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Abstract: Wound healing is a complex biological phenomenon, having different but overlapping
stages to obtained complete re-epithelization. The aim of the current study was to develop a
dendrimer-based hydrogel bandage, to ameliorate full-thickness wounds. Hesperidin, a bioflavonoid
found in vegetables and citrus fruits, is used for treatment of wounds; however, its therapeutic use
is limited, due to poor water solubility and poor bioavailability. This issue was overcome by incor-
porating hesperidin in the inner core of a dendrimer. Hence, a dendrimer-based hydrogel bandage
was prepared, and the wound healing activity was determined. A hemolysis study indicated that the
hesperidin-loaded dendrimer was biocompatible and can be used for wound healing. The therapeutic
efficacy of the prepared formulation was evaluated on a full-thickness wound, using an animal model.
H&E staining of the control group showed degenerated neutrophils and eosinophils, while 10% of
the formulation showed wound closure, formation of the epidermal layer, and remodeling. The MT
staining of the 10% formulation showed better collagen synthesis compared to the control group.
In vivo results showed that the preparation had better wound contraction activity compared to the
control group; after 14 days, the control group had 79 ± 1.41, while the 10% of formulation had
98.9 ± 0.42. In a nutshell, Hsp-P-Hyd 10% showed the best overall performance in amelioration of
full-thickness wounds.

Keywords: wound healing; dendrimer; hydrogel; bandage; full-thickness wound; nanotechnology;
anti-bacterial; hesperidin

1. Introduction

Wounds represent the physical injuries that occur when the skin is broken externally
or internally, which causes the opening or fracturing of skin. Various factors, such as
temperature, oxygenation, and infections, as well as some other factors such as age, asthma,
sex hormones, auto-immune disorders, smoking, obesity, etc., can interfere in wound heal-
ing [1]. It is a natural phenomenon that restores the integrity of the skin and also mitigates
skin injury [2]. Four basic phases are involved in the treatment of a wound: hemosta-
sis, the inflammatory phase, proliferation phase, and remodeling phase. Different cells,
components of the ECM (extracellular matrix), mediators such as inflammatory cytokines,
and different growth factors are involved in the wound healing process. Migration and
proliferation of fibroblasts and re-epithelization by keratinocytes are essential in reducing
the area of the wound [3]. In the case of different types of wounds, an acute wound, severe
skin injuries, second and third-degree burns, and leg ulcers may not result in complete
restoration of the function of tissues [4]. In the US alone, approximately over 6.5 million
people suffer from wound injuries [5]. It has been estimated that globally wound care
expenses will reach more than 24.8 billion dollars by 2024 [6]. Therefore, complete wound
healing is essential, to overcome the cost of wound healing treatments and inhibit the

Biosensors 2022, 12, 462. https://doi.org/10.3390/bios12070462 https://www.mdpi.com/journal/biosensors

https://doi.org/10.3390/bios12070462
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com
https://orcid.org/0000-0002-8747-5986
https://orcid.org/0000-0003-1348-6567
https://orcid.org/0000-0002-0890-769X
https://doi.org/10.3390/bios12070462
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com/article/10.3390/bios12070462?type=check_update&version=1


Biosensors 2022, 12, 462 2 of 18

progress of the chronic wound. Many researchers have focused on developing an efficient
method to hasten the wound healing process [7].

Nanotechnology has emerged as an important field, due to the distinctive features of
nanoparticles [8]. They have sizes in the range of 10–1000 nm [9]. Nanoparticles possess
biological properties that are usually based on their physical and chemical properties [10].
Recently, polymers have gained much attention due to various properties, such as their
safety, economical use, and being environmentally friendly [11]. In order to overcome
the various challenges of traditional delivery vectors, scientists have focused more on
nanoparticles, due to their adequate stability, safety, high surface to volume ratio, and
cost-effective range [12]. Dendrimers are highly symmetric, spherical, and highly branched,
with a nano-range 3D well-defined structure, size, and surface charge [13]. Due to their
chemical homogeneity, the chance of increasing their size by repeated addition of a chemical
group and their high-density of surface groups make them a suitable candidate for various
biomedical applications [14]. Dendrimers such as Poly(amidoamine), also called PAMAM,
are among the family of mono-disperse and highly branched units with a well-defined
structure. The cationic primary amine group at their surface allows them to participate in
binding with other chemical entities [15]. PAMAM dendrimers are mostly used as a vector
for the delivery of various hydrophilic or hydrophobic drugs and genes [16]. Apart from
this, dendrimers are a good choice because of their high drug payload, passive targeting,
solubilization, increase in half-life loaded drug, purity and stability, globular shape, and
monodispersity [17].

Recently, many natural source-derived plant-based compounds have been used in
the treatment of various diseases [18]. Hesperidin is a bioflavonoid that can be found in
vegetables and citrus fruits such as oranges or lemons [19]. Its aglycone portion is known
as hesperetin, which represents the non-sugar portion of flavonoids [20]. The peels of
citrus fruits have the highest concentration of hesperidin [21]. Hesperidin has shown a
variety of pharmacological properties, such as being anti-microbial, anti-oxidant, anti-
inflammatory, and analgesic, etc. [22]. Topical application of hesperidin gel has shown
effective results in the treatment of wounds. However, due to its poor solubility and
bioavailability, hesperidin failed to deliver the desired therapeutic response [23]. The poor
bioavailability of constituents can be overcome by the development of nano-range drug
vehicles or carriers, aimed at enhancing solubility, stability, and bioavailability, and showing
a sustained-release effect in the wound area [24]. A dressing consisting of medicinal agents,
especially with the enhanced application of nanotechnology could help in the rapid healing
of full-thickness wounds, which can cause serious situations in the course of physicians
healing them [25]. The traditional treatment of wounds fails to deliver a good therapeutic
efficacy and has a low patient compliance. Frequent dosing or application of topical agents
at the site of the wound, as well as frequent dressing, increases pain. For this reason,
the approach of delivering medicinal agents in the form of a dressing reduces the dosing
frequency and dressing intervals. Being the primary barrier to the external environment,
the skin is continuously subjected to various injuries [26]. Skin wounds with a thickness
less than 1 mm can regenerate themselves through the various healing processes, such as
hemostasis, inflammation, proliferation, and restoration. However, chronic wounds, or
in other words full-thickness wounds that extend towards the deeper dermis, tendons,
and sometimes bones, entail severe treatment challenges, leading to permanent structural
impairments [27]. Wounds categorized as non-life-threatening impact the quality of life,
while some wounds allied to 5-year mortality predominate in many forms of cancer [28].

Thus, considering the need of patients, we developed a hydrogel dressing of a
dendrimer-based therapeutic delivery of phytocompound-hesperidin, to improve the
delivery of drug and enhance the process of wound healing. We evaluated the efficacy of
dendrimer-mediated delivery of hesperidin both in vitro and in vivo.
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2. Material and Methods
2.1. Materials

Hesperidin (Hsp) used for this study was obtained from Central Drug House (CDH).
PAMAM dendrimer was received as a gift sample from Sigma Aldrich. Ketamine, and
xylazine was obtained from M/s Myzen Enterprises Pvt. Ltd., New friend’s colony, Head-
quarter New Delhi, India. Chitosan powder (pharmaceutical grade with molecular weight
310–375 kDa) and sodium alginate were obtained from Sigma Aldrich, Taufkirchen, Ger-
many. All other chemicals used in the study were of analytical grade.

2.2. Preparation of Hesperidin Loaded PAMAM Dendrimer (Hsp-PAMAM) Based Hydrogel Bandages

An adequate amount of PAMAM dendrimer was accurately weighed using a cali-
brated micropipette and subjected to evaporation under magnetic stirring for 24 h. After
evaporation, Hsp (weight appropriately using weighing balance) in different concentra-
tions (2.5, 5, 7.5 and 10 w/v%) was loaded into the PAMAM dendrimer. The solution was
magnetically stirred for 24 h, subjected to evaporation and finally lyophilized, to obtain the
dry powder of Hsp-PAMAM. For bandage preparation, sodium alginate was dissolved in
deionized water and later mixed with the solution of chitosan, which was prepared by dis-
solving chitosan powder in deionized water containing 1% acetic acid at room temperature.
Both solutions were mixed for about 30 min, with constant stirring [29]. The Hsp-PAMAM
was then added to the solution of gels, stirred for about 15–20 min, homogenized, and
lyophilized for 4–6 days, to obtain the hydrogel bandages.

2.3. Drug Loading and Entrapment Efficiency

To determine the drug loading and entrapment efficiency of hesperidin, Hsp-PAMAM
was centrifuged at 3000 rpm for 15–20 min [30]. The supernatant was then discarded
and re-dispersed in PBS (pH 7.4) solution. Absorbance was taken using a UV-visible
spectrophotometer at 285 nm. The amount of drug loaded and entrapment efficiency were
calculated by using formulas below:

Drug loading capacity = [Amount of total entrapped drug/Total nanoparticle] × 100

Entrapment efficiency = [(Weight of drug in total − Weight of free drug available)/Weight of drug in total] × 100

2.4. Characterization of Hesperidin PAMAM Dendrimer
2.4.1. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR of Hsp and Hsp-PAMAM were obtained using an FT-IR spectrophotometer
(Perkin Elmer, Rodgau, Germany) in a range of 4000–400 cm−1

. For each sample, potassium
bromide pellets were made and analyzed in the above mentioned region.

2.4.2. Differential Scanning Colorimetry (DSC)

Approximately 2–5 mg of Hsp and Hsp-PAMAM was sealed in a hermetically alu-
minum pan, and DSC thermograms were recorded at range of 30–400 ◦C using DSC 6
(Perkin Elmer, Rodgau, Germany) at a rate of 10 ◦C/min [31].

2.4.3. Particle Size, Zeta Potential, and PDI Determination

The Hsp-PAMAM was subjected to estimation of the size of the particles. A Malvern
zetasizer was used to determine the hydrodynamic diameter, surface potential, and poly-
dispersity index (PDI).

2.4.4. Morphology Examination (Transmission Electron Microscopy)

Surface characteristics of the prepared nano-formulation were determined using a
transmission electron microscope (TEM). To determine the morphology, the sample was
placed on a copper grid for a time interval of 10 min, followed by rinsing with water
2–3 times. The samples were then stained with 10 µL of 2% of a phospho-tungstic acid
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aqueous solution for 30 s. The stained grid was washed with distilled water, followed by
air drying. The sample was scanned under a TEM (TECNAI G2 {200 kv} HR-TEM FEI,
Amsterdam, The Netherlands).

2.5. Hemcompatibility Study

A hemolysis study for the prepared formulation was performed by the previously
prescribed method with slight modifications. Approximately 3 mL of fresh human an-
ticoagulated blood was taken, to obtain a 5% RBC suspension. To the RBC suspension,
different concentration of Hsp-PAMAM were added (25, 50, and 100 µg/mL) and incubated
at 37 ◦C for 30 min. PBS was taken as a negative control, whereas Triton-X served as a
positive control. Triplets were prepared for each sample, which was then placed in an
incubator at 37 ◦C for 30 min. The samples were subjected to centrifugation at 5000 rpm for
15–20 min and absorbances were noted at 545 nm using a UV-visible spectrophotometer.
The hemolysis value was calculated using the formula [32]:

Hemolysis percentage = [(Dt - Dn) / (Dpc - Dnc)] ×100

where Dt, Dpc, and Dnc represents the absorbance of the Hsp-PAMAM at various con-
centrations, the absorbance of positive control, and absorbance of the negative control.
Microscopic techniques were then employed to examine the samples [33].

2.6. In Vitro Drug Release

An in vitro release study was carried out using a dialysis membrane procedure [34].
The membrane was washed under running water for around 4–5 h. It was then washed
with 0.3% sodium sulfide solution for 1 min and kept in hot water at 60–70 ◦C for 3–4 min.
The membrane was then subjected to acidification, by treating with 0.2% sulfuric acid
for 2–3 min, washed with hot water at 60–70 ◦C, and kept overnight in PBS solution at
pH 7.2. The formulation was then added to a dialysis bag and kept in a 100 mL beaker
containing PBS pH 7.2. Samples were withdrawn at regular time intervals of 0, 1, 2, 3, 4,
5, 6, 8, 12, and 24 h, and the same amount of freshly prepared buffer solution was then
added immediately, so as to maintain a sink condition [35]. Samples were analyzed using a
UV-spectrophotometer at a specific wavelength of 285 nm.

2.7. Ex Vivo Drug Permeation Study

The visualization and depth of skin permeation of the prepared formulation were
evaluated using confocal microscopy. Confocal microscope uses a laser beam of near IR
region (830 nm), which was focused through an interconnected lens containing a beam
splitter onto the skin region which was to be examined. The laser beam was then reflected
by the rat skin and came back from the beam splitter and struck the detector. The confocal
microscopy enabled in vivo imaging to a depth of 200–300 mm, with a lateral and vertical
resolution of <1.25 µm and <5 µm [36].

2.8. Skin Permeation Enhancement Study

The skin permeation study of the prepared formulation on rat skin was analyzed using
DSC and FTIR. On the top of excised skin, a hydrogel bandage was placed, which was
compared with the untreated skin. Both the skin samples were placed on a Franz diffusion
cell and left for 8 h. The samples were then washed with normal saline, cut into smaller
sections, and dried in an oven; maintaining the temperature at 60 ◦C. The samples in dry
form were then analyzed by DSC and FTIR, as per the previously published study [37].

2.9. In Vivo Wound Healing Activity

The animal experimental protocols were approved by the Institutional Animal Ethics
Committee (IAEC), Jamia Hamdard, New Delhi, India under the CAHF reference number
1884. The 6–8-week-old Wistar rats were received from the central animal house facility of
Jamia Hamdard, New Delhi. Standard conditions, such as adequate light and dark condi-
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tion, stable room temperature, and adequate nourishment, were provided to the animals.
After approval by the animal ethics committee of Jamia Hamdard and the committee for
the purpose of control and supervision of experiments on animals (CPSCEA) Govt. of
India, the animals were obtained [38].

A full-thickness wound was created, in order to evaluate and compare the wound
healing ability of Hsp gel and various nano-preparations consisting of Hsp-PAMAM. All
rats were anesthetized using a mixture of ketamine (75 mg/kg body weight) and xylazine
(25 mg/kg body weight) by intraperitoneal route. An excisional full-thickness wound (1.5
by 1.5 cm2) was created on the dorsal side of the rat, posterior to the neck surface, after
removing hairs with the help of depilator cream and using a scalpel blade. The whole body
was cleaned and decontaminated with methanol. All the wounded rats were then placed
in a propylene cage until the completion of the study [39]. The animals were categorized
into six groups, containing six animals in each group, as shown in Table 1a.

Table 1. (a) Distribution of animals for the in vivo wound healing study; (b) Percentage wound
contraction evaluation post treatment with Hesperidin gel, Hsp-P-Hyd 2.5%, Hsp-P-Hyd 5%, Hsp-
P-Hyd 7.5%, Hsp-P-Hyd 10%. Wounds not treated were considered as control; (c) Skin irritation
evaluation after treatment with Hsp gel and Hsp-P-Hyd 10%.

(a): Distribution of Animals for In Vivo Wound Healing Study
Groups Treatment No of Animals Required/Group Route

1 Control 6 Topical

2 Hesperidin gel 6 Topical

3 Hsp-P-Hyd—10% 6 Topical

4 Hsp-P-Hyd—7.5% 6 Topical

5 Hsp-P-Hyd—5% 6 Topical

6 Hsp-P-Hyd—2.5% 6 Topical

Total number of animals = 36
(b): Percentage wound contraction evaluation post treatment with Hesperidin gel, Hsp-P-Hyd 2.5%, Hsp-P-Hyd 5%,

Hsp-P-Hyd 7.5%, Hsp-P-Hyd 10%. Wounds not treated were considered as control

Groups Day 7 Day 14

Control 24.665 ± 0.94 52 ± 1.41

Hesperidin gel 38.995 ± 0.47 74.998 ± 0.46

Hsp-P-Hyd 2.5% 41 ± 0.48 83.93 ± 0.098

Hsp-P-Hyd 5% 47.665 ± 0.47 87.263 ± 0.85

Hsp-P-Hyd 7.5% 46.33 ± 0.46 89.16 ± 0.14

Hsp-P-Hyd 10% 49.105 ± 0.62 98.9 ± 0.42
(c): Skin irritation evaluation after treatment with Hsp gel and Hsp-P-Hyd 10%.

Rat group
Score after days

Mean score
1 2 3 4 5 6 7

Control 0 0 0 0 0 0 0 0

Hesperidin gel 0 0 0 0 0 0 0 0

Hsp-P-Hyd 10% 0 0 0 1 0 0 0 0.14

Wounds were then treated with hesperidin gel and Hsp-PAMAM hydrogel (Hsp-P-
Hyd) bandages (10%, 7.5%, 5% and 2.5%). Hsp gel was applied to the wound area using
an adhesive bandage. With the use of a digital camera, the rate of wound contraction was
evaluated, by observing the contraction of the wound area on 0 days, 7 days, and 14 days.
Wound contraction was calculated:



Biosensors 2022, 12, 462 6 of 18

Percent wound contraction = [(Initial size of wound size − Specific day wound size)/Initial size of the wound] × 100

Initial size of the wound

2.10. Histopathological Study

Four animals were terminated or euthanized after 14 days of treatment. The middle
portion of the skin tissue was taken, transferred, and fixed immediately into 10% formalin
solution (pH 7.2) [40]. Then, skin tissues were processed, submerge, or implanted into
paraffin blocks and cut to 5 µm in thickness. The cut tissue sample was stained with
Masson’s trichrome (MT) and hematoxylin and eosin (H&E), to obtain the histological
slides. The slides were viewed under a light microscope (Olympus BX 50). Angiogenesis,
epithelialization, and collagen development was assessed [41].

2.11. Skin Irritation Study

A skin irritation test of the prepared formulation was carried out in albino Wistar rats.
Animals were stored under standard laboratory conditions in a light/dark cycle at room
temperature. The prepared formulation was applied on the dorsal side of the rat, near to
the posterior surface of the neck daily to the skin portion for about 7 days, to observe any
kind of edema, erythema, or other kinds of reaction [42].

3. Results and Discussion
3.1. Preparation of Hesperidin Loaded PAMAM Dendrimer (Hsp-PAMAM) Based Hydrogel Bandages

A hesperidin-loaded PAMAM dendrimer was prepared appropriately, which showed
the encapsulation efficiency and drug loading of 20% and 3.33%, respectively. The formula-
tion was then incorporated into the chitosan-sodium alginate hydrogel, to form a bandage.
The loading of Hesperidin into the PAMAM dendrimer was further confirmed by FTIR
and DSC.

3.2. FT-IR

The FT-IR spectra of Hsp show characteristic absorption bands, due to various func-
tional groups. Absorption bands at 3585.82, 3497.09, and 3399.68 cm−1 correspond to
O-H stretching due to the presence of alcohol. The band at 3079.49 shows the presence of
aromatic C-H stretching (alkane), while the absorption band at 2938.68 and 2850.91 cm−1 is
attributed to CH2 stretching. The absorption bands at 1646.32, 1607.74, 1518.04, 1096.58, and
1070.54 cm−1 are attributed to C=O stretching, C=C stretching, C=C-C stretching, and last
two are due to alkyl substituted C-O stretching. Methyl C-H bend (alkane) is obtained at
1446.67 cm−1. The observed peak was nearly the same as that reported in various literature
data (Figure 1a). Our study is in correspondence with a previously published study [43].

The FT-IR spectra of the formulation showed absorption bands at 1878.75 and 1858.49 cm−1

from C-H bending (aromatic compound), while the band at 1818.95 showed C=O stretching.
The bands at 1782.30, 1761.08, 1723.47, and 1707.08 cm−1 indicated C=O stretching. The
band at 1627.03 cm−1 was due to C=C stretching (alkene), while 1569.16 and 1531.55 cm−1

are due N-O stretching. The band at 1446.67 cm−1 is due to methyl C-H bend (alkane). The
band 1384.95 cm−1 is due to C-H bending (alkane), while 1350.23 and 1329.01 cm−1 both
are due to O-H bending (alcohol). The band 1086.93 cm−1 is due to C-O stretching (alkyl
substituted ether) (Figure 1b).
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Figure 1. FTIR spectra of (a) Hesperidin (Hsp) and (b) Hsp-PAMAM.

3.3. Differential Scanning Calorimetry (DSC)

Hesperidin is a flavonoid glycosides compound with an endothermic peak at 248.253 ◦C,
which indicates the melting point of hesperidin, and this was authentic according to data
available on hesperidin. The DSC thermogram of formulation showed an endothermic
peak at 118.767 ◦C, which indicates that the drug had been incorporated (Figure 2a,b). A
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similar study was performed by another researcher, who revealed a decline in the peak
after loading of hesperidin by the nanoparticle [44].
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3.4. Particle Size, Zeta Potential, PDI Determination, and Transmission Electron Microscopy (TEM)

The particle size for the prepared nano-formulation obtained was 12.06 ± 3.292 nm
(Figure 3a). The PDI (polydispersity index), which corresponds to the uniformity of particle
size distribution, was 0.044. The zeta potential of the prepared nano-formulation was also
determined using a Nano-ZS zeta sizer, and using zeta mode to determine the charge
present on the surface of nano-formulation; it was found to be 12.48 mV. TEM imaging of
the formulation showed a spherical morphology (Figure 3b). Therefore, the TEM analysis
confirmed the morphology of the formulation.
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Figure 3. (a) Particle size determination using a Malvern Zetasizer and (b) particle morphology
with TEM.

3.5. Hemolysis Study

Compatibility of a formulation with RBC, especially for erythrocytes, is essential. The
hemolysis effect of the prepared formulation at different concentrations of 25, 50, and
100 µg/mL were 0.33%, 0.47%, and 0.51%, respectively, which are within acceptable limits
(Figure 4a,b). On the basis of the rules of the ASTM E2524-08 standard, a hemolytic value
higher than 5% for the tested nanoparticles can cause hemolysis of the RBC. Therefore, the
prepared formulation is hemocompatible, and hence it can be used within the body, but in
lower concentrations. Figure 4c depicts the outcomes of the light microscopy images of the
different concentrations of the prepared formulation. The hemolysis study showed that the
shape or morphology of RBCs were not damaged by prepared the formulation. Thus, the
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hemolysis study on the RBCs suggested that the prepared formulation is biocompatible,
and hence can be used safely within the body.
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Figure 4. Representation of percentage hemolysis of (a) Hsp-PAMAM at concentration 25 µg/mL,
50 µg/mL, and 100 µg/mL, (b) Representation of hemolysis using different concentrations of
Hsp-PAMAM (left to right: Treated with Hsp-PAMAM at concentration 25 µg/mL, 50 µg/mL,
and 100 µg/mL, PBS and positive control), (c) Optical microscopic images of RBC treated with
(i) 25 µg/mL, (ii) 50 µg/mL, and (iii) 100 µg/mL of Hsp-PAMAM.

3.6. In Vitro Release Study

The percentage release profile of the Hsp-PAMAM hydrogel bandage was 86.367%
release in 24 h (Figure 5). During the first 5 h, it showed a burst release of the drug from the
formulation. After 5 h, the release of the drug from the formulation slowed down, which
corresponded to the delayed release of the formulation. The accessibility of free hesperidin
on the outer surface could be the reason for the burst release of the drug from the prepared
formulation. After 12 h, it a showed sustained release of the drug, which might be due
to affinity of the bonding drug and PAMAM dendrimer, which suggests that the release
of the drug from the inner core of dendrimer was delayed after the burst release during
the initial phase. The prepared formulation showed a sustained release pattern and can
be used for delivery of the drug through a topical route. It is important to understand
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that the PAMAM dendrimer showed a strong bond with the guest cargo molecule, which
confirmed the controlled release of drug at a higher pH [45].
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3.7. Ex Vivo Permeation Study

To evaluate the permeation of Hsp-PAMAM and normal Hsp gel, a confocal micro-
scopic study was performed. The untreated skin was kept as a control. The intensity of the
red color represents the drug deposition in the rat skin. Rat skin treated with the control
group and the drug showed maximum intensity at the skin surface of 0–5 µm, while the
prepared formulation showed a deposition of drug in the epidermis up to 15–25 µm. The
results, thus, show that the drug could efficiently be conserved in between the layers of
the epidermis and dermis, which is essential for the therapy of a full-thickness wound
(Figure 6). Our study is in accordance to a previously published study by Borowska, where
they demonstrated the depth permeation of drug 8-methoxypsoralen using G3 and G4 PA-
MAM dendrimers. The formulation was similarly placed on rat skin using Franz diffusion
cells, and the extent of permeation was evaluated through a confocal microscopic study.
The results suggested a feasible effect of both dendrimers in transdermal delivery, which
could improve the safety and effectiveness of PUVA (Psolaren+ UVA light) therapy [46].
This experiment was carried out to evaluate the extent of penetration of hesperidin, after
being loaded into the core of a PAMAM dendrimer.

3.8. Skin Permeation Enhancement Study

To evaluate the permeation of Hsp-PAMAM from the hydrogel bandage into the skin
and its mechanism of permeation, FTIR and DSC were used. In the FTIR of normal skin
(Figure 7a), the absorption band from 3000 to 2700 cm−1 occurred due to the C-H stretching
motion of the alkyl group present in both proteins and lipids. Absorption bands 2926.14
and 2853.81 cm−1 were due to asymmetric and symmetric C-H stretching in the lipids.
Bands at 1639.56 and 1550.83 cm−1 were due to amide I and amide II stretching vibrations
of the proteins. Amide I bands arise from C=O stretching vibration, and amide II band from
C-N bending vibration. The amide I band consists of component bands that represent the
various structures of keratin. The FTIR spectra of the treated skin showed absorption bands
at 3576.18, 3421.87, and 3062.13 cm−1 (Figure 7b). The band at 2855.73 cm−1 represents
C-H stretching (alkane), 1750.48 cm−1 band represents C=O stretching, and 1665.60 cm−1

band represents C=C stretching (alkene). The absorption band at 1462.11 cm−1 shows
C-H bending (alkane), the band at 1426.42 cm−1 O-H bending, and 971.20 cm−1 represents
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C=C bending (alkene). Both spectra of hesperidin and rat skin treated with formulation
showed similar characteristic peaks, with minute differences. This difference in peaks can
be attributed to the chemical interaction between the skin and Hsp-PAMAM.

Biosensors 2022, 12, x FOR PEER REVIEW 12 of 18 
 

 
Figure 6. Confocal microscopic images of skin treated with a control, plain Hsp gel, and Hsp-PA-
MAM hydrogel bandage. In the control and Hsp gel-treated groups, the intensity of red fluorescence 
reached only 5 μm, while a higher penetration was observed in those treated with Hsp-PAMAM, 
reaching a depth of 15 to 20 μm. 

3.8. Skin Permeation Enhancement Study 
To evaluate the permeation of Hsp-PAMAM from the hydrogel bandage into the skin 

and its mechanism of permeation, FTIR and DSC were used. In the FTIR of normal skin 
(Figure 7a), the absorption band from 3000 to 2700 cm−1 occurred due to the C-H stretching 
motion of the alkyl group present in both proteins and lipids. Absorption bands 2926.14 
and 2853.81 cm−1 were due to asymmetric and symmetric C-H stretching in the lipids. 
Bands at 1639.56 and 1550.83 cm−1 were due to amide I and amide II stretching vibrations 

Figure 6. Confocal microscopic images of skin treated with a control, plain Hsp gel, and Hsp-PAMAM
hydrogel bandage. In the control and Hsp gel-treated groups, the intensity of red fluorescence reached
only 5 µm, while a higher penetration was observed in those treated with Hsp-PAMAM, reaching a
depth of 15 to 20 µm.
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The DSC thermogram of normal rat skin was compared with rat skin treated with
the prepared formulation. The DSC thermogram of the normal rat skin showed an en-
dothermic peak at 146.386 ◦C, which was due to the denaturation of protein, while the DSC
thermogram of the rat skin treated with the formulation showed a sharp endothermic peak
at 116.227 ◦C (Figure 7c,d). The shift in peak to a lower value indicates the interference in
the junction of the stratum corneum, which was required for permeation of the drug.

3.9. In Vivo Wound Healing Activity

The efficiency of the Hsp-P-hyd was determined using a full-thickness wound created
on rats. There is extensive evidence of the safety and effects of hesperidin, such as being
anti-radical, anti-oxidant, antibacterial, and anti-inflammatory; with its main effect being
prompting faster wound healing [47–49]. Previous studies have also suggested the potential
of Hsp in early collagen synthesis and deposition, early epithelialization, and increased
cellular proliferation [50].

Figure 4 shows images of full-thickness wounds taken from day 0 to day 14 for the
control group, plain hesperidin gel, and Hsp-PAMAM (2.5%, 5%, 7.5%, and 10%). Almost
every group showed wound contraction over time, while the hesperidin gel showed
accelerated wound closure in comparison to the control group (Figure 8a,b). It was found
that the control group had inflammation and infection, with incomplete wound closure.
Hsp-P-Hyd 10% exhibited the fastest wound closure, which was due to the properties of the
hesperidin reaching deeper into the dermis with the help of the PAMAM dendrimer [51].
No sign of inflammation or infection, and complete wound closure, was observed. To assess
the process of wound healing, the wound closure percentage was determined (Figure 8a,
Table 1b).
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Percent of wound closure for the control group after 7 and 14 days was 24.665 ± 0.94
and 79 ± 1.41, whereas for hesperidin gel it was found to be 79 ± 1.41 and 79 ± 1.41. The
best was obtained for 10% formulation, where the wound closure was 49.105 ± 0.62 and
98.9 ± 0.42.

3.10. Histopathological Study

The histologic sections of the control group (untreated) and formulation treated group
are shown in Figure 9a,b. Histopathological evaluation of the control group showed
degenerated neutrophil and eosinophils infiltration. Hesperidin gel showed the formation
of the epidermal layer at the injured site. The wound was completely covered by an
epidermal and granular layer. Hsp-P-Hyd 10% produced the maximum contraction of the
wound, formation of epidermal layer, and remodeling. The epidermal layer was totally
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formed, due to the healing property of hesperidin (Figure 9a). In the case of MT (Masson’s
trichrome) staining, this showed that among all the prepared formulations, Hsp-P-Hyd 10%
revealed the most improved collagen synthesis during the process of wound healing. On
the contrary, the collagen formation rate and deposition were very low in the control group
(Figure 9b). Therefore, it can be concluded that 10% hesperidin could help in increasing the
collagen synthesis rate [52]. The wound healing effect of hesperidin in diabetes-induced
rats has also shown potential effects, by accelerating vasculogenesis and angiogenesis via
upregulation of TGF-β, VEGF-c, Smad-2/3 mRNA, and Ang-1/Tie-2 expression, which in
congruence suggests promising effects for treatment of full-thickness wounds [53].
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3.11. Skin Irritation Study

Hesperidin is a nonirritant, as it is a phytoconstituent, but the prepared formulation
contained various chemical constituents, so it becomes necessary to conduct a skin irritation
study (Figure 9c). The rats were observed for 7 days, to observe any toxic reaction or
harmful effect. The score of this study was 0.14 for the formulation, which suggests
no signs of dropsy or erythema on the skin. Values between 0 to 9 suggest non-irritant
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potential, hence the prepared formulation is safe and compatible for delivery via the topical
route (Table 1c).

4. Conclusions

In this study, different concentrations of hesperidin were loaded into a dendrimer,
to increase the wound healing rate, and their efficacy was evaluated in a rat model. The
obtained results showed that Hsp-P-Hyd 10% had a better wound healing effect compared
to the other groups in the study. The hemolysis study suggested its biocompatibility with
RBCs and that it can be used for the treatment of full-thickness wounds. The in vitro study
revealed that 10% of the prepared formulation (hesperidin) had a better efficiency for
treating the wound compared to the control or other prepared formulations of hesperidin.
Around 98.9% of the wound was healed after 14 days of the animal study. Based on the
obtained results, it can be concluded that 10% of hesperidin formulation is promising for
the successful treatment of skin-related injuries or wounds.

Author Contributions: Writing—review and editing, P.G. and A.S.; methodology, P.G. and A.S.;
resources, M.A.S.A.; project administration and supervision, P.K. All authors have read and agreed to
the published version of the manuscript.

Funding: The research was funded by Deanship of Scientific Research at Umm Al-Qura University,
Makkah 21955, Saudi Arabia and Indian Council of Medical Research (ICMR), New Delhi, India.

Institutional Review Board Statement: The study was conducted in accordance with the Institu-
tional animal ethics committee (IAEC) of Jamia Hamdard (Protocol No. 1884, Date of approval
21 April 2022) for studies involving animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author (Mohammed A. S. Abourehab) would like to thank the Deanship
of Scientific Research at Umm Al-Qura University for supporting this work with Grant Code:
(22UQU4290565DSR32). The author (P. Kesharwani) acknowledges the financial support from
the Indian Council of Medical Research (ICMR), New Delhi, India, through Extramural Research
Grants [35/10/2019-Nano/BMS and 5/13/8/2020/NCD-III].

Conflicts of Interest: The authors declare no conflict to interest.

References
1. El-Ashram, S.; El-Samad, L.M.; Basha, A.A.; El Wakil, A. Naturally-derived targeted therapy for wound healing: Beyond classical

strategies. Pharmacol. Res. 2021, 170, 105749. [CrossRef] [PubMed]
2. Alqahtani, M.S.; Alqahtani, A.; Kazi, M.; Ahmad, M.Z.; Alahmari, A.; Alsenaidy, M.A.; Syed, R. Wound-healing potential of

curcumin loaded lignin nanoparticles. J. Drug Deliv. Sci. Technol. 2020, 60, 102020. [CrossRef]
3. Medina-Cruz, D.; Saleh, B.; Vernet-Crua, A.; Ajo, A.; Roy, A.K.; Webster, T.J. Drug-delivery nanocarriers for skin wound-

healing applications. In Wound Healing, Tissue Repair, and Regeneration in Diabetes; Elsevier: Amsterdam, The Netherlands, 2020;
pp. 439–488.

4. Bennett, N.T.; Sehultz, G.S.; Schultz, S. Growth Factors and Wound Healing: Part II. Role in Normal and Chronic Wound Healing.
Am. J. Surg. 1993, 166, 74–81. [CrossRef]

5. Bagher, Z.; Ehterami, A.; Nasrolahi, M.; Azimi, M.; Salehi, M. Hesperidin promotes peripheral nerve regeneration based on tissue
engineering strategy using alginate/chitosan hydrogel: In vitro and in vivo study. Int. J. Polym. Mater. Polym. Biomater. 2021, 70,
299–308. [CrossRef]

6. Alizadeh, S.; Seyedalipour, B.; Shafieyan, S.; Kheime, A.; Mohammadi, P.; Aghdami, N. Copper nanoparticles promote rapid
wound healing in acute full thickness defect via acceleration of skin cell migration, proliferation, and neovascularization. Biochem.
Biophys. Res. Commun. 2019, 517, 684–690. [CrossRef]

7. Nel, A.E.; Mädler, L.; Velegol, D.; Xia, T.; Hoek, E.M.V.; Somasundaran, P.; Thompson, M. Understanding biophysicochemical
interactions at the nano-bio interface. Nat. Mater. 2009, 8, 543–557. [CrossRef]

8. Kesharwani, P.; Jain, K.; Jain, N.K. Dendrimer as nanocarrier for drug delivery. Prog. Polym. Sci. 2014, 39, 268–307. [CrossRef]
9. McNamara, K.; Tofail, S.A.M. Nanoparticles in biomedical applications. Adv. Phys. 2017, 2, 54–88. [CrossRef]
10. Sheikh, A.; Md, S.; Alhakamy, N.A.; Kesharwani, P. Recent development of aptamer conjugated chitosan nanoparticles as cancer

therapeutics. Int. J. Pharm. 2022, 620, 121751. [CrossRef]

http://doi.org/10.1016/j.phrs.2021.105749
http://www.ncbi.nlm.nih.gov/pubmed/34214630
http://doi.org/10.1016/j.jddst.2020.102020
http://doi.org/10.1016/S0002-9610(05)80589-6
http://doi.org/10.1080/00914037.2020.1713781
http://doi.org/10.1016/j.bbrc.2019.07.110
http://doi.org/10.1038/nmat2442
http://doi.org/10.1016/j.progpolymsci.2013.07.005
http://doi.org/10.1080/23746149.2016.1254570
http://doi.org/10.1016/j.ijpharm.2022.121751


Biosensors 2022, 12, 462 17 of 18

11. Monopoli, M.P.; Åberg, C.; Salvati, A.; Dawson, K.A. Biomolecular coronas provide the biological identity of nanosized materials.
Nat. Nanotechnol. 2012, 7, 779–786. [CrossRef]

12. Kesharwani, P.; Gajbhiye, V.; Jain, N.K. A review of nanocarriers for the delivery of small interfering RNA. Biomaterials 2012, 33,
7138–7150. [CrossRef] [PubMed]

13. Sheikh, A.; Kesharwani, P. An Insight into Aptamer Engineered Dendrimer for Cancer Therapy. Eur. Polym. J. 2021, 159, 110746.
[CrossRef]

14. Kesharwani, P.; Banerjee, S.; Gupta, U.; Amin, M.C.I.M.; Padhye, S.; Sarkar, F.H.; Iyer, A.K. PAMAM dendrimers as promising
nanocarriers for RNAi therapeutics. Mater. Today 2015, 18, 565–572. [CrossRef]

15. Kesharwani, P.; Iyer, A.K. Recent advances in dendrimer-based nanovectors for tumor-targeted drug and gene delivery. Drug
Discov. Today 2015, 20, 536–547. [CrossRef]

16. Singh, A.; Ujjwal, R.R.; Naqvi, S.; Verma, R.K.; Tiwari, S.; Kesharwani, P.; Shukla, R. Formulation development of tocopherol
polyethylene glycol nanoengineered polyamidoamine dendrimer for neuroprotection and treatment of Alzheimer disease. J. Drug
Target. 2022, 1–15. [CrossRef]

17. Sharma, A.K.; Gothwal, A.; Kesharwani, P.; Alsaab, H.; Iyer, A.K.; Gupta, U. Dendrimer Nanoarchitectures for Cancer Diagnosis
and Anticancer Drug Delivery. Drug Discov. Today 2017, 22, 314–326. [CrossRef]

18. Tsirigotis-Maniecka, M.; Gancarz, R.; Wilk, K.A. Polysaccharide hydrogel particles for enhanced delivery of hesperidin: Fabrica-
tion, characterization and in vitro evaluation. Colloids Surf. A Physicochem. Eng. Asp. 2017, 532, 48–56. [CrossRef]

19. Li, W.; Kandhare, A.D.; Mukherjee, A.A.; Bodhankar, S.L. Hesperidin, a plant flavonoid accelerated the cutaneous wound
healing in streptozotocin-induced diabetic rats: Role of TGF-B/SMADS and ANG-1/TIE-2 signaling pathways. EXCLI J. 2018, 17,
399–419.

20. Musa, A.E.; Omyan, G.; Esmaely, F.; Shabeeb, D. Radioprotective effect of hesperidin: A systematic review. Medicina 2019, 55, 370.
[CrossRef]

21. Yamada, M.; Tanabe, F.; Arai, N.; Mitsuzumi, H.; Miwa, Y.; Kubota, M.; Chaen, H.; Kibata, M. Bioavailability of glucosyl
hesperidin in rats. Biosci. Biotechnol. Biochem. 2006, 70, 1386–1394. [CrossRef]

22. Vabeiryureilai, M.; Lalrinzuali, K.; Jagetia, G.C. NF-κB and COX-2 repression with topical application of hesperidin and naringin
hydrogels augments repair and regeneration of deep dermal wounds. Burns 2022, 48, 132–145. [CrossRef] [PubMed]

23. Majumdar, S.; Srirangam, R. Solubility, stability, physicochemical characteristics and in vitro ocular tissue permeability of
hesperidin: A natural bioflavonoid. Pharm. Res. 2009, 26, 1217–1225. [CrossRef] [PubMed]

24. Ali, S.H.; Sulaiman, G.M.; Al-Halbosiy, M.M.F.; Jabir, M.S.; Hameed, A.H. Fabrication of hesperidin nanoparticles loaded by poly
lactic co-Glycolic acid for improved therapeutic efficiency and cytotoxicity. Artif. Cells Nanomed. Biotechnol. 2019, 47, 378–394.
[CrossRef] [PubMed]

25. Sheikh, A.; Md, S.; Kesharwani, P. RGD engineered dendrimer nanotherapeutic as an emerging targeted approach in cancer
therapy. J. Control. Release 2021, 340, 221–242. [CrossRef] [PubMed]

26. Kumari, S.; Choudhary, P.K.; Shukla, R.; Sahebkar, A.; Kesharwani, P. Recent advances in nanotechnology based combination
drug therapy for skin cancer. J. Biomater. Sci. Polym. Ed. 2022, 1–34. [CrossRef]

27. Sheikh, A.; Md, S.; Kesharwani, P. Aptamer grafted nanoparticle as targeted therapeutic tool for the treatment of breast cancer.
Biomed. Pharmacother. 2022, 146, 112530. [CrossRef]

28. Fatima, M.; Sheikh, A.; Hasan, N.; Sahebkar, A.; Riadi, Y.; Kesharwani, P. Folic acid conjugated poly(amidoamine) dendrimer as a
smart nanocarriers for tracing, imaging, and treating cancers over-expressing folate receptors. Eur. Polym. J. 2022, 170, 111156.
[CrossRef]

29. Mohanty, C.; Das, M.; Sahoo, S.K. Sustained wound healing activity of curcumin loaded oleic acid based polymeric bandage in a
rat model. Mol. Pharm. 2012, 9, 2801–2811. [CrossRef]

30. Singh, V.; Md, S.; Alhakamy, N.A.; Kesharwani, P. Taxanes loaded polymersomes as an emerging polymeric nanocarrier for
cancer therapy. Eur. Polym. J. 2022, 162, 110883. [CrossRef]

31. Kanaze, F.I.; Kokkalou, E.; Niopas, I.; Georgarakis, M.; Stergiou, A.; Bikiaris, D. Thermal analysis study of flavonoid solid
dispersions having enhanced solubility. J. Therm. Anal. Calorim. 2006, 83, 283–290. [CrossRef]

32. Sulaiman, G.M.; Waheeb, H.M.; Jabir, M.S.; Khazaal, S.H.; Dewir, Y.H.; Naidoo, Y. Hesperidin Loaded on Gold Nanoparticles as a
Drug Delivery System for a Successful Biocompatible, Anti-Cancer, Anti-Inflammatory and Phagocytosis Inducer Model. Sci. Rep.
2020, 10, 9362. [CrossRef] [PubMed]

33. Kesharwani, P.; Banerjee, S.; Padhye, S.; Sarkar, F.H.; Iyer, A.K. Parenterally administrable nano-micelles of 3,4-difluorobenzylidene
curcumin for treating pancreatic cancer. Colloids Surf. B Biointerfaces 2015, 132, 138–145. [CrossRef] [PubMed]

34. Zhou, Y.; He, C.; Chen, K.; Ni, J.; Cai, Y.; Guo, X.; Wu, X.Y. A New Method for Evaluating Actual Drug Release Kinetics of
Nanoparticles inside Dialysis Devices via Numerical Deconvolution. J. Control. Release 2016, 243, 11–20. [CrossRef] [PubMed]

35. Sarah Sujitha, Y.; Indira Muzib, Y.; Sarah Sujitha, Y. Preparation of Topical Nano Gel Loaded with Hesperidin Emulsomes: In vitro
and in vivo Studies. Int. J. Pharm. Investig. 2020, 10, 500–505. [CrossRef]

36. Terhorst, D.; Maltusch, A.; Stockfleth, E.; Lange-Asschenfeldt, S.; Sterry, W.; Ulrich, M.; Lange-Asschenfeldt, B. Reflectance
confocal microscopy for the evaluation of acute epidermal wound healing. Wound Repair Regen. 2011, 19, 671–679. [CrossRef]

http://doi.org/10.1038/nnano.2012.207
http://doi.org/10.1016/j.biomaterials.2012.06.068
http://www.ncbi.nlm.nih.gov/pubmed/22796160
http://doi.org/10.1016/j.eurpolymj.2021.110746
http://doi.org/10.1016/j.mattod.2015.06.003
http://doi.org/10.1016/j.drudis.2014.12.012
http://doi.org/10.1080/1061186X.2022.2063297
http://doi.org/10.1016/j.drudis.2016.09.013
http://doi.org/10.1016/j.colsurfa.2017.07.001
http://doi.org/10.3390/medicina55070370
http://doi.org/10.1271/bbb.50657
http://doi.org/10.1016/j.burns.2021.04.016
http://www.ncbi.nlm.nih.gov/pubmed/33972147
http://doi.org/10.1007/s11095-008-9729-6
http://www.ncbi.nlm.nih.gov/pubmed/18810327
http://doi.org/10.1080/21691401.2018.1559175
http://www.ncbi.nlm.nih.gov/pubmed/30691314
http://doi.org/10.1016/j.jconrel.2021.10.028
http://www.ncbi.nlm.nih.gov/pubmed/34757195
http://doi.org/10.1080/09205063.2022.2054399
http://doi.org/10.1016/j.biopha.2021.112530
http://doi.org/10.1016/j.eurpolymj.2022.111156
http://doi.org/10.1021/mp300075u
http://doi.org/10.1016/j.eurpolymj.2021.110883
http://doi.org/10.1007/s10973-005-6989-9
http://doi.org/10.1038/s41598-020-66419-6
http://www.ncbi.nlm.nih.gov/pubmed/32518242
http://doi.org/10.1016/j.colsurfb.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26037703
http://doi.org/10.1016/j.jconrel.2016.09.031
http://www.ncbi.nlm.nih.gov/pubmed/27693750
http://doi.org/10.5530/ijpi.2020.4.87
http://doi.org/10.1111/j.1524-475X.2011.00737.x


Biosensors 2022, 12, 462 18 of 18

37. Iqubal, M.K.; Iqubal, A.; Imtiyaz, K.; Rizvi, M.M.A.; Gupta, M.M.; Ali, J.; Baboota, S. Combinatorial lipid-nanosystem for dermal
delivery of 5-fluorouracil and resveratrol against skin cancer: Delineation of improved dermatokinetics and epidermal drug
deposition enhancement analysis. Eur. J. Pharm. Biopharm. 2021, 163, 223–239. [CrossRef]

38. Vashisth, I.; Ahad, A.; Aqil, M.; Agarwal, S.P. Investigating the potential of essential oils as penetration enhancer for transdermal
losartan delivery: Effectiveness and mechanism of action. Asian J. Pharm. Sci. 2014, 9, 260–267. [CrossRef]

39. Moglad, E.H.; Hamad, A.M.; Fatima, F.; Devanathadesikan Seshadri, V.; Naz, M. Antimicrobial and wound healing activities of
certain Sudanese medicinal plants. Saudi J. Biol. Sci. 2020, 27, 1766–1772. [CrossRef]

40. Aramwit, P.; Sangcakul, A. The effects of sericin cream on wound healing in rats. Biosci. Biotechnol. Biochem. 2007, 71, 2473–2477.
[CrossRef]

41. Yadav, E.; Yadav, P.; Verma, A. Amelioration of full thickness dermal wounds by topical application of biofabricated zinc oxide
and iron oxide nano-ointment in albino Wistar rats. J. Drug Deliv. Sci. Technol. 2021, 66, 102833. [CrossRef]

42. Thomas, L.; Zakir, F.; Mirza, M.A.; Anwer, M.K.; Ahmad, F.J.; Iqbal, Z. Development of Curcumin loaded chitosan polymer based
nanoemulsion gel: In vitro, ex vivo evaluation and in vivo wound healing studies. Int. J. Biol. Macromol. 2017, 101, 569–579.
[CrossRef] [PubMed]

43. Rekha, S.S.; Pradeepkiran, J.A.; Bhaskar, M. Bioflavonoid hesperidin possesses the anti-hyperglycemic and hypolipidemic
property in STZ induced diabetic myocardial infarction (DMI) in male Wister rats. J. Nutr. Intermed. Metab. 2019, 15, 58–64.
[CrossRef]

44. Man, M.Q.; Yang, B.; Elias, P.M. Benefits of Hesperidin for Cutaneous Functions. Evid. Based. Complement. Alternat. Med. 2019,
2019, 2676307. [CrossRef]

45. Maingi, V.; Kumar, M.V.S.; Maiti, P.K. PAMAM dendrimer-drug interactions: Effect of pH on the binding and release pattern.
J. Phys. Chem. B 2012, 116, 4370–4376. [CrossRef] [PubMed]

46. Borowska, K.; Wołowiec, S.; Rubaj, A.; Głowniak, K.; Sieniawska, E.; Radej, S. Effect of polyamidoamine dendrimer G3 and G4 on
skin permeation of 8-methoxypsoralene—In vivo study. Int. J. Pharm. 2012, 426, 280–283. [CrossRef]

47. Bae, E.A.; Han, M.J.; Lee, M.; Kim, D.H. In vitro inhibitory effect of some flavonoids on rotavirus infectivity. Biol. Pharm. Bull.
2000, 23, 1122–1124. [CrossRef]

48. Ohtsuki, K.; Abe, A.; Mitsuzumi, H.; Kondo, M.; Uemura, K.; Iwasaki, Y.; Kondo, Y. Glucosyl Hesperidin Improves Serum
Cholesterol Composition and Inhibits Hypertrophy in Vasculature. J. Nutr. Sci. Vitaminol. 2003, 49, 447–450. [CrossRef]

49. Jagetia, G.C. Topical Application of Hesperidin, a Citrus Bioflavanone Accelerates Healing of Full Thickness Dermal Excision
Wounds in Mice Exposed to 6 Gy of Whole Body Γ-Radiation. J. Clin. Res. Dermatol. 2017, 4, 1–8. [CrossRef]

50. Haddadi, G.; Abbaszadeh, A.; Mosleh-Shirazi, M.A.; Okhovat, M.A.; Salajeghe, A.; Ghorbani, Z. Evaluation of the effect of
hesperidin on vascular endothelial growth factor gene expression in rat skin animal models following cobalt-60 gamma irradiation.
J. Cancer Res. Ther. 2018, 14, S1098–S1104.

51. Surekha, B.; Kommana, N.S.; Dubey, S.K.; Kumar, A.V.P.; Shukla, R.; Kesharwani, P. PAMAM dendrimer as a talented multifunc-
tional biomimetic nanocarrier for cancer diagnosis and therapy. Colloids Surf. B Biointerfaces 2021, 204, 111837. [CrossRef]

52. Chen, H.; Xing, X.; Tan, H.; Jia, Y.; Zhou, T.; Chen, Y.; Ling, Z.; Hu, X. Covalently antibacterial alginate-chitosan hydrogel dressing
integrated gelatin microspheres containing tetracycline hydrochloride for wound healing. Mater. Sci. Eng. C 2017, 70, 287–295.
[CrossRef] [PubMed]

53. Kalita, B.; Patwary, B.N. Formulation and in Vitro Evaluation of Hesperidin-Phospholipid Complex and Its Antioxidant Potential.
Curr. Drug ther. 2019, 15, 28–36. [CrossRef]

http://doi.org/10.1016/j.ejpb.2021.04.007
http://doi.org/10.1016/j.ajps.2014.06.007
http://doi.org/10.1016/j.sjbs.2020.05.017
http://doi.org/10.1271/bbb.70243
http://doi.org/10.1016/j.jddst.2021.102833
http://doi.org/10.1016/j.ijbiomac.2017.03.066
http://www.ncbi.nlm.nih.gov/pubmed/28322948
http://doi.org/10.1016/j.jnim.2018.12.004
http://doi.org/10.1155/2019/2676307
http://doi.org/10.1021/jp211515g
http://www.ncbi.nlm.nih.gov/pubmed/22420638
http://doi.org/10.1016/j.ijpharm.2012.01.041
http://doi.org/10.1248/bpb.23.1122
http://doi.org/10.3177/jnsv.49.447
http://doi.org/10.15226/2378-1726/4/3/00162
http://doi.org/10.1016/j.colsurfb.2021.111837
http://doi.org/10.1016/j.msec.2016.08.086
http://www.ncbi.nlm.nih.gov/pubmed/27770893
http://doi.org/10.2174/1574885514666190226155933

	Introduction 
	Material and Methods 
	Materials 
	Preparation of Hesperidin Loaded PAMAM Dendrimer (Hsp-PAMAM) Based Hydrogel Bandages 
	Drug Loading and Entrapment Efficiency 
	Characterization of Hesperidin PAMAM Dendrimer 
	Fourier Transform Infrared Spectroscopy (FT-IR) 
	Differential Scanning Colorimetry (DSC) 
	Particle Size, Zeta Potential, and PDI Determination 
	Morphology Examination (Transmission Electron Microscopy) 

	Hemcompatibility Study 
	In Vitro Drug Release 
	Ex Vivo Drug Permeation Study 
	Skin Permeation Enhancement Study 
	In Vivo Wound Healing Activity 
	Histopathological Study 
	Skin Irritation Study 

	Results and Discussion 
	Preparation of Hesperidin Loaded PAMAM Dendrimer (Hsp-PAMAM) Based Hydrogel Bandages 
	FT-IR 
	Differential Scanning Calorimetry (DSC) 
	Particle Size, Zeta Potential, PDI Determination, and Transmission Electron Microscopy (TEM) 
	Hemolysis Study 
	In Vitro Release Study 
	Ex Vivo Permeation Study 
	Skin Permeation Enhancement Study 
	In Vivo Wound Healing Activity 
	Histopathological Study 
	Skin Irritation Study 

	Conclusions 
	References

