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Abstract: Hydrogels have been investigated as ideal biomaterials for wound treatment owing to their
ability to form a highly moist environment which accelerates cell migration and tissue regeneration
for prompt wound healing. They can also be used as a drug carrier for local delivery, and are
able to activate immune cells to enhance wound healing. Here, we developed heparin-conjugated
poly(N-isopropylacrylamide), an injectable, in situ gel-forming polymer, and evaluated its use in
wound healing. Ibuprofen was encapsulated into the hydrogel to help reduce pain and excessive
inflammation during healing. In addition to in vitro studies, a BALB/c mice model was used to evaluate
its effect on would healing and the secretion of inflammatory mediators. The in vitro assay confirmed
that the ibuprofen released from the hydrogel dramatically reduced lipopolysaccharide-induced
inflammation by suppressing the production of NO, PGE2 and TNF-α in RAW264.7 macrophages.
Moreover, an in vivo wound healing assay was conducted by applying hydrogels to wounds on the
backs of mice. The results showed that the ibuprofen-loaded hydrogel improved healing relative
to the phosphate buffered saline group. This study indicates that ibuprofen loaded in an injectable
hydrogel is a promising candidate for wound healing therapy.

Keywords: anti-inflammation; heparin; ibuprofen; thermoresponsive hydrogel; wound healing

1. Introduction

Wound care therapy is a major clinical burden, as it is a complex multi-step process comprising
hemostasis, inflammation, angiogenesis, proliferation, connective tissue remodeling, and wound strength
recovery [1–3]. Wound healing restores the structural integrity of the damaged tissue through spontaneous
growth and regeneration [4]. During this process, communication between keratinocytes, fibroblasts,
endothelial cells, neutrophils and macrophages is mediated by endogenously released growth factors,
cytokines and chemokines, which are essential to restoring the integrity of wounded tissue [5].

Wound healing is initiated immediately after trauma by the sequential release of various growth
factors and cytokines from injured blood vessels and degranulating platelets. However, if one
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of the phases of healing is incomplete, wound repair may be impeded, tissue recovery may be
delayed, and a chronic non-healing wound may develop [6]. Localized infection may also impair
healing by triggering excessive inflammation. In severe cases, this may cause the infection to become
systemically disseminated [7]. Pain, especially that experienced during dressing changes, may also
hinder wound healing.

In patients with chronic wounds, pain management is a major concern. Since cells release
pain neuropeptides in response to a wide range of stimuli, and pain stress responses may be
detrimental to healing [8,9]. These biomolecules (pain neuropeptides) also induce leukocytes and
other immunoreactive cells to release proinflammatory cytokines. An imbalance of proinflammatory
cytokines negatively affects wound healing, contributes to inflammatory diseases, and causes tissue
destruction. Several approaches to prevent acute inflammation and pain during wound care have
been evaluated. Ibuprofen-loaded materials with controlled drug release behaviors have been used to
prevent excessive inflammation during the early stages of healing, and to relieve pain and promote
tissue repair during later stages [7,10]. Ibuprofen is a non-steroidal anti-inflammatory drug (NSAID)
used to treats acute pain, inflammation, and degenerative diseases by inhibiting cyclooxygenases
(COX), which are the key enzyme in the synthesis of prostaglandins [11,12].

Ibuprofen has a short half-life [13]. It is rapidly biotransformed and must be repeatedly administered
to maintain optimal plasma concentration. However, multiple ibuprofen doses may hamper treatment
compliance and diminish clinical efficacy. The design of a controlled and sustained ibuprofen release
system may properly address these therapeutic challenges [14,15]. Targeted therapeutic agent delivery
via stimuli-responsive carriers enables on-demand drug release [16]. Likewise, localized drug delivery
systems with temperature-inducible, injectable hydrogels regulate drug release and mitigate nonspecific
drug distribution to healthy tissues and organs [17]. Moreover, they may help avoid excessive drug
administration and improve patient compliance [18–20].

To enhance wound healing and attenuate bacterial colonization, various biomaterials have also
been explored as bioactive dressings. These substances deliver bioactive molecules to the wound or
generate materials in it with endogenous activity. Non-adhesive biomaterials that adsorb exudates and
release moisture are promising for the prospect of wound dressings, and are simple to replace [21,22].
In this regard, hydrogels have attracted substantial attention due to their ability to strike an effective
balance between exudate adsorption and moisture release. In addition to creating a conducive
environment to initiating wound healing, they can also deliver bioactive substances to the lesion [23].

Certain hydrogels have been synthesized from naturally occurring polysaccharides due to
their superior native biomimetic and physicochemical properties [24,25]. Polysaccharides are ideal
biomaterials because of their excellent biocompatibility and potential reaction sites for structural
modification to increase their use in biomedical applications [26,27]. Hydrogels prepared from
polysaccharides alone or with other substrates [28] are characterized by high viscosity and water
absorption properties [29]. Polysaccharides-based thermo-sensitive hydrogels can be obtained through
different methods, such as grafting poly(ethylene glycol) (PEG) onto the chitosan backbone [30],
the addition of salts into cellulose derivative (methyl cellulose) [31], and by removing ~35% of the
galactose residues of xyloglucan [32]. These natural polysaccharides, including heparin, are highly
recommended to ameliorate wound healing. Heparin is an anionic polysaccharide with several
important biological and pharmacological activities. Heparin sulfate proteoglycans in the extracellular
matrix interact with proangiogenic factors and play key roles in angiogenesis. They also protect growth
factors from proteolytic degradation [33,34]. Moreover, heparin interacts with proteins and positively
charged amino acid residues via its sulfate and carboxylate moieties. This interaction, either through
electrostatic interaction or heparin binding domains, stabilize proteins and regulate their affinities for
cell receptors. On the other hand, the selective desalfation of heparin inhibits its affinity for binding with
biomolecules, and subsequently reduces its anti-coagulant effect. The fabrication of heparin-conjugated
polymeric scaffolds has also been reported by several groups [35,36]. La et al. synthesized heparin-based
nanospheres by conjugating heparin to amino-terminated-PLGA for wound healing applications [37].
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Hence heparin-based materials have been investigated as bioactive wound dressings for accelerated
wound healing or functional repairing [38,39]. Taking this into account, we prepared a N-acetylated
heparin-poly(N-isopropylacrylamide) (Hep-PNIPAM) copolymer-based thermosensitive hydrogel by
conjugating heparin to amino-terminated poly(N-isopropylacrylamide) (PNIPAM).

Thermoresponsive hydrogels, which undergo in situ gelation at human core body temperature,
are attractive materials to be used as an alternative conventional wound dressing [40–42].
Several temperature-sensitive hydrogels, particularly in situ forming hydrogels, have been investigated
extensively and are widely utilized as drug depots for sustained release, and can be applied with
minimally invasive procedures [29,43,44]. poly-N(isopropylacrylamide) (PNIPAM) is one of the
thermoresponsive polymers that has been explored and used as a biomaterial in various biomedical
applications [45]. It undergoes a fully reversible, temperature-dependent phase transition, and
has a lower critical solution temperature (LCST), ~32 ◦C, in aqueous solution [46,47]. However,
the LCST for PNIPAM can be improved from 32 to 37 ◦C (body temperature) through the presence of
surfactants or by conjugating with some hydrophilic copolymers [48–51]. Above the LCST, the PNIPAM
polymer strongly interacts with cells and promotes cell proliferation in the hydrogel. PNIPAM-grafted
copolymers have been used as scaffolds for the encapsulation of wound-healing materials and cells in
cell therapy, for facilitating cell proliferation, and for tissue regeneration [52].

Here, we design a multifunctional heparin-grafted PNIPAM-based thermosensitive injectable
hydrogel (Hep-PNIPAM) for the local delivery of ibuprofen and maintaining a sustained release
for enhancing would healing through controlling inflammation, relieving pain and stimulating cell
proliferation. The sol-gel phase transition and gelation temperatures of aqueous Hep-PNIPAM solutions
were investigated, and the drug-release behaviors of ibuprofen-loaded hydrogels were characterized
in vitro. The effects of the ibuprofen released from the hydrogel on proinflammatory mediators
production were evaluated as indices of bacterial lipopolysaccharide (LPS)-induced cell contamination
and inflammation in dermally wounded mice. The effects of ibuprofen-loaded hydrogel on tissue
proliferation and wound recovery were also assessed in vivo.

2. Experimental Section

2.1. Materials

N-isopropylacrylamide, N-acetylated heparin (14 KDa), 2-aminoethanethiol hydrate, 2-(Nmorpholino)
ethanesulfonic acid (MES), azobisisobutyronitrile (AIBN) and D2O were obtained from Sigma
Aldrich (St. Louis, MO, USA). 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) were purchased from Acros Organics (Geel, Belgium). Cellulose dialysis
membrane (MWCO: 12–14 kDa) was purchased from CelluSept T1 (Braine l Alleud, Belgium). RAW264.7
cells and HaCaT cells were purchased from the BioResource collection and Research Center (Hsinchu,
Taiwan). Dulbecco’s modified Eagle medium (DMEM), trypsin, penicillin and fetal bovine serum (FBS)
were purchased from Gibco. Deionized water was used throughout the experiment and obtained using a
Millipore water purification system. All the other chemical reagents and buffer solution components were
of analytical grade.

2.2. PNIPAM-NH2 Synthesis

Amino-terminated PNIPAM (PNIPAM-NH2) was synthesized by free radical polymerization
using AIBN as an initiator [53–55]. Quantities of 1.3 g (11.4 mmol) NIPAM and 8.7 mg (0.11 mmol)
2 aminoethanethiol were dissolved in 20 mL N, N-dimethylformamide (DMF). Then 24 mg (0.16 mmol)
AIBN was added to the solution and the reaction mixture was heated to 75 ◦C for 24 h under a nitrogen
atmosphere. After polymerization, the reaction mixture was concentrated by the rotary evaporation
and precipitation method. Finally, it was recovered by filtration and vacuum-dried.
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2.3. Heparin-PNIPAM Synthesis

To synthesize the PNIPAM-grafted heparin copolymer (100 mg; 0.18 mmol COOH in terms of
repeating units), N-acetylated heparin was dissolved in 10 mL 0.1 M MES buffer (pH 5.6). The carboxyl
group of the heparin was activated with excess EDC and NHS for 8 h at 25 ◦C (Scheme 1). PNIPAM-NH2

(1.5 g, 2 g, and 3 g per group) was then added and the reaction was performed at room temperature
with stirring for 24 h. The grafting solution was purified by thermally induced precipitation at
50 ◦C, dialyzed (molecular weight cutoff (MWCO = 12–14 kDa) with distilled water for 4 days,
and lyophilized [55–57].
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2.4. Characterization of PNIPAM-NH2 and Hep-PNIPAM Copolymers

The chemical structure and composition of the PNIPAM and Hep-NIPAM copolymers were
determined by proton nuclear magnetic resonance spectroscopy (1H NMR) (AVANCE 600.163 MHz;
Bruker Scientific Technology Co. Ltd., Malvern, PA, USA) with deuterated chloroform (CDCl3) as a
solvent. Fourier transform infrared (FTIR) spectra were plotted at room temperature and analyzed
by attenuated total reflectance (ATR) spectroscopy (ATR-FTIR-6700; Jasco Corp., Tokyo, Japan).
The number-average molecular weight (Mn) and dispersity (Ð) of PNIPAM were evaluated by gel
permeation chromatography (GPC).

2.5. Grafting Efficiency and Ratio

The grafting efficiency (%) of Hep-PNIPAM was determined from the association between the
weight of freeze-dried Hep-PNIPAM and the weights of the polymer in the feedstock (Equation (1)).
The grafting ratio was also calculated using Equation (2).

gra f ting (%) =
WHep.PNIPAM − Whep

WPNIPAM
× 100 (1)

gra f ting ratio =
WHep.PNIPAM − Whep / MWPNIPAM

Whep / MWhep
(2)
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where Whep.PNIPAM is the weight of freeze-dried Hep-PNIPAM and Whep and WPNIPAM are the weights of
heparin and PNIPAM in the feedstock, respectively. MWPNIPAM and MWhep are the molecular weights
of PNIPAM and heparin, respectively.

2.6. Swelling Ratio

The water content of the hydrogel was determined by a previously described method [43,44].
One milliliter of a copolymer aqueous solution was incubated in a 37 ◦C water bath for 1 h. The gel
formed, and another 1 mL of double-distilled water was added to ensure hydrogel wettability. After 24 h
of incubation at 37 ◦C, the supernatant was discarded and the wet hydrogel was weighed. The hydrogel
swelling ratio was calculated from the weight difference of the systems before and after phase transition
(Equation (3)).

Swelling ratio =
WH − WO

WO
(3)

where WH is the weight of the hydrated gel and WO is the weight of the dried test sample.

2.7. Hep-PNIPAM Copolymer Morphology

The copolymer hydrogel morphology was examined by field-emission scanning electron
microscopy (FESEM) (JSM 6500F; JEOL Ltd., Tokyo, Japan). About 0.5 mL 10% (w/v) of each copolymer
solution was prepared in distilled water. The copolymer solutions were placed on a silicon substrate
and incubated at 37 ◦C until the water evaporated. The dried hydrogel on the silicon substrate was
coated with platinum for 10 min and the treated samples were examined by FESEM.

2.8. Lower Critical Solution Temperature (LCST) and Rheological Behavior

Polymer solution turbidity or transmittance was measured at 500 nm with a UV-visible
JASCO-V-650 spectrophotometer. Heparin, PNIPAM-NH2, and Hep-PNIPAM solutions (0.1 wt. %)
were prepared in double-distilled water. The UV absorbances of the polymer solutions were measured
from 20 to 45 ◦C. The polymer solution was equilibrated for 10 min at each temperature. The LCSTs
of the polymer solutions were determined from the temperatures at which the solutions began
to precipitate. The rheological measurements of the storage modulus (G′) and loss modulus (G”)
of the hydrogels in various formulations were also carried out as functions of temperature using a
Modular Compact Rheometer (MCR102). The hydrogel solution was placed on a precooled plate,
and temperature sweep measurements were performed at 0.1 mm gaps between parallel plates with
progressively increasing temperature with a 2 ◦C/min heating rate from 10 to 50 ◦C. The data were
collected under a controlled stress (4.0 dyn/cm2) and a frequency of 1.0 Hz.

2.9. Ibuprofen Encapsulation and In Vitro Drug Release

Ibuprofen-loaded Hep-PNIPAM hydrogel (IB-Hep-PNIPAM) was prepared by the simple mixing
method. Ibuprofen sodium salt (Sigma-Aldrich Corp., St. Louis, MO, USA) and 10% (w/v) Hep-PNIPAM
were dissolved in sterile PBS. The Hep-PNIPAM solution was incubated at 4 ◦C to the obtained
homogeneous solution. The ibuprofen was mixed with 10% (w/v) copolymer solution and stored at
4 ◦C for 10 min. The drug–copolymer solution mixture was injected into a 10 mL vial and allowed to
form a gel in a 37 ◦C water bath. Then 2.5 mL sterile PBS (pH 7.4) was added as a release medium.
At a predetermined time interval (6 h, 1–8 days), the release media were collected, and equal volumes
of PBS were added. The ibuprofen content released from the gel into the medium was determined
from the absorbance reading of a UV spectrometer at 264 nm.

2.10. In Vitro Cytotoxicity Test (MTT Assay)

To evaluate the cytotoxicity of Hep-PNIPAM on HaCaT cell lines and RAW264.7 cell lines, an
MTT assay was performed as described in previous studies [20,58–60]. Briefly, HaCaT cells and
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RAW264.7 cells were seeded in a 96-well plate at a density of 1 × 104 cells/well. The cells were
cultured in DMEM containing 10% (v/v) FBS, 1% (w/v) sodium pyruvate, and 1% (w/v) streptomycin
at 37 ◦C in a humidified atmosphere with 5% CO2. After 24 h, the culture medium was removed
and the cells were washed twice with PBS. Serial dilutions of Hep-PNIPAM (control (0), 1, 0.5, 0.1,
0.02, and 0.01 mgmL−1) were prepared with fresh media, and added to the cells, which were then
incubated for another 24 h. The cells were then washed with PBS and 20 µL MTT solution (5 mgmL−1

in PBS) was added to each well along with 100 µL culture medium. The cells were incubated for an
additional 4 h, after which the MTT solution was discarded and 100 µL dimethyl sulfoxide (DMSO) was
added to solubilize the formazan crystals and measure its absorbance at 570 nm via an enzyme-linked
immunosorbent assay (ELISA). The viability of the RAW264.7 cells was determined after subjecting
them to varying concentrations of IB-Hep-PNIPAM in the presence or absence of 1 µgmL−1 LPS for
24 h. Absorbance at 570 nm was measured via a microplate reader (ThermoMultiskan FC microplate
photometer; Thermo Fisher Scientific, Waltham, MA, USA). Cell viability (%) was calculated according
to Equation (4).

Cell viability (%) =
Absorbance of test

Absorbance of control
× 100 (4)

HaCaT cell viability was also assessed using a live/dead assay. The cells were seeded in a confocal
dish (1 × 105 cells/dish) and cultured in DMEM containing 10% (v/v) FBS, 1% (w/v) sodium pyruvate,
and 1% (w/v) streptomycin. The cells were treated with 1 mg/mL Hep-PNIPAM and incubated at
37 ◦C in a humidified atmosphere with 5% CO2. After 24 h incubation, the medium was removed and
calcein acetoxymethyl ester (calcein AM; 2 µM) and propidium iodide (PI; 4 µM) were added to the
cell. The cells were incubated for an additional 30 min at 37 ◦C with 5% CO2, washed thrice with PBS,
and imaged using a confocal microscope.

2.11. Anti-Inflammation Assay for Ibuprofen-Loaded Hydrogel

2.11.1. Nitric Oxide (NO) Level Measurement

RAW264.7 cells were seeded in a 24-well plate at 1x105 cells/well and treated with a supernatant
of culture medium taken after 10 wt. % Hep-PNIPAM loaded with ibuprofen (IB-Hep-PNIPAM)
was incubated. After 1 h of treatment, 1 µgmL−1 LPS was added and the cells were incubated for an
additional 24 h at 37 ◦C with 5% CO2. The anti-inflammatory effects of IB-Hep-PNIPAM and free IB
were also compared by treating cells with 20 µM free IB and equivalent concentrations of IB-loaded
Hep-PNIPAM. Then 100 µL of cell culture supernatant was mixed with 100 µL Griess reagent (1% (w/v)
sulfanilamide in 5% (v/v) phosphoric acid and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride)
and incubated at room temperature for 15 min. The NO concentration was determined at 540 nm
((ELISA) reader (ThermoMultiskan FC microplate photometer; Thermo Fisher Scientific, Waltham,
MA, USA) and interpolated from a sodium nitrite (NaNO2) standard curve.

2.11.2. TNF-α and PGE2 Assays

RAW264.7 cells were seeded in 24-well plates and subjected to 10 wt. % Hep-PNIPAM loaded
with serial dilutions of ibuprofen (IB-Hep-PNIPAM), 20 µM IB-loaded Hep-PNIPAM, and 20 µM free
IB for 1 h followed by incubation with 1 µgmL−1 LPS for 24 h at 37 ◦C under 5% CO2. The PGE2 and
TNF-α levels in the culture medium were determined by ELISA (Thermo Fisher Scientific, Taipei City,
Taiwan) according to the manufacturer’s instructions.

2.12. Animal Experiment

Eight-week old male BALB/c mice, each weighing 24–26 g, were purchased from BioLASCO
Taiwan Co., Ltd., Taipei City, Taiwan. The animals were maintained under a light–dark cycle (12 h–12 h)
and had free access to commercial mouse chow (Nutrition International LLC, Brentwood, MO, USA)
and distilled water. All animal care and in vivo trials were approved by the Research Ethics and Animal
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Welfare Committee and the experimental procedures were performed according to the guidelines of
the Institutional Animal Care and Use Committee (IACUC-16-168) in the National Defense Medical
Center (accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
International).

2.12.1. Wound Healing Rate

Mice were divided into the following 3 groups (n = 5 per group): (1) PBS-treated wound (control),
(2) Hep-PNIPAM-treated wounds, and (3) IB-Hep-PNIPAM-treated wounds. The mice were anesthetized
by intramuscular Zoletil (20 mgkg−1) injection [20]. Their dorsal skin was shaved with an Oster Mark II
animal clipper before creating the wounds. Full-thickness skin wounds, 6 mm in diameter, were induced
on the dorsal skin with a biopsy punch after skin disinfection with 70% (v/v) ethanol. Hep-PNIMAM
(10% (w/v)) and IB-Hep-PNIPAM (10% (w/v) (Hep-PNIMAM loaded with 10 mgmL−1 equivalent
ibuprofen) were topically applied to the wound areas. The wound areas were measured by tracing the
wound margins with a Vernier caliper. Changes over time were expressed as % of the initial wound
areas (Equation (5)) [61].

Wound area =
Area (day N)

Area (day 0)
× 100 (5)

where Area (day 0) is the initial wound area at day 0 and Area (day N) is the area on day N after
wounding. Mice were sacrificed at 15 days post-wounding. The skin and major organs (lung, heart,
liver, kidney and spleen) were excised and fixed in 3.7% (v/v) paraformaldehyde. Hematoxylin and eosin
(H&E) staining was conducted per the manufacturer’s instructions and previously reported methods.

2.12.2. In Vivo Anti-Inflammation Assay for Ibuprofen-Loaded Hydrogel

For the in vivo anti-inflammation study, the mice were randomly segregated into the PBS,
LPS (10 mgkg−1), and ibuprofen-loaded Hep-PNIPAM (IB-Hep-PNIPAM) treatment groups
(n = 5 per group). The mice were wounded as previously described and subjected to the aforementioned
treatments administrated intradermally at the wound area. After 24 h, the IB-Hep-PNIPAM group
was induced with LPS (10 mgkg−1) through intradermal injection. Then 12 h after LPS injection,
the mice were sacrificed, and their blood was collected and centrifuged at 2000× g for 20 min to
obtain the serum. Serum PGE2 expression was determined by ELISA (Thermo Fisher Scientific,
Taipei City, Taiwan) and NO secretion was measured with a nitrite assay kit (Griess reagent) per the
manufacturer’s instructions. H&E staining was conducted per the manufacturer’s instructions and
previously reported methods.

2.13. Statistical Analysis

All data were recorded as the mean ± the standard deviation. Statistical analysis of the results
was performed using one-way ANOVA and the least significant difference test. A p value <0.05 was
statistically considered to be significant, and p < 0.01 was considered highly significant. All experiments
were performed at least three times.

3. Results and Discussion

3.1. Synthesis of Hep-PNIPAM Copolymer

The chemical structures of heparin, PNIPAM-NH2, and the copolymer were predicted from
the FTIR spectra. As shown in Figure 1, the heparin spectrum (black) showed peaks at 2979 cm−1

(−CH stretch), 1739 cm−1 (−COO−) and 1216 cm−1 (−CO stretch). These values confirmed the basic
heparin structure. The amino-terminated PNIPAM-NH2 spectrum (red) showed functional group
peaks at 2979 cm−1 and at 1548 cm−1 attributable to (−CH3) stretching and the PNIPAM-NH2 amide
II bonds, respectively. The peak at 3251 cm−1 for PNIPAM-NH2 represented the substituted amine
functional group’s stretching vibration. The functional peak of Hep-PNIPAM (−COO−) stretching
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at ~1739 cm−1 was lower than that of heparin. Thus, PNIPAM-NH2 was coupled to heparin [51,62].
The 1H NMR for the copolymer (Figure 2) showed characteristic PNIPAM peaks at a (δ = 1.20 ppm),
d (δ = 1.7 ppm), and b (δ = 4.00 ppm), and for heparin at H (δ = 2.1 ppm, 3.5 ppm, and 4.4 ppm).
The FTIR spectrum and the 1H NMR proved that Hep-PNIPAM was successfully synthesized.
The number-average molecular weight (Mn) and the dispersity (Ð) for PNIPAM-NH2 were also
evaluated by gel permeation chromatography (GPC). According to the result, the molecular weight
was 11,230 g/mol with a narrow dispersity (Ð) (1.106), which further confirmed the polymerization of
the copolymer (Supplementary Materials Figure S1).
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3.2. Grafting Efficiency and Swelling Ratios

The molar ratio of PNIPAM-NH2 to heparin during Hep-PNIPAM synthesis was determined
from the number of PNIPAM chains grafted onto a heparin backbone. By controlling the molar ratio
of PNIPAM-NH2 to heparin during grafting, three batches of copolymers with different grafting
ratios were obtained. As shown in Table 1, the grafting ratios of Hep-PNIPAM-b1, Hep-PNIPAM-b2,
and Hep-PNIPAM-b3 were 10, 17, and 23, respectively. The conjugation yields were 70%, 96%,
and 84% for Hep-PNIPAM-b1, Hep- PNIPAM-b2, and Hep-PNIPAM-b3, respectively. The swelling
ratio of Hep-PNIPAM was evaluated according to the weight differences of the systems before and
after phase transition. The swelling ratios of PNIPAM-NH2, Hep-PNIPAM-b1, Hep-PNIPAM-b2,
and Hep-PNIPAM-b3 were 5, 22, 14, and 12, respectively. Hydrogel morphology was examined by
FESEM. Figure S2 shows that the hydrogels had a microporous inner structure. Their pore sizes
increased with heparin concentration (ranges about 0.5 µm to 3 µm in diameter). The pores in the
hydrogel could encapsulate ibuprofen for sustained release.

Table 1. Polymer grafting efficiency and swelling ratios.

Polymer Heparin (g) PNIPAM-NH2 (g) Grafting Ratio Yield (%) Swelling Ratio

Hep-PNIPAM-b1 0.1 1.5 10 70 22.5 ± 2.9
Hep-PNIPAM-b2 0.1 2 17 96 14.2 ± 1.1
Hep-PNIPAM-b3 0.1 3 23 84 12.3 ± 1.2

3.3. Lower Critical Solution Temperature (LCST) and Rheological Behavior

Figure 3a shows the temperature-mediated transmittances for heparin, PNIPAM-NH2, and copolymer.
The solution temperatures were maintained for ~10 min per measurement [55,63,64]. Heparin transmittance
was steady at ~98.0%, whereas for the PNIPAm-NH2 solution it decreased from 99% to 2.0% as the
temperature rose to 32 ◦C. The transmittances of the copolymers (Hep-PNIPAM-b1, Hep-PNIPAM-b2,
and Hep-PNIPAM-b3) declined from 99% to 21%, 12%, and 3%, respectively, at about body temperature.
The confirmed LCST of PNIPAM-NH2 was ~28 ◦C and the predicted LCSTs of the copolymers
(Hep-PNIPAM-b1, Hep-PNIPAM-b2, and Hep-PNIPAM-b3) were ~34 ◦C, ~32 ◦C, and ~30.5 ◦C, respectively.
LCST modification to high temperatures for copolymers with different PNIPAM grafting ratios on heparin
may be influenced by the grafting ratio on the transmittance [51,55]. The copolymers with relatively higher
grafting ratios may be explained by the increased hydrophobicity, in which the LCST of the copolymers
shifted to that of PNIPAM-NH2. In contrast, the copolymers with comparatively lower grafting ratios
(Hep-PNIPAM-b1) had a shorter hydrophobic segment and a higher LCST value. Hydrogel rheology
was measured as a function of temperature. The storage modulus (G′) and loss modulus (G”) reflect the
elasticity or energy stored in the material during deformation, and its viscosity or energy consumed in
the form of heat, respectively [65]. The hydrogel forms when G′ > G”. In contrast, when the polymeric
solution remains in the liquid state, G′ < G” [66,67]. The gel point is located at the intersection of G′ and G”.
Figure 3b shows the changes in G′ and G” for 10 wt. % PNIPAM-NH2, Hep-PNIPAM-b1, Hep-PNIPAM-b2,
and Hep-PNIPAM-b3 as functions of temperature. The gel points of PNIPAm-NH2, Hep-PNIPAM-b1,
Hep-PNIPAM-b2 and Hep-PNIPAM-b3 were ~33.1 ◦C, ~36.9 ◦C, ~35.2 ◦C and ~34 ◦C, respectively.
The copolymer gelation temperature increased with the decreasing grafting ratio. PNIPAM-NH2 and
the copolymers could undergo in situ hydrogel formation at human core body temperature. From these
three batches, the higher gelation temperature (approach to body temperature) of Hep-PNIPAM-b1 was
selected for further investigation (in vitro cell viability and in vivo studies).
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3.4. Ibuprofen Encapsulation and In Vitro Drug Release

Several studies reported that ibuprofen powerfully modulates wound healing [7,10]. Ibuprofen is
a commonly used NSAID to treat acute pain, inflammation, and degenerative diseases. Ibuprofen
was encapsulated in the Hep-PNIPAM hydrogel by simple mixing. In vitro drug release behavior in
phosphate-buffered saline PBS (pH 7.4) was explored. Ibuprofen was released mainly by diffusion
and was followed by hydrogel erosion. The ibuprofen release profiles from the Hep-PNIPAM
hydrogels are shown in Figure 4b. The amount of ibuprofen released was measured at 264 nm by
UV spectrophotometry using the interpolation of a free ibuprofen calibration curve (Figure 4a) [68].
As ibuprofen is an NSAID, its efficacy is vital during the inflammatory phase of healing. The drug
release curve revealed that sustained ibuprofen release lasted for 1 week, and the cumulative release
was ~70%. The drug release was rapid within the first 8 h (~15%), which indicated a light burst release
pattern that is effective in acute inflammation and pain treatment.
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3.5. In Vitro Cytotoxicity Test (MTT Assay)

To quantify cell proliferation and viability, the MTT assay is accurate and simple. In vitro copolymer
biocompatibility with human immortalized keratinocyte HaCaT cell lines was assessed by MTT assay [60].
Cell viability was estimated after 24 h incubation with varying concentrations of Hep-PNIPAM copolymer
(0.01–1 mg mL−1), and the result showed that the copolymer has a negligeable toxic effect against HaCaT
cells (Figure 5a). The MTT assay on LPS-induced RAW264.7 cells also indicated that IB-Hep-PNIPAM
was not toxic up to ibuprofen concentrations of 201 µM (Figure 5b). These results verify that both the
Hep-PNIPAM and ibuprofen-loaded copolymers were not toxic to normal cells. The cytocompatibility
of Hep-PNIPAM with HaCaT cells was also confirmed by cell fluorescence imaging (see Figure S3).
The green fluorescence indicates the live cells, while the red fluorescence indicates the dead cells.
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3.6. Effects of IB-Hep-PNIPAM on NO, PGE2, and TNF-α Production in LPS-Stimulated RAW264.7 Cells

Previous studies have reported that ibuprofen has been loaded into the hydrogel to enhance
anti-inflammatory activity and wound healing [69]. This study focuses on reducing inflammatory
reaction and accelerating wound healing through thermosensitive IB-loaded Hep-PNIPAM hydrogel.
To assess the anti-inflammatory effects of ibuprofen-loaded Hep-PNIPAM hydrogel, the NO, PGE2,
and TNF-α levels were measured in RAW264.7 macrophages [70–72]. Cells were pretreated with
ibuprofen-loaded Hep-PNIPAM hydrogel for 1 h and stimulated with LPS for 24 h. The LPS stimulation
of IB-Hep-PNIPAM-treated RAW264.7 cells significantly upregulated the proinflammatory mediators
(NO, PGE2, and TNF-α) as compared with cells which were not stimulated with LPS. However,
the pretreatment of RAW264.7 cells with IB-Hep-PNIPAM decreased the production of these
proinflammatory mediators in RAW264.7 cells stimulated with LPS in a dose-dependent manner
(Figure 6a,c,d). The production of each proinflammatory mediator was calculated according to the
calibration curves (Figure S4). The suppression of proinflammatory mediator secretion by IB-Hep-PNIPAM
was comparable to that of free ibuprofen, and was significantly downregulated as compared to LPS-induced
cells (Figure 6b,e). Thus, IB-Hep-PNIPAM inhibits LPS-induced inflammation by suppressing the secretion
of the proinflammatory mediators NO, PGE2, and TNF-α in RAW264.7 macrophages. The results are
consistent with the previous studies [73].
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secretion in RAW264.7 cells. (a) NO, (b) effects of free ibuprofen compared with those of IB-Hep-PNIPAM
and control on the production of NO, (c) PGE2, and (d) TNF-α, and (e) effects of free ibuprofen compared
with IB-Hep-PNIPAM and control on PGE2 and TNF-α production. Data are presented as means ± SD
of three independent experiments: * p < 0.05, ** p < 0.01 vs. LPS without sample.

3.7. In Vivo Wound Healing Effects and Healing Rate

As both hydrogel and ibuprofen have been proven to be beneficial in wound healing, it is expected
that the combination of hydrogel and ibuprofen would be even more efficacious in wound healing.
Hep-PNIPAM-b1 polymer was selected for use in the in vivo study, as it had the highest swelling
ratio and formed a hydrogel close to normal body temperature (37 ◦C). Wounds on the backs of
mice were induced with a biopsy punch. Figure 7a shows the appearance of the wounds treated
either with hydrogel or PBS. Wound healing was evaluated at 0 d, 3 d, 5 d, 7 d, 9 d, 11 d, 13 d,
and 15 d. Figure 7b shows that all wound areas decreased with time. The wounds treated with
IB-Hep-PNIPAM and Hep-PNIPAM had higher closure ratios than the control group. Since the
mice studied for wound closure had no inflammatory challenge, there was no significant difference
between Hep-PNIMAM and IB-Hep-PNIPAM in terms of the effect on wound healing. However,
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from the result we realized that if the mice model was diabetic or cancer-induced with excessive
inflammation, the effect of IB-loaded Hep-PNIPAM would be more noticeable than Hep-PNIPAM.
In a previous study, Van-Linh Nguyen et al. [61] confirmed that anti-inflammatory drugs could
accelerate infected wounds due to their antibiotic properties. In this study, an anti-inflammatory
drugs-loaded hydrogel was used to enhance wound healing in vivo on a mouse model. The drug
released from the hydrogel had a role in reducing inflammation. It was investigated both in vivo and
in vitro with LPS-induced cells and mice, respectively. New epidermis grew from the margin to the
center of the wound bed and decreased the wound depth and area. Histological analysis showed
that granulation and epithelization proceeded faster in the IB-Hep-PNIPAM than the PBS-treated
wounds (Figure 7c). Other organ histology examinations confirmed that the hydrogel was nontoxic,
and there were no signs of inflammation or infection in hydrogel-covered wounds. Hydrogels
combined with analgesics create a moist environment that prevents dehydration, absorb exudate,
alleviate pain, and accelerate wound healing. This was demonstrated by the ibuprofen-loaded hydrogel
(IB-Hep-PNIPAM), which accelerated wound healing.Polymers 2020, 12, x FOR PEER REVIEW 14 of 19 
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Figure 7. Wounds treated with Hep-PNIPAM, IB-Hep-PNIPAM, and PBS (control group). (a) Hydrogel
administration and wound recovery from days 1–15, (b) Relative wound healing rates in mice treated
with Hep-PNIPAM, IB-Hep-PNIPAM, and PBS. Data are represented as means ± SD. (c) Histological
observations of wounded skin and organ sections stained with H&E and examined on day 15.
Bars = 50 µm. * = granulation in the dermis.
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3.8. In Vivo Anti-Inflammation Assay on Ibuprofen-Loaded Hydrogel

Endometrial epithelial and immune cell stimulation with pathogens may induce cytokinesecretion [74].
Mice stimulated with LPS presented with significant increases in TNF-α and NO secretion see (Figure 8).
However, pretreatment with IB-Hep-PNIPAM downregulated LPS-induced NO (Figure 8a) and TNF-α
(Figure 8b) production by ~50% and ~35%, respectively, compared with LPS alone. To examine histological
changes in response to treatment, tissue slides were made from skin, liver, and heart tissue samples.
Inflammatory cell infiltration was observed in the skin, livers, and hearts of mice subjected to LPS
(Figure 8c). However, no such infiltration was observed in the same tissues taken from mice treated with
IB-Hep-PNIPAM or the control (PBS). Therefore, IB-Hep-PNIPAM is a potential anti-inflammatory agent.Polymers 2020, 12, x FOR PEER REVIEW 15 of 19 
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Figure 8. Effects of IB-Hep-PNIPAM on LPS-induced (a) NO and (b) TNF-α production. Data are
presented as means ± SD for three independent experiments. * p < 0.05 compared with the untreated
LPS group. (c) Histological observations of wounded skin, liver, and heart tissues stained with H&E.
Bars = 150 µm. The arrows show the infiltration of inflammatory cells.

4. Conclusions

A thermosensitive PNIPAM-conjugated heparin hydrogel was prepared as a wound healing
material and loaded with ibuprofen. It was formulated as an injectable solution for enhanced healing
efficacy. Ibuprofen was released from the Hep-PNIPAM hydrogel in a sustained manner and inhibited
the LPS-induced activation of the proinflammatory mediators NO, TNF-α, and PGE2. Hydrogels create



Polymers 2020, 12, 2619 15 of 18

a moist environment on wounds, absorb exudates, and prevent dehydration. In combination with
anti-pain drugs, they create an environment conducive to wound healing. In the mouse wound model,
IB-Hep-PNIPAM hydrogels promoted rapid healing and were anti-inflammatory. The combination
of ibuprofen and Hep-PNIPAM injectable hydrogel improved wound healing, and is a promising
candidate for this type of therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/11/2619/s1,
Figure S1: Number average molecular weight (Mn) of PNIPAM-NH2 from GPC measurement, Figure S2: SEM
images of lyophilized (a) Hep-PNIPAM-b1 hydrogel and (b) Hep-PNIPAM-b2 hydrogel, and (C) Hep-PNIPAM-b3
hydrogel. Figure S3: Fluorescence images of the HaCaT cells stained with calcein AM/PI with and without
Hep-PNIPAM treatment. Figure S4: The standard calibration curve of (a) TNF-α, (b). PGE2 and(c) NO.

Author Contributions: Conceptualization, A.T.A., H.-C.T. and H.F.D.; data curation, Y.S.B. and T.W.M.; funding
acquisition, J.M.Y.; investigation, A.T.A.; methodology, H.F.D. and E.Y.H.; resources and characterization, Y.-H.C.
and C.-F.W.; software, H.F.D., Y.S.B. and T.W.M.; supervision, H-C.T.; validation, H-C.T. and C.-F.W.; visualization,
H.-Y.C.; writing original draft, A.T.A.; writing review and editing, H.F.D., Y.S.B. and H.-C.T. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by the Ministry of Science and Technology, Taiwan (MOST 108-2221-E-182-005-MY3).

Acknowledgments: The authors would like to thank the Ministry of Science and Technology, Taiwan, for providing
financial support.

Conflicts of Interest: The authors have declared that no competing interest exists.

References

1. Wang, P.H.; Huang, B.S.; Horng, H.C.; Yeh, C.C.; Chen, Y.J. Wound healing. J. Chin. Med. Assoc. 2018, 81, 94–101.
[CrossRef]

2. Martin, C.; Low, W.L.; Amin, M.C.I.M.; Radecka, I.; Raj, P.; Kenward, K. Current trends in the development
of wound dressings, biomaterials and devices. Pharm. Pat. Anal. 2013, 2, 341–359. [CrossRef]

3. Gupta, A.; Kowalczuk, M.; Heaselgrave, W.; Britland, S.T.; Martin, C.; Radecka, I. The production and
application of hydrogels for wound management: A review. Eur. Polym. J. 2019, 111, 134–151. [CrossRef]

4. Masood, N.; Ahmed, R.; Tariq, M.; Ahmed, Z.; Masoud, M.S.; Ali, I.; Asghar, R.; Andleeb, A.; Hasan, A.
Silver nanoparticle impregnated chitosan-PEG hydrogel enhances wound healing in diabetes induced rabbits.
Int. J. Pharm. 2019, 559, 23–36. [CrossRef] [PubMed]

5. Barrientos, S.; Stojadinovic, O.; Golinko, M.S.; Brem, H.; Tomic-Canic, M. PERSPECTIVE ARTICLE: Growth
factors and cytokines in wound healing. Wound Repair Regen. 2008, 16, 585–601. [CrossRef] [PubMed]

6. Røine, E.; Bjørk, I.; Øyen, O. Targeting risk factors for impaired wound healing and wound complications
after kidney transplantation. Transplant. Proc. 2010, 42, 2542–2546. [CrossRef]

7. Yuan, Z.; Zhao, J.; Zhu, W.; Yang, Z.; Li, B.; Yang, H.; Zheng, Q.; Cui, W. Ibuprofen-loaded electrospun fibrous
scaffold doped with sodium bicarbonate for responsively inhibiting inflammation and promoting muscle
wound healing in vivo. Biomater. Sci. 2014, 2, 502–511. [CrossRef]

8. Woo, K.Y. Exploring the effects of pain and stress on wound healing. Adv. Ski. Wound Care 2012, 25, 38–44.
9. Serena, T.E.; Yaakov, R.A.; Aslam, S. Preventing, minimizing, and managing pain in patients with chronic

wounds: Challenges and solutions. Chronic Wound Care Manag. Res. 2016, 3, 85–90. [CrossRef]
10. Morgado, P.I.; Miguel, S.P.; Correia, I.J.; Aguiar-Ricardo, A. Ibuprofen loaded PVA/chitosan membranes:

A highly efficient strategy towards an improved skin wound healing. Carbohydr. Polym. 2017, 159, 136–145.
[CrossRef]

11. Sreij, R.; Prévost, S.; Dargel, C.; Dattani, R.; Hertle, Y.; Wrede, O.; Hellweg, T. Interaction of the Saponin
Aescin with Ibuprofen in DMPC model membranes. Mol. Pharm. 2018, 15, 4446–4461. [CrossRef]

12. Wyss-Coray, T.; Mucke, L. Ibuprofen, inflammation and Alzheimer disease. Nat. Med. 2000, 6, 973–974.
[CrossRef]

13. Bushra, R.; Aslam, N. An overview of clinical pharmacology of Ibuprofen. Oman Med. J. 2010, 25, 155–161.
[CrossRef]

14. Khalifa, N.; El-Husseini, T.; Morrah, A.; Mostafa, E.; Hamoud, H. Use of Ibuprofen sustained release for
treating osteoarthritic pain: Findings from 15 general medical practices in Egypt. Open Access Rheumatol.
Res. Rev. 2014, 6, 49–56. [CrossRef]

http://www.mdpi.com/2073-4360/12/11/2619/s1
http://dx.doi.org/10.1016/j.jcma.2017.11.002
http://dx.doi.org/10.4155/ppa.13.18
http://dx.doi.org/10.1016/j.eurpolymj.2018.12.019
http://dx.doi.org/10.1016/j.ijpharm.2019.01.019
http://www.ncbi.nlm.nih.gov/pubmed/30668991
http://dx.doi.org/10.1111/j.1524-475X.2008.00410.x
http://www.ncbi.nlm.nih.gov/pubmed/19128254
http://dx.doi.org/10.1016/j.transproceed.2010.05.162
http://dx.doi.org/10.1039/C3BM60198F
http://dx.doi.org/10.2147/CWCMR.S85463
http://dx.doi.org/10.1016/j.carbpol.2016.12.029
http://dx.doi.org/10.1021/acs.molpharmaceut.8b00421
http://dx.doi.org/10.1038/79661
http://dx.doi.org/10.5001/omj.2010.49
http://dx.doi.org/10.2147/OARRR.S59564


Polymers 2020, 12, 2619 16 of 18

15. Bian, Z.; Tang, J.; Hu, J.; Li, J.; Xu, S.; Liu, H. Controlled-release of ibuprofen on multilayer mesoporous
vesicle. Colloids Surf. A Physicochem. Eng. Asp. 2013, 436, 1021–1026. [CrossRef]

16. Darge, H.F.; Andrgie, A.T.; Tsai, H.C.; Lai, J.Y. Polysaccharide and polypeptide based injectable thermo-sensitive
hydrogels for local biomedical applications. Int. J. Biol. Macromol. 2019, 133, 545–563. [CrossRef]

17. Darge, H.F.; Andrgie, A.T.; Hanurry, E.Y.; Birhan, Y.S.; Mekonnen, T.W.; Chou, H.Y.; Hsu, W.H.; Lai, J.Y.;
Lin, S.Y.; Tsai, H.C. Localized controlled release of bevacizumab and doxorubicin by thermo-sensitive
hydrogel for normalization of tumor vasculature and to enhance the efficacy of chemotherapy. Int. J. Pharm.
2019, 572, 118799. [CrossRef]

18. Ma, H.; He, C.; Cheng, Y.; Yang, Z.; Zang, J.; Liu, J.; Chen, X. Localized Co-delivery of Doxorubicin,
Cisplatin, and Methotrexate by thermosensitive hydrogels for enhanced Osteosarcoma treatment. ACS Appl.
Mater. Interfaces 2015, 7, 27040–27048. [CrossRef] [PubMed]

19. Nakai, T.; Hirakura, T.; Sakurai, Y.; Shimoboji, T.; Ishigai, M.; Akiyoshi, K. Injectable hydrogel for sustained
protein release by salt-induced association of hyaluronic acid nanogel. Macromol. Biosci. 2012, 12, 475–483.
[CrossRef]

20. Andrgie, A.T.; Mekuria, S.L.; Addisu, K.D.; Hailemeskel, B.Z.; Hsu, W.; Tsai, H.; Lai, J. Non-anticoagulant
heparin prodrug loaded biodegradable and injectable thermoresponsive hydrogels for enhanced
anti-metastasis therapy. Macromol. Biosci. 2019, 19, e1800409. [CrossRef]

21. Jin, S.G.; Yousaf, A.M.; Kim, K.S.; Kim, D.S.; Kim, J.K.; Yong, C.S.; Youn, Y.S.; Kim, J.O.; Choi, H.G. Influence
of hydrophilic polymers on functional properties and wound healing efficacy of hydrocolloid based wound
dressings. Int. J. Pharm. 2016, 501, 160–166. [CrossRef] [PubMed]

22. Murray, R.Z.; West, Z.E.; Cowin, A.J.; Farrugia, B.L. Development and use of biomaterials as wound healing
therapies. Burn. Trauma 2019, 7, 2. [CrossRef]

23. Ninan, N.; Forget, A.; Shastri, V.P.; Voelcker, N.H.; Blencowe, A. Antibacterial and anti-inflammatory
pH-responsive tannic acid-carboxylated agarose composite hydrogels for wound healing. ACS Appl.
Mater. Interfaces 2016, 8, 28511–28521. [CrossRef]

24. Liu, H.; Wang, C.; Li, C.; Qin, Y.G.; Wang, Z.; Yang, F.; Li, Z.; Wang, J. A functional chitosan-based hydrogel as
a wound dressing and drug delivery system in the treatment of wound healing. RSC Adv. 2018, 8, 7533–7549.
[CrossRef]

25. Makvandi, P.; Ali, G.W.; Della Sala, F.; Abdel-Fattah, W.I.; Borzacchiello, A. Hyaluronic acid/corn silk extract
based injectable nanocomposite: A biomimetic antibacterial scaffold for bone tissue regeneration. Mater. Sci.
Eng. C 2020, 107, 110195. [CrossRef]

26. Zare, E.N.; Makvandi, P.; Tay, F.R. Recent progress in the industrial and biomedical applications of tragacanth
gum: A review. Carbohydr. Polym. 2019, 212, 450–467. [CrossRef]

27. Zare, E.N.; Makvandi, P.; Borzacchiello, A.; Tay, F.R.; Ashtari, K.; Padil, V.V.T. Antimicrobial gum bio-based
nanocomposites and their industrial and biomedical applications. Chem. Commun. 2019, 55, 14871–14885.
[CrossRef]

28. Natarajan, S.; Harini, K.; Gajula, G.P.; Sarmento, B.; Neves-Petersen, M.T.; Thiagarajan, V. Multifunctional
magnetic iron oxide nanoparticles: Diverse synthetic approaches, surface modifications, cytotoxicity towards
biomedical and industrial applications. BMC Mater. 2019, 1, 1–22. [CrossRef]

29. Makvandi, P.; Ali, G.W.; Della Sala, F.; Abdel-Fattah, W.I.; Borzacchiello, A. Biosynthesis and characterization
of antibacterial thermosensitive hydrogels based on corn silk extract, hyaluronic acid and nanosilver for
potential wound healing. Carbohydr. Polym. 2019, 223, 115023. [CrossRef]

30. Jiang, G.; Sun, J.; Ding, F. PEG-g-chitosan thermosensitive hydrogel for implant drug delivery: Cytotoxicity,
in vivodegradation and drug release. J. Biomater. Sci. Polym. Ed. 2013, 25, 241–256. [CrossRef]

31. Sannino, A.; Demitri, C.; Madaghiele, M. Biodegradable cellulose-based hydrogels: Design and applications.
Materials 2009, 2, 353–373. [CrossRef]

32. Zhang, Y.; Gao, C.; Li, X.; Xu, C.; Zhang, Y.; Sun, Z.; Liu, Y.; Gao, J. Thermosensitive methyl cellulose-based
injectable hydrogels for post-operation anti-adhesion. Carbohydr. Polym. 2014, 101, 171–178. [CrossRef]

33. Goh, M.; Hwang, Y.; Sahu, A. Epidermal growth factor loaded heparin-based hydrogel sheet for skin wound
healing. Carbohydr. Polym. 2016, 147, 251–260. [CrossRef]

34. Roberts, J.J.; Farrugia, B.L.; Green, R.A.; Rnjak-Kovacina, J.; Martens, P.J. In situ formation of poly(vinyl
alcohol)–heparin hydrogels for mild encapsulation and prolonged release of basic fibroblast growth factor
and vascular endothelial growth factor. J. Tissue Eng. 2016, 7, 2041731416677132. [CrossRef]

http://dx.doi.org/10.1016/j.colsurfa.2013.08.026
http://dx.doi.org/10.1016/j.ijbiomac.2019.04.131
http://dx.doi.org/10.1016/j.ijpharm.2019.118799
http://dx.doi.org/10.1021/acsami.5b09112
http://www.ncbi.nlm.nih.gov/pubmed/26575336
http://dx.doi.org/10.1002/mabi.201100352
http://dx.doi.org/10.1002/mabi.201800409
http://dx.doi.org/10.1016/j.ijpharm.2016.01.044
http://www.ncbi.nlm.nih.gov/pubmed/26851354
http://dx.doi.org/10.1186/s41038-018-0139-7
http://dx.doi.org/10.1021/acsami.6b10491
http://dx.doi.org/10.1039/C7RA13510F
http://dx.doi.org/10.1016/j.msec.2019.110195
http://dx.doi.org/10.1016/j.carbpol.2019.02.076
http://dx.doi.org/10.1039/C9CC08207G
http://dx.doi.org/10.1186/s42833-019-0002-6
http://dx.doi.org/10.1016/j.carbpol.2019.115023
http://dx.doi.org/10.1080/09205063.2013.851542
http://dx.doi.org/10.3390/ma2020353
http://dx.doi.org/10.1016/j.carbpol.2013.09.001
http://dx.doi.org/10.1016/j.carbpol.2016.03.072
http://dx.doi.org/10.1177/2041731416677132


Polymers 2020, 12, 2619 17 of 18

35. Xu, Z.; Feng, Z.; Guo, L.; Ye, L.; Tong, Z.; Geng, X.; Wang, C.; Jin, X.; Hui, X.; Gu, Y. Biocompatibility
evaluation of heparin-conjugated poly(ε-caprolactone) scaffolds in a rat subcutaneous implantation model.
J. Mater. Sci. Mater. Med. 2020, 31, 1–13. [CrossRef]

36. Ikegami, Y.; Ijima, H. Development of heparin-conjugated nanofibers and a novel biological signal by immobilized
growth factors for peripheral nerve regeneration. J. Biosci. Bioeng. 2020, 129, 354–362. [CrossRef] [PubMed]

37. La, W.G.; Yang, H.S. Heparin-conjugated poly(Lactic-Co-Glycolic Acid) nanospheres enhance large-wound
healing by delivering growth factors in platelet-rich plasma. Artif. Organs 2014, 39, 388–394. [CrossRef]

38. Uzunalli, G.; Mammadov, R.; Yesildal, F.; Alhan, D.; Ozturk, S.; Özgürtaş, T.; Guler, M.O.; Tekinay, A.B.
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