the wound environment acts as a rich
medium and skin flora and pathogenic organisms contami-
nate the wound immediately. This is beneficial because the
presence of bacteria in that environment initiates the inflam-
matory stage and the second stage of healing, but replicating
bacteria lead to the formation of bacterial colonization and
colonized wounds do not show invasion or damage to nearby
tissue and do not stimulate a host immune response, and it
gradually leads to biofilm formation [9]. After biofilm forma-
tion, bacteria are placed in a new microbial community, and
by producing gelatin matrix they resist antibiotics, antisep-
tic, macrophages, phagocytic neutrophils and displacement
[10]. It seems that a quick diagnosis of infection can be help-
ful in improving wound healing, so antibiotics can be used
immediately. In addition to improving wound healing as an
advantage of early detection of infection, its other benefits are
avoiding the bacterial resistance problem and unnecessary
use of antibiotics, as well as lowering the cost [8]. Infec-
tion in advanced stage has cardinal symptoms such as heat,
swelling, increasing exudate, smell, pain, systemic illness,
loss of function and tissue breakdown [11]. However, it is
important to diagnose an infection before it reaches this stage.
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There are a variety ofmarkers that can be used formonitoring
wound healing and infection. One of the markers that can be
used to predict infection is pH [8]. The skin pH is slightly
acidic and varies from 4 to 6 [12]. Researchers have found
that bacterial enzymes activity can lead to an increase in the
alkalinity of the wound environment. Correspondingly, an
increase in pH can increase the chance of biofilm formation
[13]. Until now, many pH sensors have been designed; how-
ever, they have some drawbacks, including high cost, need
for an advanced technology, being harmful for wound heal-
ing and difficulties in use [8]. Anthocyanins are polyphenols
which are responsible for the colors of innumerable fruits
and flowers, and their chemical structures consist of a basic
skeleton of 2-phenylbenzopyrylium or flavylium glycoside
[14]. Anthocyanins appear in different colors at different pH
levels. In acidic condition, they appear red, while by increas-
ing the pH, their color gradually changes to purple and blue
[15]. The therapeutic benefits of anthocyanin are due to their
antioxidation property [16]. They are well known as strong
antioxidants [17]. Due to the health-promoting benefits of
anthocyanins, including reduction in the risk of cancer, coro-
nary heart disease, diabetes, neurodegenerative disorders,
inflammation, as well as bacterial infections, interest in them
has been intensified [18–20]. In particular, the effect of antho-
cyanins on improving wound healing has been explored in
various studies [21, 22]. Black or purple carrots originate
from Turkey and the Middle and Far East, where they have
been cultivated for at least 3000 years. Theymainly consist of
cyanidin-based pigments, and their anthocyanin profile has
been analyzed by several investigations [23].

In the present study, a gelatinous hydrogel containing
black carrot anthocyanin was synthesized and evaluated
whether it can be used for early detection of infection. Also,
the effects of anthocyanin on the surface chemical groups,
cell viability and morphology have been investigated.

Experimental procedures

Hydrogel preparation

At first, a solution of 2% W/V gelatin (Sigma-Aldrich) and
35% W/W propylene glycol (Sigma-Aldrich) was prepared
at 50 °C and magnetically stirred for 1 h. Then, 15 ml of
the solution was poured into a 6-cm petri dish and dried for
48 h at a temperature of 40 °C in an oven, in order to pre-
pare film specimens. After drying, the prepared films were
detached from the petri dish and immersed in PBS solution
containing 0.02% glutaraldehyde (Sigma-Aldrich) for 2 h.
The films were washed to remove excessive glutaraldehyde
and then soaked into a solution with different concentrations
of anthocyanin (Proquimac Food & Pharma) (0.01%, 0.03%

Table 1 Various concentrations of anthocyanin were used to study the
hydrogels properties

Code Anthocyanin solution (%v/v)

GA0 0

GA1 0.01

GA2 0.03

and 0.05%W/V %). After 4 h, anthocyanin completely pen-
etrated into the films.

The summary of the concentration and code name of
hydrogel samples is presented in Table 1.

Characterization

ATR-FTIR analysis (Fourier Transform Infrared-Attenuated
TotalReflection,NicoletNexus 670)was used to demonstrate
the functional groups present in the scaffolds and to evaluate
the effect of anthocyanin on hydrogel surface chemistry.

SEM (scanning electron microscope, Philips XL30, the
Netherlands) was used to visualize the morphology of cells
seeded on the hydrogel with or without anthocyanin. Finally,
cell-containing hydrogels were sputter-coated with gold and
then observed under SEM.

The surface wettability was evaluated by measuring con-
tact angle. The sessile drop technique was performed to
measure the contact angle using aKSVCAM200optical con-
tact angle meter at room temperature. Measurements were
performed at room temperature (20 °C).

Biological evaluation

MTT assay

To evaluate the influence of samples on cell viability,
reduction of the MTT reagent (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) was assessed as an assay
using L929 NCBI C161 cell lines. In this study, 1×105 cells
and 100 µl of culture medium DMEM (Dulbecco’s Modi-
fied Eagle’s Medium, Sigma Chemical Company, St. Louis,
USA) were poured into each well in a 24-well cell culture
plate and then placed in a 37 °C incubator for 24 h to allow the
cells to adhere to the plate. After ensuring cell adhesion, the
culture medium was removed from the cells as much as pos-
sible and the specimens plus 10µl of FBSwere added to each
well and incubated for 1, 3 and 7 days at 37 °C in a humidified
5% CO2 incubator. After the incubation period, the culture
mediums were removed from each well and cell viabilities
were tested by MTT assay. 400 µl of MTT at 0.5 mg/ml was
poured into each well and placed in an incubator for 4 h.
After 4 h, the solution was removed from the cells and iso-
propanol was added to dissolve the resulting purple crystals.
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To better dissolve theMTT sediment, the plate was placed on
a shaker machine for 15 min. Then, the concentration of dis-
solved material in isopropanol was calculated using a laser
device (STAT FAX 2100, USA) at a wavelength of 570 nm.
The wells with more cells show higher photodynamic (OD)
than the wells with less cells.

Cell morphology

Gelatin films were cut into circular pieces (1.5 cm diame-
ter) and sterilized by 30-min UV irradiation before being
introduced to the culture media and were placed into the 24-
well plates. The cells were seeded (with or without gelatin
films) at a density of 2×105 cells per well with DMEM
supplemented with 10% fetal bovine serum (Gibco, BRL),
1mm l-glutamine, penicillin (20,000U/ml) and streptomycin
(20,000 mg/ml). 0.5 ml of the DMEM medium was added
to each well, and the culture dishes were incubated for 1, 3
and 7 days at 37 °C under an atmosphere of 5% CO2 (each
group had eight duplicate samples). Next, they were washed
with sterile phosphate-buffered saline (PBS), and 3.5% glu-
taraldehyde solution was used for fixation of the cell. Finally,
they were washed with graded ethanol series and then gold-
coated and examined using a SEM.

Visual inspection of color change
of anthocyanin-containing hydrogel

Supernatants from the Staphylococcus aureus with Pseu-
domonas aeruginosa bacterial co-culture were collected after
8, 16 and24h andplacedon thefilms containing anthocyanin.
After 5min, the ability of hydrogel to response to pH changes
due to bacterial activity was visually assessed.

Results

ATR-FTIR analysis

The ATR-FTIR analysis results presented in Fig. 1 show the
change in the surface of samples before and after immersion
in the anthocyanin solutions.

As seen in the ATR-FTIR spectra, the intense peak at
1630 cm−1 can be assigned to the carbonyl group of AG0,
which was not immersed in the anthocyanin solution. On the
other hand, for AG1 and AG2, a decrease in the intensity of
carbonyl band can be obviously observed.

MTT assay

Cell viability was examined on cross-linked films by glu-
taraldehyde, before and after immersion in anthocyanin
solutions of different concentrations. Figure 2 indicates the
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Fig. 1 ATR-FTIR spectra of hydrogels with different concentrations of
anthocyanin
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Fig. 2 L929 fibroblasts viability evaluated by the MTT assay

results of MTT assay after different periods of time of cell
culture by using L929 cells. It was observed that the cell
density value for a sample without anthocyanin after 3 days
was 96%, while it increased by 99% with the immersion of
the films in 0.01% anthocyanin solution. In contrast, with
increasing the anthocyanin concentration, the cell density
values of samples were significantly dropped down in com-
parison with the control value (P <0.05, n� 8). Anthocyanin
at a concentration of 0.01% could even eliminate the reduc-
tion in viability after 7 days, which was observed in GA0 and
GA2.

The actual viability of cell was increased by the addition
of anthocyanin, but the presence of excessive anthocyanin
resulted in reducing cell viability and spreading. Despite
the fact that immersion of the films cross-linked by glu-
taraldehyde into the anthocyanin solution could increase cell
viability, it was also observed that with increasing the antho-
cyanin dosage, the cell viability decreased; therefore, it could
be concluded that there was an optimum dosage for antho-
cyanin.
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Fig. 3 Morphology evaluation
of L929 fibroblasts on hydrogels
by SEM. a GA1 and b GA2.
Cells were cultured for 6 h

Fig. 4 Morphology evaluation
of L929 fibroblasts on hydrogels
by SEM. a GA1 and b GA2.
Cells were cultured for 48 h

Fig. 5 Morphology evaluation
of L929 fibroblasts on hydrogel,
immersed in 0.05% anthocyanin
solution by SEM. a Cells were
cultured for 6 h, and b cells
were cultured for 48 h

Cell morphology observations

Themousefibroblast cells (L929)were seeded on the surface.
Adhesion, spreading and morphology of cells on the surface
of samples were evaluated using SEM image. After seed-
ing the cells on the samples, cell/material interactions could
indicate the biocompatibility of the materials. Cell adhesion
is an essential factor in cellular process because of its direct
influence on cell growth, differentiation and migration [24,
25]. Figure 3a, b shows SEM images of cells, respectively,
on GA1 and GA2 after 6 h, and Fig. 4a, b depicts their SEM
images after 48 h. Cells on GA1 and GA2 after 6 h showed
good attachment of cells to these samples, and after 48 h,
cells displayed a typicalmorphology,with a spread shape and

cytoplasmic extensions. Cell morphology on the surface of
the film, immersed in 0.05% anthocyanin solution, was also
investigated. As can be seen in Fig. 5, after 6 h, only a few
amount of cells are on the surface as a result of rapid release
of anthocyanin, confirming that the number of attached cells
is significantly lower than the number on the GA1 and GA2.
Also, cell spreading after 48 h is not satisfying.

Bacterial culture and color changing

After co-culturing of gram-positive bacteria and gram-
negative bacteria, the resultant supernatant was collected
after 8, 16 and 24 h and added to colored GA1 hydrogels. It
was observed that with increasing bacterial culturing time,
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Fig. 6 In vitro colorimetric detection of bacterial infection through exposing the hydrogels to bacterial supernatant. a Before supernatant addition,
b–d after addition of the supernatant collected after 8 h, 16 h and 24 h, respectively

the supernatant was able to make more color changes. Fig-
ure 6a exhibits hydrogel color before being introduced to the
supernatant. Figure 6b shows change in the hydrogel color
after addition of the supernatant collected after 8 h of bacte-
rial activity. Also, Fig. 6c, d, respectively, displays the color
change after 16 and 24 h.

Discussion

The gelatinous hydrogel introduced here is a multifunctional
scaffold that can be used for detecting infections and mea-
suring progress in wound healing. It has both diagnostic and
therapeutic effects.

Infection andwound colonization have the same signs and
symptoms, so distinguishing them from each other is diffi-
cult. For instance, inflammation which is a common sign
for both infection and wound colonization is a vital immune
response and necessary to remove pathogens. On the other
hand, immunocompromised patients may not have signs of
inflammation or infection [26]. Confirmation of an infec-
tion is carried out by colony count which is costly, and it
must be done by trained personnel [27]. However, the use
of this hydrogel as wound dressing is easy and comfortable
for patient to change the wound dress by observing the color
changes and infection. Wound pH is a marker for monitoring
infection, and this hydrogel uses pH as a marker for detec-
tion of infection. The bacterial co-culture supernatant (P.
aeruginosa and S. aureus are the two most prevalent bacteria
in infected wounds) was added to hydrogel, and the super-
natant pH was measured every 8 h with a pH probe. The pH
increased with time and led to a more intense color change.
The supernatant of bacterial culture could make a clear
change in the color of hydrogel. These dressings also showed
no toxicity in contact with mouse fibroblast cells (L929),
making them a suitable candidate for the treatment of der-
mal injuries. It was observed that adding anthocyanin could
reduce the negative effects of glutaraldehyde and increase
cell viability. However, the excessive addition of anthocyanin

reduced the cell viability, indicating amaximal tolerable dose
for anthocyanin, like any other substance. Anthocyanins are
strong antioxidants since they can give their electrons to free
radicals and act as free radical scavengers [17]. Investigations
have shown that anthocyanins from black soybean seed coats
could promote wound healing by increasing the production
ofVEGF, improving cellmigration, preventing excessive and
persistent inflammation and inhibiting ROS generation [21,
28].

In this study, it was shown that anthocyanins are capa-
ble of eliminating the remaining free radicals of aldehydes
in biomaterials. So, the dressing introduced here promotes
the healing process for the following reasons: (1) It helps to
maintain a moist environment for the wound; (2) it reduces
the health care costs caused by patient’s examination and
replacement of wound dressings; and (3) it can be inte-
grated with antiseptics and antibiotics for localized drug
delivery.

Conclusion

The present article studies the ability of gelatinous hydrogel
integrated with anthocyanin for early detection of infection
and L929 cell behavior. The need for detection of infec-
tion stems from the complexity of not just the dynamic
wound infection and healing biochemistry but also the distin-
guishing normal wound drainage from initial inflammatory
response and from infectious process. The obtained results
revealed that low doses of anthocyanin increased the viability
and cell adhesion by eliminating the aldehyde free radicals.
Apart from being able to detect the infection, anthocyanin
in hydrogel could be effective in wound healing. The ability
of early detection of infection reduces cost and unnecessary
use of antibiotics. Our efforts are now focused on trying to
increase the sensitivity of this system by integrating more
sensing elements and improving the performance of wound
dressing by the addition of antiseptics.
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