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Abstract Bacterial infection is a very troublesome issue in wound treatment, which stimulates exudate formation and severely delays
the healing process. Herein, a thermogelling dressing system composed of two triblock copolymers of poly(D,L-lactic acid-co-glycolic
acid)-b-poly(ethylene glycol)-b-poly(D,L-lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) with different block lengths was developed to
deliver teicoplanin (TPN), a glycopeptide antibiotic, for cutaneous wound repair. The TPN-loaded thermogel was a free-flowing sol at
room temperature and formed a semi-solid gel at physiological temperature. /n vitro studies demonstrated that the TPN-loaded thermogel
system exhibited desired tissue adhesiveness and realized the sustained release of TPN in a fast-followed-slow manner for over three
weeks. Furthermore, a full-thickness excision wound model in Sprague-Dawley (SD) rats was constructed to assess the efficacy of TPN-
loaded thermogel formulation. Gross and histopathologic observations implied that treatment with the thermogel formulation reduced
inflammation response, promoted disposition of collagen, enhanced angiogenesis, and accelerated wound closure and maturity of SD rats.
The combination of the bioactivity of TPN and the acidic nature of the thermogel matrix was responsible for such an enhanced wound
healing process. Consequently, the TPN-loaded PLGA-PEG-PLGA thermogel is a good candidate of wound dressing for full-thickness

excision wound healing.
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INTRODUCTION

Skin plays an important role in protecting the body from
damage and microbial invasion. However, it often suffers
different levels of defects owing to injuries, burns, or
physical trauma.l'?] In some serious cases such as large full-
thickness skin defect, it takes a long time to achieve a comp-
lete wounding repair. Generally speaking, the longer the time
for a healing process, the worse the outcome obtained.
Therefore, a variety of wound dressings that include but are
not limited to rubber, foam, membrane, and electrospun
nanofiber have been developed to accelerate wound closure,
promote wound healing, and reduce scar formation.l> 8
Among them, hydrogel dressings have drawn much atten-
tion in view of their superior performance such as maintain-
ing a moist wound bed, providing gas exchange, and absorb-
ing wound fluids.[°715] In particular, injectable in situ form-
ing hydrogel is a more desirable candidate of wound dress-
ing and other biomedical applications.[-16723] These materi-
als, usually in low-viscous sol states before application, read-
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ily entrap various drugs through simple physical mixing, and
then fill irregular defects after administration, transform into
hydrogels in situ and adhere to wounds.

As a representative type of injectable in sifu forming hy-
drogels, thermogelling and biodegradable poly(D,L-lactic
acid-co-glycolic acid)-b-poly(ethylene glycol)-b-poly-(D,L-
lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) triblock
copolymers have been extensively employed for drug deliv-
ery, tissue engineering, submucosal injection, and so on; they
are soluble in water at low or room temperature and their
solutions undergo sol-gel transitions upon heating.[24733] Be-
sides, the degradation products of PLGA-PEG-PLGA hydro-
gel contain lactate and lactic acid, which could stimulate an-
giogenesis as well as aid proliferation and migration of kerat-
inocytes and fibroblasts.[36:37]

Nevertheless, the narrow composition window of PLGA-
PEG-PLGA triblock copolymers to form a thermogell38.39]
does not well meet the various demands of biomedical ap-
plications. Once out of the composition window scope, the
polymers are just soluble or precipitated in water over the
whole temperature range of application. To overcome this
significant shortcoming and broaden the applicable window
of relevant polymers, our group has developed a practical
blending approach to achieve a thermogelling system with
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easy-to-modulate gel properties based on blending two
PLGA-PEG-PLGA triblock copolymers with different PEG/
PLGA ratios, in which one was water-soluble while the oth-
er precipitated in water.[*0~43] Meanwhile, both in vitro and
in vivo tests confirmed that the PLGA-PEG-PLGA mixture
thermogels had adjustable biodegradability and good bio-
compatibility.[*!] To date, the application of either single
PLGA-PEG-PLGA thermogel or mixing system for wound
repair has not been reported to the best of our knowledge.

In addition, an ideal wound dressing should have antimi-
crobial performance against the infection. In fact, bacterial
infection is a serious problem in wound treatment, which not
only stimulates exudate formation, but also severely delays
the healing process, even may lead to sepsis, thus increasing
the risk of amputation and mortality.[3744 By far, Gram-posi-
tive bacteria, particularly Staphylococcus aureus (S. aureus),
are the predominant cause of skin infections.[*546] To re-
solve this issue, a common method is to incorporate antibiot-
ics or antiseptics into wound dressings.[*7#8] Topical and
controlled delivery of antibiotics may significantly enhance
antibacterial efficacy while minimizing the risk of bacterial
resistance as well as decreasing cytotoxic and systemic side
effects.

As a glycopeptide antibiotic with a spectrum of activity
similar to vancomycin, teicoplanin (TPN) has a better anti-
infection effect against Gram-positive bacteria including
methicillin-resistant S. aureus and Enterococcus faecalis but
less toxic side effects.[*97511 Unlike the discouraged use of
vancomycin in prophylaxis, TPN has been widely utilized in
the prophylaxis and treatment of serious infections of skin
and soft tissue, osteomyelitis, sepsis, endocarditis, and so
on.[50752] The actually used TPN is a mixture of several com-
pounds with the same glycopeptide core but different hydro-
phobic side chains, as presented in Fig. 1(a).

In the present study, an injectable thermogel system was
fabricated based on the blending approach, and the resultant
hydrogel acted as both dressing and depot of the antibiotic
for wound healing. Two PLGA-PEG-PLGA triblock copoly-
mers with different behaviors in water were synthesized, and
their mixtures with appropriate mixing ratios exhibited sol-
gel transitions upon heating, as presented in Fig. 1(b). Then,
the thermogel formulations containing TPN were prepared
by dissolving TPN powder into the mixture aqueous solu-
tions; their dynamic rheological properties, skin adhesive-
ness, in vitro release profiles, and antibacterial effects were
detected. Finally, the in vivo wound healing efficacy of the
TPN-loaded thermogel formulation was evaluated via gross
observation and histopathologic examination in a full-thick-
ness excision wound model in Sprague-Dawley (SD) rats, as
illustrated in Fig. 1(c).

EXPERIMENTAL

Materials and Experimental Animals

Materials

Poly(ethylene glycol) (PEG) with molecular weight (MW) of
1000 and 1500, and stannous octoate (Sn(Oct)2, 95%) were
purchased from Sigma-Aldrich. D,L-lactide (LA) and
glycolide (GA) were products of Medzone Biotech Co., Ltd

(China). TPN was kindly supplied by Zhejiang Medicine
Co., Ltd of Xinchang Pharmaceutical Factory (China).
Chloral hydrate was bought from Aladdin. 4% Buffered
paraformaldehyde was purchased from Boster, INC. (China).
Experimental animals

Male SD rats weighing (200 £ 20) g were purchased from
Shanghai Institute of Pharmaceutical Industry. The animals
were separately housed in different cages to avoid mutual
interference in a light-controlled animal house (12 h light/
dark cycle) with appropriate humidity and temperature, and
were free to uptake food and water. All animal experimental
procedures were in accordance with the protocols approved
by the Ethics Evaluation Board of Fudan University.

Synthesis and Characterization of Triblock Copolymers
Two PLGA-PEG-PLGA triblock copolymers (copolymer A
and copolymer B) with different PEG blocks (MW 1000 and
1500) and various PEG/PLGA ratios but a fixed LA/GA ratio
(8/1, mol/mol) were synthesized by ring-opening copolyme-
rization of LA and GA in the presence of PEG as the macro-
initiator and stannous octoate as the catalyst. The detailed
synthesis process refers to our previous works.[#043]

'H-NMR spectra of the resultant triblock copolymers in
CDCl; measured by a 400 MHz spectrometer (Bruker,
AVANCE III) were used to determine their compositions
and MWs. The values of molar mass dispersity (Pys) of the
copolymers and their mixtures were further detected by gel
permeation chromatography (GPC, Agilent1260) equipped
with a differential refractometer as detector. Tetrahydro-
furan (THF) and monodispersed polystyrenes (PS) were
used as the eluent at a flow rate of 1.0 mL/min and the MW
standards, respectively. The measurements were carried out
at 35 °C.

Phase Diagram and Dynamic Rheological Measurement
The sol-gel transition temperature was determined via a vial
inverting approach.*! First, polymer aqueous solutions with
different concentrations were prepared and stored at 4 °C.
The 2-mL vials containing 0.5 mL polymer solutions were
immersed in a water bath and equilibrated at each temper-
ature for 10 min. A gel state was determined if no visual flow
was detected within 30 s upon inverting the vial. The
measurements were performed from 20 °C to 55 °C with a
temperature increment of 1 °C per step.

Rheological properties of the polymer aqueous solutions
with or without drugs were measured by a dynamic rheomet-
er (Kinexus, Malvern) equipped with a Peltier cone-plate (1°,
60 mm diameter, 0.03 mm gap). Samples were loaded and
sealed with a thin layer of silicone oil to prevent water evap-
oration. The measurements were carried out at an oscillatory
frequency of 10 rad/s and a heating rate of 0.5 °C/min from
15°Cto 45 °C.

Preparation of TPN-loaded Thermogel Systems

The copolymer mixture aqueous solution (25 wt%) was
obtained by dissolving copolymer A and copolymer B with
the pre-designed mixing ratios of weight in ultrapure water.
The TPN-loaded thermogel systems at different drug loading
amounts were prepared by adding TPN powder into the mix-
ture aqueous solutions and then continuous stirring at 4 °C.
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(a) The molecular structure of TPN. “T” means teicoplanin core; (b) Schematic diagram presenting the

fabrication of a thermogel system using the practical mixing approach. After mixing the insoluble copolymer A with
the water-soluble copolymer B, the polymer mixture self-assembled into micelles in water. Upon heating, the mixture
aqueous solution with a suspension of micelles turned into an in situ thermogel with a percolated micelle network; (c)
Schematic diagram presenting the application of TPN-loaded thermogel formulation for wound healing. The TPN-
loaded polymer solution spontaneously transformed into an in situ hydrogel at the wound site after administration.

In Vitro Release of TPN

The mixture aqueous solutions (0.5 mL, 25 wt%) containing
various amounts of TPN were transferred into 10-mL vials
(internal diameter 17 mm), and the samples were then incu-
bated in a water bath at 37 °C with a fixed shaking rate of
50 r/min for 10 min to form in situ hydrogels. Next, 5.0 mL

of phosphate buffered saline (PBS) solution containing
0.025% NaN3 (pH 7.4, 37 °C) was added into the vial as the
release medium. At predetermined time intervals, 1.0 mL of
release medium was withdrawn and replaced immediately
with the same volume of pre-warmed fresh PBS solution.
The collected release media were stored at —20 °C until

https://doi.org/10.1007/s10118-019-2212-5
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analysis. The experiments were performed in triplicate. The
amount of TPN in the released medium was determined by
high performance liquid chromatography (HPLC, Waters
€2695) with a UV-Vis detector (Waters 2489) and a reverse
C-18 column (150 mm x 4.6 mm, particle size 5.0 pm,
Sunfire Analysis column, YMC Inc.). The column tempe-
rature was kept at 25 °C. The mobile phase was water/
acetonitrile (70/30, V/V) at a flow rate of 0.8 mL/min.

Evaluation of Antimicrobial Activity

The surface antimicrobial activities of the TPN-loaded
thermogel systems against Gram-positive strain S. aureus
(Staphylococcus aureus, ATCC 25923) and Gram-negative
strain E. coli (Escherichia coli, ATCC 25922) were evalu-
ated via Bauer-Kirby Disc Diffusion Test. Both S. aureus
and E. coli bacterial strains were cultured in a Mueller-
Hinton broth (MHB) medium. The bacteria suspension
(200 pL, 10® CFU/mL) was evenly bedded on different
nutrient ager plates using a sterile glass-based bacterial
coater. Then 20 uL of thermogel systems with or without
TPN were added on different regions of the S. aureus or E.
coli growth agar plate and incubated at 37 °C for 24 h. Blank
thermogel was regarded as the control group. The inhibition
zone was finally recorded by a CCD camera.

Besides, the antimicrobial activities of the TPN-loaded
thermogel systems were also tested by 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
Typically, 200 pL of thermogel systems with or without
TPN were added in 48-well plates. After the complete gela-
tion, 500 puL of bacterial suspension in MHB medium
(106 CFU/mL) was transferred onto each hydrogel surface in
48-well plates. After incubation for different time periods (6
and 24 h), the viability of planktonic bacteria in medium was
evaluated, respectively. Briefly, 180 puL of bacteria suspen-
sion and 20 pL of MTT solution (5 mg/mL) were co-incub-
ated at 37 °C for 6 h. After forming formazan crystals,
200 uL of DMSO was employed to dissolve the crystals and
the optical density (OD) was measured with a spectrophoto-
metric microplate reader (BioRad 680, USA) at a wavelength
of 490 nm.

Excision Wound SD Rat Model

A full-thickness excision wound model'>3! was constructed to
estimate the efficacy of wound closure with different treat-
ments. First, a 1.5 cm X 1.5 c¢cm of full-thickness skin was
excised on the back of rats. Then, the animals were randomly
divided into four groups (5 rats per group): (1) control group
(only treatment of normal saline (NS)); (2) TPN solution
group (once every two days, 0.5 mL of 1.0 mg/mL TPN
solution per time, 4 times in all); (3) blank gel group (25 wt%
mixture-1 (copolymer A:copolymer B = 1:2, W:W) aqueous
solution, 1.0 mL); (4) TPN-loaded thermogel formulation
(25 wt% mixture-1 aqueous solution containing 2 mg/mL
TPN, 1.0 mL).

The mixture-1 aqueous solution with or without TPN was
filtered using a 0.22 um syringe filter (Millex-LG, Millipore
Co., USA) before use. To prevent the potential adhesion bet-
ween the wound tissue and the cover material, the wound
sites were open and no other cover materials were used.
After the completion of different treatments, all the SD

rats were kept separately in independent cages to avoid mu-
tual interference, and free to receive standard diet and drank
water.

To evaluate the wound closure rate as a function of time,
the wound area was copied by a filter paper on days 3, 7, 10,
14, 17, and 21 and then analyzed by Image-J software. The
detailed process was as follows: first, a transparent filter pa-
per was chosen to cover the wound carefully and the wound
outline was delineated by a pen; next, the filter paper con-
taining the wound outline was photographed under a ruler;
finally the photograph with the ruler was uploaded on the
Image-J software and the wound area was calculated by the
Image-J software. Wound closure percentage was calculated
according to the following equation:

(AO - An)
A

0

here Ao is the wound area on day 0 and A4, is the wound area
on day n. Taking into consideration that an inflammatory
response mainly occurred at the initial stage post-operation
according to the previous contribution,*?] one rat of each
group was scarified on 10 days and the wounds of rats were
harvested for histopathological examination. The remaining
animals were scarified on 21 days and the harvested samples
of wounds were used to evaluate the granulation tissue
growth, the deposition of collagen fibers, and the vascular
regeneration of skin in wound healing.

Wound closure percentage (%) = x 100%

Histological and Immunohistochemical Analysis

The removed skins including epidermis, dermis, and hypod-
ermis were fixed in 4% buffered paraformaldehyde and then
embedded in paraffin for tissue section. The slice sections
(4 pm in thickness) were stained with hematoxyline-eosin
(H&E) and Masson’s trichrome according to the standard
protocols. The stained sections were photographed using an
optical microscope (XSP-C204, CIC).

Based on the images of Masson’s trichrome staining, the
thickness of the epidermal and dermal layer was measured
referring to the previous publication with modifications.[4!
In brief, the thicknesses of 10 sites which were designated
every 250 pum were measured using the software CaseView-
er. Epidermal or dermal thickness for each sample was ob-
tained via calculating the average of the thickness.

The slice sections were immunostained by CD31 primary
antibody to evaluate angiogenesis.[5°] The detailed operation
process was according to the previous publication.[¢] Then,
the CD31 stained sections were photographed using an optic-
al microscope (XSP-C204, CIC).

Statistical Analysis

All data were presented as mean + standard deviation (SD).
For group comparison, the statistical significance was
analyzed by two-sample Student’s #-test. A p value less than
0.05 was considered as statistical significance.

RESULTS AND DISCUSSION

Synthesis and Characterization of PLGA-PEG-PLGA
Triblock Copolymers

As shown in Scheme 1, two PLGA-PEG-PLGA triblock
copolymers were synthesized via a ring-opening copolymer-

https://doi.org/10.1007/s10118-019-2212-5
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ization method. The compositions of the two PLGA-PEG-
PLGA triblock copolymers were determined by 'H-NMR
measurements. Fig. 2 displays the "H-NMR spectrum of a
PLGA-PEG-PLGA triblock copolymer. All the characteristic
peaks were well assigned; the peak areas at 5.20
(—CH(CH3)COO— of LA, peak a), 4.80 (—CH2CO0— of
GA, peak c), and 3.60 (—CH2CH2.0— of EG, peak d) ppm
were used to calculate the number-average MW of PLGA-
PEG-PLGA triblock copolymers.[3!] The results showed that
the two polymers had different block ratios of PEG/PLGA,
but similar total MWs. Their MWs and Pms were further
confirmed by GPC analysis (Fig. 3). The two specimens
exhibited a unimodal distribution in GPC traces, indicating
that the desired polymers were well synthesized. Interes-
tingly, their mixtures with varied mixing ratios of weight
(2:1, 1:1, and 1:2) also presented a unimodal manner and
their Pwms just located between the two polymers, as pre-
sented in Fig. 3. The detailed data of molecular parameters of
the two polymers and their indicated mixtures are listed in
the Table 1.

Sol-Gel Transition of Copolymer Mixture Aqueous
Solutions

The two specimens synthesized exhibited entirely different
behaviors in water: copolymer A was too hydrophobic to be
dissolved in water, while copolymer B could be ecasily
dissolved. Neither of them could form an in situ physical
hydrogel at any concentration or temperature. However, their
mixtures with appropriate mixing ratios were soluble in
water at ambient temperature and transformed into semi-
solid thermogels with an increase of temperature. The phase
diagrams of the indicated mixture/water systems were
determined via the vial inverting method. As shown in Fig. 4,
the mixture/water systems underwent a sol-gel transition as
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the temperature increased. With the further increasing tem-
perature, a gel-sol (suspension) transition was observed and
this transition temperature was significantly dependent on the
polymer concentration compared with that of sol-gel tran-
sition. Meanwhile, the mixing ratios of the initial two poly-
mers significantly affected their phase transition behaviors.
The critical gel concentration (CGC) as well as the sol-gel
transition temperature decreased with the increasing mixing
ratio. An increase in the total hydrophobicity of mixture/
water system due to a higher content of copolymer A was
responsible for the decreased CGC and lowered sol-gel
transition temperature.

Table 1 Molecular parameters of PLGA-PEG-PLGA copolymers and their mixtures in this study

Sample Mixing ratio © PEG M, ¢ M4 LA/GA ¢ (mol/mol) M © Dwm ¢
Copolymer A ? - 1000 1530-1000-1530 8.0 4270 1.27
Copolymer B - 1500 1380-1500-1380 8.0 4340 1.14

Mixture-1 1:2 - - 8.0 4340 1.23
Mixture-2 1:1 - - 8.0 4210 1.24
Mixture-3 2:1 - - 8.0 4290 1.25

2 Insoluble in water; P Dissolved in water as a sol in a broad temperature region; ® Mixing ratio by weight of copolymer A and copolymer B; the mixtures
exhibited a temperature-induced sol-gel transition in water as the temperature increased; ¢ Number-averaged MW, M, of the central block PEG was provided
by Aldrich. Molar ratio of lactide/glycolide (LA/GA) and M, of each PLGA block were calculated by 'H-NMR spectra; ¢ Confirmed by GPC

https://doi.org/10.1007/s10118-019-2212-5
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Fig. 4 Phase diagrams of the indicated mixture/water systems.
The transition temperature was obtained from the vial inverting
method.

Further, the changes in modulus (G') and viscosity (i) of
aqueous solutions of the copolymer mixtures with fixed mix-
ing ratios as a function of temperature were monitored via
dynamic rheological measurements. As shown in Fig. 5(a),
G’ of the mixture/water systems was very low at low or room
temperature, indicating that they were in free-flowing sol
states. As the temperature increased, G’ increased 4 orders of
magnitude rapidly, reflecting the occurrence of in situ gela-
tion. As the mixing ratio of the two polymers varied from
1:2, 1:1, to 2:1, the sol-gel transition temperature decreased
while the corresponding maximum of G’ increased. This
finding was consistent with the results obtained from the vi-
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mixture aqueous solutions with fixed mixing ratios as a function of
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al inverting method. # of the mixture/water systems exhib-
ited a similar variation tendency as a function of temperat-
ure (Fig. 5b).

Temperature-induced Gelling Behavior of Mixture-1
Aqueous Solutions with or without Drugs

The TPN-loaded thermogel systems were conveniently
prepared by dissolving TPN in the mixture aqueous solution
under continuous stirring at 4 °C and the drug encapsulation
efficiency was almost 100% in view of little mass loss during
such a loading process. Moreover, the rheological tests de-
monstrated that no significant change in the sol-gel transition
was observed before and after the introduction of various
amounts of TPN into the mixture-1 aqueous solution (Fig. 6).
This feature indicated that the loading of TPN hardly
impacted the injectability and temperature-induced gelation
of the mixture-1/water system.

10°
10
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& < Blank gel
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°

v

o 1 mg/mL TPN/Gel
0 2 mg/mL TPN/Gel
v 4 mg/mL TPN/Gel

]0*5 1 1 1 1 1
20 25 30 35 40 45

Temperature (°C)

Fig. 6 G'and G" of mixture-1/water systems with or without TPN
as a function of temperature

In Vitro Drug Release

The in vitro release profiles of TPN-loaded thermogel sys-
tems with various polymer mixing ratios were first evaluated.
As shown in Fig. 7(a), an initial burst release on the first day
was observed, and subsequently the TPN-loaded thermogel
systems exhibited a sustained drug release manner for over
three weeks. The mixing ratio had a significant effect on the
drug release rate. With changing mixing ratio from 1/2 to
2/1, the release rate of TPN decreased in turn. This feature
was attributed to the enhanced mechanical strength of
thermogel matrix with an increasing content of copolymer A.
It is worth pointing out that a large part of TPN could not be
released even up to three weeks. In fact, TPN, as an am-
phiphilic molecule, contains both hydrophilic groups and
hydrophobic groups, such as a hydrophobic fatty acid side
chain, as shown Fig. 1(a). The hydrophobic fatty acid and
other hydrophobic segments could interact with amphiphilic
PLGA-PEG-PLGA polymers. The hydrophobic interaction
between TPN and carrier polymer inhibited the drug dif-
fusion from the hydrogel matrix, resulting in an incomplete
release of TPN within the three-week examined period.
However, we believe that the remaining TPN could be
completely released after the disintegration of PLGA-PEG-
PLGA hydrogel matrix due to the sustained hydrolysis of
PLGA segments.
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37 °C. Polymer concentration was 25 wt% and TPN concentration was 2 mg/mL. (b) In vitro release profiles of TPN-
loaded mixture-1 thermogels at various drug loading amounts in PBS at 37 °C. Polymer concentration was 25 wt%.

We further evaluated the effect of drug loading amount on
the release profiles of mixture-1 thermogels containing TPN.
As presented in Fig. 7(b), both the initial burst amount and
the cumulative release amount relied on the TPN concentra-
tion. With increasing drug concentration from 1 mg/mL to
4 mg/mL, the initial burst on the first day decreased from
25.7% to 15.6% and the cumulative release amount lowered
from 66.4% to 41.2% within three weeks. Actually, drug re-
lease mainly happened in the first week. On 8 days, TPN cu-
mulative release of the TPN-loaded mixture-1 thermogel
systems with varying drug concentration from 1 mg/mL to
4 mg/mL reached 45.6%, 42.8%, and 30.8% of TPN, re-
spectively.

As is well known, infection prolongs the inflammatory
process and thus delays wound healing. In general, due to the
disruption of the skin barrier, microbial invasion to wounds
readily occurs in the initial one week post-injury.[36:57]
Therefore, the first week after skin injuries constitutes the
most sensitive period of wound infection. It is obvious that
the drug release profile of the mixture-1 thermogel system
containing TPN well matched with such a process. More-
over, the sustained release of TPN with a relatively low drug
dose at the late stage also benefited the prevention of wound
infection at the other healing stages.

Meanwhile, the release data of TPN from the thermogel
systems at various polymer mixing ratios and drug concen-
trations were fitted via Higuchi equation Q = kt'/2 (Q < 0.6),
where Q is the cumulative release amount, ¢ is release time,
and k is a constant. As is well known, Higuchi equation in-
dicates a diffusion-controlled mechanism.[?6] As illustrated in
Table 2, the fitted results basically matched with Higuchi
equation, suggesting that the diffusion-controlled mechan-
ism governed the release of TPN.

Table 2  Kinetic assessment of the in vitro release data of TPN
from the thermogel systems at various mixing ratios or drug
concentrations via Higuchi equation

Carrier polymer Drug concentration k R?
Mixture-1 2 mg/mL 0.11 0.94
Mixture-2 2 mg/mL 0.12 0.93
Mixture-3 2 mg/mL 0.17 0.98
Mixture-1 1 mg/mL 0.13 0.96
Mixture-1 4 mg/mL 0.09 0.97

Antimicrobial Activity

The antimicrobial activities of the TPN-loaded mixture-1
thermogel systems against both S. aureus (Gram-positive
bacterium) and E. coli (Gram-negative bacterium) were
investigated using the disc diffusion approach. As shown in
Fig. 8(a), the clear bacterial inhibition rings against S. aureus
were observed on the TPN-loaded thermogel systems at
various drug concentrations, while the bacterial inhibition
rings against E. coli were obviously smaller than the former.

Quantitative MTT analysis further revealed that the TPN-
loaded thermogel systems could maintain the long-term anti-
microbial efficacy against S. aureus due to the sustained re-
lease of TPN (Fig. 8b). Interestingly, the administration of a
blank thermogel showed a certain antimicrobial activity
against both S. aureus and E. coli. This finding was assigned
to the acidic nature of the thermogel matrix (pH = 2.8) since
the acidic environment is beneficial to inhibiting bacterial
growth.[38:391 As is well known, TPN is only active against
Gram-positive aerobic and anaerobic bacteria.3%-52] As a res-
ult, similar antimicrobial effects against E. coli were detec-
ted in both the blank thermogel and the TPN-loaded thermo-
gel groups (Fig. 8b).

Wound Healing Effect of TPN-loaded Thermogel in an
Excise Wound Model

Before the in vivo application, the tissue adhesiveness of
mixture-1 thermogel itself was first investigated. As pre-
sented in Fig. 9, when applied on the skin, the TPN-loaded
mixture-1 aqueous solution rapidly turned into an in situ
hydrogel due to contacting body heat and well adhered to the
skin, indicating that the thermogel matrix had a good tissue
adhesiveness, which is beneficial to wound closure. The
good tissue adhesiveness of mixture-1 hydrogel system was
attributed to its high viscosity at body temperature, as
presented in Fig. 5(b).

We next evaluated the efficacy of TPN-loaded mixture-1
thermogel system (2 mg/mL) in the healing process of
full-thickness wounds in SD rats. A 1.5 cm X 1.5 cm of
full-thickness skin wound was established on the dorsal
middle of the animals, followed by applying different tre-
atments. The progress of wound closure for all groups as a
function of time was monitored and the planetary photo-
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Fig. 9 Dermal adhesiveness of prepared mixture-1 thermogel
system containing 2 mg/mL TPN

graphs were taken on 3, 7, 10, 14, 17, and 21 days (Fig. 10a).
Overall, the animals receiving the treatment of TPN-loaded
thermogel formulation exhibited the fastest wound closure
rate, while the NS group showed the slowest wound closure
rate. Meanwhile, the differences in the wound closure rate,
which was reflected by the reduction percentage of wound
area as a function of time, were further analyzed quantita-
tively.

As shown in Fig. 10(b), the wound closure rate showed
little difference among the four groups in the initial three
days. However, significant differences between the group
of thermogel formulation ((41.3 = 13.5)% on 7 days, p <
0.05; (77.3 £ 2.4)% on 10 days, p < 0.05; (90.4 + 1.5)% on
14 days, p < 0.01; (96.2 £ 1.5)% on 17 days, p < 0.01) and
the NS group ((24.4 = 18.6)% on 7 days; (69.6 £ 5.8)% on
10 days; (83.6 £ 2.9)% on 14 days; (89.5 £ 3.1)% on 17
days) were observed from day 7 to day 17. The feature sug-
gested that the treatment of TPN-loaded thermogel formula-
tion accelerated the wound healing. Also, the blank thermo-
gel-treated animals showed faster wound closure ((45.1 £
14.4)% on 7 days, p < 0.05; (94.3 + 2.3)% on 17 days, p <
0.05) than the NS group did ((24.4 £+ 18.6)% on 7 days; (89.5
+ 3.1)% on 17 days) on 7 days and on 17 days. On 21 days,
there were no statistical differences among the four groups
due to the basic recovery of wounds in all groups.
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Fig. 10  (a) Optical photographs of skin wounds treated with
different formulations as a function of treatment time in an excision
wound SD rat model; (b) Closure percentages of skin wounds
treated with different formulations as a function of treatment time in
an excision wound SD rat model. Significant differences between
the group of NS and the other three groups are specifically marked:
*p <0.05; **p < 0.01. The NS group only received the treatment of
NS; the TPN group received the treatment of TPN solution once
every two days and the dose was 0.5 mL of 1.0 mg/mL TPN
solution per time, 4 times in all; the Gel group received the single
treatment of 1.0 mL of 25 wt% mixture-1 aqueous solution; the Gel
+ TPN group received the single treatment of 1.0 mL of 25 wt%
mixture-1 aqueous solution containing 2 mg/mL TPN.
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HE Staining and Masson’s Trichrome Staining

Histopathological evaluation on wound regeneration was
performed first by HE staining. As shown in Fig. 11(a), on
day 10 post-injury, a significantly enhanced infiltration of
inflammatory cells was observed in the NS group, while
there were only a small number of inflammatory cells both in
the TPN and thermogel formulation groups, suggesting that
both the multiple administrations of TPN solution and the
sustained release of TPN from the thermogel matrix rem-
arkably suppressed inflammatory cells infiltration. Mean-
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Fig. 11

while, much more fibroblasts migrated into the impaired
region of animals receiving the treatment of the thermogel
formulation, indicating an accelerated re-epithelization and
formation of granulation tissue. Interestingly, the blank
thermogel-treated group also showed reduced inflammatory
response compared with the NS group.

On day 21 post-wounding, obvious inflammatory response
was still detected in both the NS and thermogel groups, as
presented in Fig. 11(b). Meanwhile, the healed wounds were
just at the stage of developing granulation tissue in the NS,

1
NS TPN Gel

o

TPN Gel Gel+ TPN

Gel + TPN

(a) Representative images of HE staining of skin wounds showing the inflammatory response in

different groups on day 10 post-injury. Left and Right represent the normal tissues, Middle represents the
wounds. (b) Representative images of HE staining of regenerated skin in different groups on day 21 post-
injury. Left and Right represent the normal tissues, Middle represents the healed tissue. (c) Representative
images of Masson’s trichrome staining of regenerated skin for evaluating the deposition of collagen fibers in
different groups on day 21 post-injury. Left and Right represent the normal tissues, Middle represents the
healed tissue. Red and black arrows show the epidermis and dermis layers, respectively. Quantification of (d)
epidermal and (e) dermal layer thickness on day 21 post-injury in 10 different locations per slide.
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TPN, and thermogel groups. Different from the three groups,
the TPN-loaded thermogel-treated wounds developed a relat-
ively mature connective tissue and/or scar with significant
fibroblastic deposition. This feature indicated that the admin-
istration of the thermogel formulation and subsequent sus-
tained release of TPN promoted wound healing process.

For further evaluation of the quality and maturity of the
healed skin, Masson’s trichrome staining analysis for colla-
gen evaluation was also carried out. After three weeks of
treatment, the healed skin seemed to be intact, yet the regen-
erated tissue underneath was still vulnerable to damage due
to the low tensile strength. It is well known that the in-
creased deposition of collagen fibers improves the wound
strength.[3¢] As presented in Fig. 11(c), the healed tissue re-
ceiving the treatment of TPN-loaded thermogel formula-
tion exhibited densely bunchy collagen fibers with parallel
arrangement. By contrast, deposited collagen fibers in the
healed tissues were loose and irregularly arranged in the
NS and TPN groups. Besides, relatively densely packed
collagen fibers were observed in the blank thermogel gr-
oup compared with the NS and TPN groups. This finding
might be attributed to the acidic environment of thermogel
matrix accompanying the production of lactate or lactic
acid through the hydrolysis of ester bonds in PLGA seg-
ments.[*!]

The previous study has demonstrated that lactate can
adjust the concentration of various enzymes involved in cell
energy metabolism and transcription, and collagen synthesis
can be enhanced as lactate levels increase within the
wound.3®l  Hence, despite the insignificant differences
between apparent wound closure among the four groups on
day 21 post-wounding, the wounds treated with TPN-loaded
thermogel formulation exhibited higher tissue maturity due

to the acidic nature of thermogel matrix and the sustained re-
lease of TPN.

Finally, the epidermal and dermal layer thickness was
quantified after the three-week treatment. As shown in
Fig. 11(d), there were no statistical differences among the
various treatments regarding epidermis thickness, while the
treatment of the TPN-loaded thermogel formulation en-
hanced dermal regeneration with a thicker dermis compared
with NS-treated wounds.

CD31 Immunohistochemical Analysis

CD31 immunohistochemical staining is extensively utilized
for marking angiogenesis at the molecular level.5%! Fig. 12
shows that more CD31-positive capillaries were observed
in the wounds treated with thermogel or TPN-loaded ther-
mogel formulation compared with NS or TPN-treated wou-
nds, indicating the increased wound vasculature. A previous
study has revealed that lactic acidosis is beneficial for
angiogenesis.*®] Therefore, we speculated that the increased
angiogenesis in the blank thermogel and thermogel formu-
lation groups was attributed to the acidic nature of the
thermogel matrix and the generated lactates and lactic acids
following its degradation.

CONCLUSIONS

In this study, we demonstrated that the TPN-loaded ther-
mogel system as a wound dressing promoted the wound
healing process in a full-thickness skin defect model. Two
PLGA-PEG-PLGA triblock copolymers with varying PEG/
PLGA block ratios were synthesized and used to construct
the blend thermogels with adjustable gelation performance.
The TPN-loaded thermogel formulations that were conve-
niently prepared by dissolving TPN powder into the co-

NS : TPN

Fig. 12 Representative immunohistochemistry images of CD31 of regenerated skin for angiogenesis evaluation in different
groups on day 21 post-injury. The arrows represent new capillaries and the circle means the vessels of normal skin tissue.
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polymer mixture aqueous solutions at room or low tem-
perature could form in situ thermogel depots at body tem-
perature, showed good adhesiveness to skin tissue, and
exhibited a sustained release manner in vitro for over three
weeks. Meanwhile, the drug release profile was readily
modulated via changing the mixing ratio of carrier polymer
as well as the drug loading amount. In the in vivo tests, the
administration of thermogel formulation inhibited inflam-
matory response, accelerated re-epithelization, promoted
synthesis and disposition of collagen, and stimulated angio-
genesis, thereby enhancing the wound healing process. This
feature was attributed to the combination of the bioactivity of
TPN and the acidic nature of thermogel matrix. Overall, our
results indicated that the TPN-loaded PLGA-PEG-PLGA
thermogel is a promising wound dressing for cutaneous
wound healing.
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