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Arterial vasospasm after microsurgery can cause severe obstruction of blood flow manifested as low tissue
temperature, leading to tissue necrosis. The timely discovery and synchronized treatment become pivotal. In this
study, a reversible, intelligent, responsive thermosensitive hydrogel system is constructed employing both the
gel-sol transition and the sol-gel transition. The “reversible thermosensitive (RTS)” hydrogel loaded with
verapamil hydrochloride is designed to dynamically and continuously regulate the extravascular microenvi-
ronment by inhibiting extracellular calcium influx. After accurate implantation and following in situ gelation, the
RTS hydrogel reverses to the sol state causing massive drug release to inhibit vasospasm when the tissue tem-
perature drops to the predetermined transition temperature. Subsequent restoration of the blood supply allevi-
ates further tissue injury. Before the temperature drops, the RTS hydrogel maintains the gel state as a sustained-
release reservoir to prevent vasospasm. The inhibition of calcium influx and vasospasm in vitro and in vivo is
demonstrated using vascular smooth muscle cells, mice mesenteric arterial rings, and vascular ultrasonic Doppler
detection. Subsequent animal experiments demonstrate that RTS hydrogel can promote tissue survival and
alleviate tissue injury responding to temperature change. Therefore, this RTS hydrogel holds therapeutic po-
tential for diseases requiring timely detection of temperature change.

1. Introduction

Arterial vasospasm is a common complication after anastomosis in
microsurgery, leading to lumen stenosis and micro thrombosis, and the
occurrence of arterial vasospasm may cause ischemic necrosis of the
transplanted tissue and lead to failure of the operation [1]. The
continued monitoring of compromised circulation is critical after sur-
gery [2,3]. The drop in temperature of the transplanted tissue is an
essential manifestation of vascular compromise caused by vasospasm.
Therefore, it is of great significance to promptly monitor this tempera-
ture change and address it to prevent the necrosis of the transplanted
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tissue [4,5]. At present, temperature monitoring mainly relies on
manual measurement, and it is challenging to detect temperature
changes and provide effective interventions promptly [3,6]. Therefore,
the timely discovery and synchronized treatment of the postoperative
temperature change in transplanted tissue is the key to solving this
problem.

Intelligent, responsive polymer biomaterials can dynamically rear-
range their structure and perform “on-off” switching when small
changes are detected in the environment to adapt to different needs
[7-11]. Among them, intelligent thermoresponsive polymers are widely
used for easy preparation, processing, and unrestricted modification [8,
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12,13]. Furthermore, thanks to their advantages in controllability, sus-
tainability, and reversibility in response to temperature, thermores-
ponsive polymers are highly suitable for tissue engineering, regenerative
medicine, and tumor diagnosis and treatment [14-22]. For example, the
temperature responsiveness of these polymers was reported to synergize
tumor hyperthermia therapy with chemotherapy [23,24]. From this, we
found that the temperature-dependent changes of these polymers can
provide new ideas for reacting to the temperature change. Therefore, the
flexible response to the temperature change of the tissue is expected to
become a breakthrough to address this issue.

The risk of arterial vasospasm persists after surgery. And the path-
ogenesis of postoperative arterial vasospasm is complicated at which
point the continuous influx of extracellular calcium into the cell is the
key factor. Therefore, continuous and dynamic extravascular microen-
vironment regulation which targets extracellular calcium influx and
holds sensitivity to temperature change can be effective to manage
postoperative vasospasm. Due to the small diameter of the blood vessels
in microsurgery, blood flow can be blocked even by slight stimulation
such as pulling and squeezing [25]. In addition, the tissues that can be
used for transplantation and reconstruction are various such as skin and
muscle [26,27]. For the huge different structures of these tissues, the
complexity of biomaterial application is further increased. Therefore,
implanting temperature-responsive materials, which can regulate the
extravascular microenvironment in response to the drop in temperature
by inhibiting calcium influx to alleviate tissue injury, into perivascular
tissue with a precise and minimally invasive approach may become an
ideal strategy for post-microsurgery management of vasospasm.

Among them, thermosensitive hydrogel based on poly (ethylene
glycol) (PEG)/poly (lactic-co-glycolic acid) (PLGA) holds good
biocompatibility, injectability, and extremely high drug loading rate
[28]. It can be used as an in situ reservoir to release a therapeutic me-
dium for a long time, and it is widely used to manage chronic diseases
such as tumors and diabetes that require a stable therapeutic drug
concentration [28,29]. When injected into the body, the sol-gel transi-
tion that can be achieved under the trigger of body temperature allows it
to fill the lesion space regardless of its irregularity. In addition, by tuning
the monomer ratio, molecular weight, molecular weight distribution,
end functional groups, and copolymer concentration, the phase transi-
tion temperature can be precisely adjusted at 4-60 °C [30-35]. How-
ever, current research mainly exploits its sol-gel transition ability
triggered at body temperature, and few people have exploited the
reverse gel-sol transition property triggered by low temperature [36,
37]. We note that this reversible temperature-shifting property may be
of unique value in vasospasm-related temperature-altered diseases.
When the gel-sol phase transition temperature of the thermosensitive
hydrogel is adjusted to be at the critical temperature after the occur-
rence of severe arterial compromise, that is, about 3 °C lower than the
normal tissue temperature [5,38], this hydrogel system can provide
timely detection and protection of transplanted tissue by releasing the
therapeutic agents such as drugs or cells in response to the dropped
temperature.

Herein, to match the therapeutic needs after microsurgery, the
reversible thermosensitive (RTS) hydrogel system that can be flexibly
injected into the skin, muscle, and other tissues was designed to exert
both forward in situ gelation property and reverse transition for
continuous and dynamic regulation of extravascular microenvironment
targeting calcium influx to inhibit postoperative arterial vasospasm. The
normal tissue temperature triggered a positive transition of hydrogel
solution to a gel state and became a local sustained-release drug reser-
voir around the arteries to prevent the occurrence of vasospasm. The gel
state hydrogel reversely transitions to a sol state in response to the drop
in temperature caused by vasospasm, causing the rapid release of the
drug to alleviate tissue injury. Based on the above theory, the intelligent
hydrogel based on poly (p, -lactic-glycolic acid)-poly (ethylene glycol)-
poly (p, 1-lactic-glycolic acid) (PELGA) was constructed and applied to
the skin flap transplantation model. First, the monomer ratio and
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concentration were adjusted to manipulate the phase transition tem-
perature of the PELGA triblock polymer loaded with verapamil hydro-
chloride (Vera). The phase transition temperature was set to the critical
temperature after vasospasm induced severe arterial compromise. Then
the RTS hydrogel system Vera@RTS-Gel that can respond to the drop in
temperature was engineered. The effects of Vera@RTS-Gel on extra-
cellular calcium influx and vasoconstriction were evaluated in vitro from
both the cellular and tissue levels. A rat transverse rectus abdominis skin
flap model was established for in vivo experiments, in which microsur-
gery with and without postoperative severe vascular compromise and
significant temperature change were both simulated to assess the effi-
cacy of Vera@RTS-Gel on vasospasm and tissue survival. All the results
proved that this RTS hydrogel system provided a new option for diseases
that require timely detection and continuous management of the
extravascular microenvironment (Scheme 1).

2. Materials and methods
2.1. Materials

PEG with the molecular weight (MW) of 1500, p,-Lactide (LA),
Glycolide (GA), stannous 2-ethyl-hexanoate, Vera, and phenylephrine
hydrochloride (PE) were purchased from Sigma-Aldrich (USA). Sulfo-
Cy5.5 NHS ester was purchased from Xi’an Qiyue Biology Co. Ltd
(China). Live/dead Staining Kit, CCK-8 reagent, and Fluo-4 AM probe
were acquired from Beyotime Biotechnology Company (China). Kits for
biochemical tests were purchased from Nanjing Jiancheng Bioengi-
neering Institute. Gibco, USA, provided Fetal bovine serum (FBS). Dul-
becco’s Modified Eagle’s Medium (DMEM) was purchased from Hyclone
(USA).

2.2. Experimental cells and animals

A7r15 cells were obtained from Cell Bank/Stem Cell Bank, Chinese
Academy of Sciences. Human umbilical vein endothelial cells (HUVECs)
were provided by Lonetics (USA). All cells were grown in DMEM with
10% FBS and 1% antibiotic solution in a constant temperature incubator
with 5% CO,. C57BL/6 (C57) mice and Sprague Dawley (SD) rats were
purchased from Shanghai Jiesijie Laboratory Animal Co. Ltd.

2.3. Synesis of PELGA triblock polymer

The PELGA triblock polymer was synthesized as described elsewhere
[29]. Ring-opening copolymerization of GA and LA was performed with
stannous octoate as catalyst and dihydroxy PEG with the MW of 1500 as
a macroinitiator. 20 g of PEG was added to the three-necked flask under
vacuum at the temperature of 150 °C. After 3 h, the flask was cooled to
room temperature. Then GA and LA monomers were added. Argon was
changed three times for the elimination of the residual moisture. After
adding stannous octoate, the reaction temperature was set at 150 °C for
12 h in argon atmosphere. 80 °C water was used to rinse the crude
products at least three times and the residual water was removed by
lyophilization.

2.4. Preparation of Vera@RTS-Gel

The PELGA polymers (25 wt%) were dissolved in water at 4 °C, then
Vera was dissolved in the polymer aqueous solution with concentrations
of 1, 2, or 4 mg ml~!. Magnetic stirring was used to ensure complete
dissolution [29].

2.5. 1H NMR spectrum measurement
The chemical structures and compositions were acquired through the

400 MHz spectrometer (Bruker, AVANCE III HD) using CDCl3 as the
solvent at the temperature of 25 °C. Chemical shifts were presented in
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Scheme 1. Schematic illustration of the RTS hydrogel to inhibit calcium influx and vasospasm. a) The fabrication of the RTS hydrogel system. b) The reversible
gel-sol transition property of RTS hydrogel. ¢) RTS hydrogel can alleviate tissue injury with the burst release and diffusion of the drug caused by rapid reverse
transitions to the sol state in response to the drop in temperature due to arterial vasospasm.

ppm with tetramethylsilane as the internal standard [29].

2.6. Sol-gel and gel-sol transition measurement

The tube inversion method was used to measure the transition
temperature of the PELGA aqueous solution. First, the solution was
dropped into the vial. Then the vial was put in a low-temperature water
bath. After increasing the temperature, the vial was kept in water for 10
min and then turned upside down. If there was no flow along the wall
within 30s, it was identified as a gel and the initial temperature was
determined as Tgej. As the temperature increased, the gel became sus-
pension, and the initial temperature was determined to be Tso| (suspension)
[7]. By investigating a range of PELGA polymer concentrations at
different temperatures, the state diagram of polymer aqueous solution
was determined [29].

2.7. The hydrodynamic diameters, { potentials measurement and
transmission electron microscopy (TEM) analysis

In the aqueous solution of PELGA (25 wt%) with or without different
concentrations of Vera, they were measured by a DLS apparatus (Zeta-
sizer Nano ZS90, Malvern) at the temperature of 25 °C after dialysis [39,
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40]. The scattering angle was set at 90°. The morphology of PELGA (25
wt%) with or without Vera (4 mg ml™1) was observed by transmission
electron microscopy (Tecnai G2, Thermofisher).

2.8. Rheologic behavior analysis

A strain-controlled rheometer (Kinexus, Malvern) was used to mea-
sure the transition of the aqueous solutions of the polymers with or
without Vera. The collection of the viscosity (1)), storage modulus (G),
and loss modulus (G”) were acquired at a gap of 0.03 mm, a rate of 0.5 °C
min_l, and a frequency of 10 rad s~1 [29].

2.9. Invitro release studies

Release behavior of three groups of 25 wt% PELGA polymers con-
taining different concentrations of Vera (1, 2, 4 mg ml™1) were detected
invitro at 37 °C. First, 0.5 g of the polymer solution was dropped into the
glass tube. 5 ml PBS buffer at 37 °C was added to each tube which was
balanced in a water bath for 15 min at 37 °C. At the same time every day,
take out the buffer for measurement and refill it in the same way. Then
the concentration of Vera in PBS was detected by high-performance
liquid chromatography (HPLC) [41]. The optimum detection
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wavelength of the UV detector was set at 278 nm.
2.10. Temperature responsiveness tests

In vitro, the process of injecting hydrogels dissolved with water-
soluble pigments into different temperatures of water was observed
continuously. In vivo, after loading Sulfo-Cy5.5 NHS ester, a water-
soluble fluorescent molecule, the RTS hydrogel was injected into the
tissue of the flaps with temperature change. The distribution of fluo-
rescent molecules was observed by the in vivo fluorescence image
analysis system (PerkinElmer, USA).

2.11. Biocompatibility evaluation

A7r15 cells and HUVEC cells were inoculated into 24 well plates and
96 well plates respectively for 12 h, and then culture medium containing
different concentrations (0, 1, 5, 10, 50, 100, 500, 1000 pg ml™) of
PELGA triblock polymer or Vera@RTS-Gel replaced the original culture
medium. After 24 h of culture, live/dead staining and CCK-8 experiment
were carried out [42]. Cultured cells were treated with a live/dead cell
staining Kit, and they were examined with a fluorescence microscope
(PCOM, Nikon, Japan). In the CCK-8 experiment, the absorption was
measured with a flex station 3 microplate reader (molecular devices,
Japan) at 450 nm after 1 h of treatment. Aqueous solutions of
Vera@RTS-Gel were prepared and then subcutaneously injected into the
backs of rats using a 1 ml syringe. The injection volume of the hydrogel
was 0.3 ml per rat. After 1, 3, or 7 days, rats were euthanized with gas,
and tissue samples were taken for histological analysis.

2.12. Measurement of calcium influx

A715 cells were inoculated into 12 well plates and loaded with fluo-4
AM [43,44]. For each group, the cells were treated respectively with
Krebs-Henseleit solution with or without Vera or the release solution of
the Gel or Vera@RTS-Gel in Krebs-Henseleit solution on the first day or
the fourth day. The concentration for the Vera group was chosen based
on the average concentration of the release solution from 7 days (82
puM). Then the cells were incubated with calcium-free buffer. Calcium
influx was triggered by adding 2.5 mM CaCl,, and fluorimetric mea-
surements were recorded continuously by the fluorescence microscope
(PCOM, Nikon, Japan) [45]. Then the fluorescence intensity of cells was
measured by image J. Changes in fluorescence intensity were indicated
by comparing the maximal fluorescence intensity (Fpax) to that
measured at the starting point (Fp).

2.13. Preparation of arterial rings and measurement of isometric tension

C57 mice were sacrificed by neck dislocation and then the main
mesenteric arteries were isolated and placed into cold oxygenated Krebs
solution. The arteries were cut into ring segments after clearing the
connective tissues. Then the arterial rings were mounted into the 620 M
Microvascular Tension Measurement System (DMT, Denmark) as pre-
viously described [43,44]. After treatment with 60 mM KCl to obtain
stable basal tension, the organ chamber was washed and then refilled
with 5 ml Krebs solution with or without Vera, or the release solution of
the Gel or Vera@RTS-Gel in Krebs solution on the first day or the fourth
day for 5 min respectively. Then PE was added to form a concentration
gradient, and the real-time tension changes of the arterial rings were
recorded with the Power Lab Biological Signal Collection System (AD
Instruments, Australia).

Contraction = (Maximal tension by PE)/(Basal tension by 60 mM
KCD).

2.14. Animal model of the free TRAM flaps

SD rats were randomly divided into the non-ischemic or the ischemic
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treatment group. Then rats in the first group were divided into the
Control, Gel, Vera, and Vera@RTS-Gel groups (n=3), and those in the
latter group were divided into the Sham, Control, Gel, Vera, and
Vera@RTS-Gel groups (n=3). The steps of the operation were followed
by previous studies [46-48]. According to the general method, 6 cm * 3
cm skin tissue and the right side of the connected rectus abdominis
muscle under the costal arch were lifted as the free TRAM flaps. The flap
was lifted and the blood flow was achieved solely through the deep
inferior epigastric vessels. The anastomosis and recanalization of blood
vessels are simulated by clamping the pedicle of blood supply vessels.
After restoring blood flow, for the Gel and Vera@RTS-Gel groups, the
peripheral vascular muscle tissues were injected with the hydrogel so-
lution in a multisite manner with the total volume of 0.05 ml per rat.
Before the flap was sutured in situ, a sterile silicone sheet was placed
under the elevated flap to prevent revascularisation. The Vera group
received an intraperitoneal injection of normal saline solution with Vera
once a day after surgery (0.1 ml, 0.25 mg ml~!). The drug dosage was
decided based on previous studies [49,50]. Routine feeding and care in
the clinic were performed after surgery. In the ischemic treatment
group, the flap was lifted on the first day after surgery, and an atrau-
matic microclamp was applied in the vascular pedicle except for the
Sham group. Thermal insulation measures were used to avoid the effect
of the body temperature on the skin flaps. For the Vera group, a topical
injection of normal saline solution with Vera was performed immedi-
ately after ischemic treatment (0.3 ml, 0.25 mg ml~D). After 4 h, the
blood perfusion of the flap was restored. After 24 h of reperfusion, the
rats were euthanized with gas and the flap was harvested for further
study.

2.15. The vascular ultrasonic Doppler detection

On day 1 and day 4 after surgery, vascular ultrasonic Doppler
detection (the VEVO lazr-x multimodal imaging platform, Fujifilm Vis-
ualSonics, Japan) was used to detect the blood flow of the deep inferior
epigastric artery. Firstly, the position of the distal end of the deep
abdominis artery was located to obtain a stable peak systolic flow ve-
locity. Then, ice bags were used for hypothermic stimulation at the
proximal end, and records were made after the flow velocity was stable
[51]. Rats in the Vera group repeated the above tests before and after the
intraperitoneal injection. All the rats were exposed to anesthesia (iso-
flurane) in this experiment.

2.16. Biochemical examination

24 h after the blood flow was restored, the distal tissue samples
which were accurately weighed were made into tissue homogenate for
the detection of malondialdehyde (MDA) levels, reduced glutathione
(GSH) levels, superoxide dismutase (SOD) activity, and neutrophil
myeloperoxidase (MPO) activity according to previous studies and the
instructions of kits [52,53].

2.17. Macroscopical evaluation and histological analysis

In the non-ischemic treatment group, on day 7 after surgery, all the
rats were anesthetized with gas, and the flap was photographed. Then
the percentage of necrosis area was quantitatively evaluated by image J.
Skin samples were obtained from the junction of necrosis and survival of
the flap, and muscle samples were obtained from the muscular part of
the flap for morphological analysis [54]. In the ischemic treatment
group, 24 h after the blood flow was restored, the muscle and skin tissue
samples of the flaps were taken for morphological analysis. Rats for
biocompatibility evaluation were euthanized with gas and the skin
samples of the injection regions were taken for histological analysis. All
samples requiring morphological analysis were fixed in 4% neutral
formalin for 24 h. The tissue sections were stained with
Hematoxylin-eosin (HE) staining and Masson trichrome staining after
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paraffin embedding. The samples were observed by the bright-field
microscope.

2.18. Statistical analysis

All data were displayed as mean =+ standard deviation (SD). Statis-
tical analysis was performed using GraphPad Prism software. The dif-
ferences between groups were evaluated using one-way analysis of
variance (ANOVA) and Tukey multiple comparison. p < 0.05 was
considered statistically significant, while ns meant no statistical
difference.

Bioactive Materials 21 (2023) 422-435

3. Results and discussion
3.1. Preparation and characterization of Vera@RTS-Gel

In this study, to achieve the responsiveness to temperature change
and release drugs to exert therapeutic effects, the drug loading function
of PELGA triblock polymer was an important basis. First, the synthesis of
PELGA triblock polymers was carried out by ring-opening polymeriza-
tion of La and GA using PEG as initiator and stannous octoate as the
catalyst according to the method of previous studies [29]. Then NMR
hydrogen spectroscopy was used for the analysis of the chemical struc-
ture. Fig. 1a shows the 'H NMR spectra and chemical structures of the
triblock polymer. The number-average MW, M,,, was obtained with peak
integrals at 4.80 (-COCH0-), 3.65 (-CH>CH>0-), and 1.55 (-COCH(CH3)

a o o b «
/ y Sol (Suspension)
(O a 0. 0. 0. \
n < \‘)}NO/W‘ WON:z \/\(\O)J\>m/\ \”/‘\,EOII 5
e 0 0 o
@
d 3 40 Y Gel
o
@
£ 30-
B B |2 Sol
20 T T T T
10 15 20 25 30 35
e Concentration(wt%)
b
&
a l Cc ¥
L L O S | I | S
TR T D &
. s : 5 3 . — . \-P
60 50 40 30 20 10 S
(ppm) Sol Vera@Sol Vera@Gel
S, A.. . Au 20
E & T 154 X T 15
= 19 35101 < 3104 <
'g 0 - ‘:>' 104 ﬁ .? 104
c ] @
= § 51 3 . g 5 g s
2 E £ ] E £
~ 21 o e ] o B %
1 10 100 1000 110 100 _ 1000 1 10 100 1000 1 10 100 1000
Diameter(nm) Diameter(nm) Diameter(nm) Diameter(nm)
e f e
—_ —G’ —_ —G’ [ .
700 ” ”
E‘-';sou —G ém —G % D 08 = Gel
5 500 5, 400 ¥ £
o o 1 [ Vera@Gel 1mg/ml
5 400 <%0 22 g
£ 300 == 04
® 200 o g0 o &g [ Vera@Gel 2mg/ml
B 33.0°C o100 33.7°C 53 oz
1 : o : E o [ Vera@Gel 4mg/ml
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50 (&) 0 8
Temperature(°C) Temperature(°C)
37°C <34°C
g , h

T | ]
e m«g"““
; =

Fig. 1. Characterization of PELGA polymers before and after loading Vera. a) 'H NMR results of the PELGA polymers. b) Phase diagram and transition property of the
PELGA polymers. ¢) { potential measurement, d) micelle size distribution and e) changes of G’ and G" of the PELGA polymers with or without Vera. f) Cumulative
release curve of PELGA polymers containing different concentrations of Vera (n = 3). Temperature responsiveness of the RTS hydrogel system g) in vitro and h) in vivo.

426



B. Zhao et al.

O-) ppm. As shown in Fig. 1b, the aqueous solution of triblock polymer
could form a semisolid gel under the triggering of temperature, and
upon recovery of low temperature, it could quickly transform into a
flowing sol state. And below or above the sol-gel transition temperature
(TgeD), the solution was presented as two different morphologies. And the
Tger of the polymer system can be adjusted between 32 and 50 °C
depending on the polymer concentration as well as the ratio of mono-
mers [30-32]. In this study, the adjustment of the system was performed
based on these variables. For the need for treatment of vasospasm after
microsurgical free flap transplantation, Vera, a calcium antagonist, was
selected as the therapeutic medium [50,55]. Vera-loaded PELGA tri-
block polymer hydrogel was prepared by homogeneous mixing of Vera
and PELGA aqueous solution at 4 °C. As shown in Fig. 1c, we charac-
terized the surface of polymeric micelles before and after the addition of
Vera by { potential change, this change illustrated the recombination
between polymer and Vera occurred through the way of electrostatic
interaction. In Fig. 1d, dynamic light scattering (DLS) particle size
analysis indicated that amphiphilic polymers could self-assemble in an
aqueous system to form micelles with particle size around 35 nm while
adding Vera wouldn’t affect the structure and size of micelles. Trans-
mission electron microscopy (TEM) analysis also showed the similar
morphology of micelles before and after loading Vera with the particle
size consistent with the DLS measurements (Fig. S3).

To respond to the temperature change resulting from vasospasm, the
RST hydrogel first needs to have an appropriate transition temperature
that can be easily tuned according to different circumstances. Taking the
microsurgical free flap transplantation as an example, clinical experi-
ence suggests that after the occurrence of severe arterial compromise,
the temperature decreases by about 3 °C, so the transition temperature
was set at about 34 °C. Considering the possible effects caused by the
drug-loading, the changes in properties such as Tg after the addition of
Vera needed to be examined. As shown in Fig. le, a strain-controlled
rheometer was used for the investigation of the transition property of
the aqueous polymer solutions over temperature. With the increase in
temperature, the storage modulus (G') gradually exceeded the loss
modulus (G”), and the viscosity of the polymer solution increased
abruptly, indicating in situ gelation forming an osmotic micelle network
through micelle aggregation. In general, the temperature where G/
equals G” is regarded as the Tge). Upon examination, a slight increase in
Tge1 occurred after loading Vera. By validating the transitions of different
formulations, we found that when Vera at a concentration of 4 mg ml !
was loaded into the triblock polymer solution with a concentration of 25
wt%, Tgel could be located around 34 °C. It firstly guaranteed the
injectability of the system as well as the ability of in situ gelation and,
most importantly, fulfilling the demand of responsiveness to the tem-
perature change due to vasospasm.

It’s also very important for RTS hydrogel to have proper slow-release
behaviors because the therapeutic effect against vasospasm triggered by
temperature change requires sustained maintenance of the drug content
for a period after surgery. In vitro, the study of the release behavior of
PELGA hydrogels loaded with different concentrations of Vera was
performed over 7 days. PBS solution was added after transitioning to a
gel state, and the concentration of release solution was accurately
detected by HPLC at the maximum absorption wavelength. The plotted
release profiles suggested that an effective slow-release was achieved
within 7 days (Fig. 1f). For the first day, the hydrogel systems containing
various amounts of Vera released an average of 24.19%, 27.21%, and
28.17% of the total amount. Respectively, during the second to seventh
days, a relatively uniform release occurred every day, and the release
behaviors at different concentrations were not significantly different. So,
they could all be regarded as effective sustained delivery systems. Based
on the above results, the hydrogel prepared by loading Vera (4 mg ml™?)
into the triblock polymer solution (25 wt%) was selected for subsequent
study.

Subsequently, for the Vera-loaded “reversible thermosensitive”
hydrogel (Vera@RTS-Gel) as prepared, we examined the temperature-
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responsive capabilities in vitro and in vivo. As shown in Fig. 1g, when
injected into water at different temperatures, the hydrogel exhibited
different states immediately upon exposure to the water surface. When
the temperature was lower, the pigments dissolved rapidly into the
surrounding water from the hydrogel of a sol state. A gel state was
maintained when the temperature was higher, and the pigments were
concomitantly maintained therein. In Fig. 1h, after injection of RTS
hydrogel loaded with water-soluble fluorescent molecules into the free
flap tissue, the effect on drug diffusion was observed with in vivo fluo-
rescence imaging system at different temperatures of the tissue. The
results illustrated that the RTS hydrogel can maintain a stable gel state at
normal body temperature while undergoing a reverse gel-sol transition
and rapid drug release at low temperature. These results showed that the
state and associated release behaviors of RTS hydrogel could rapidly
respond to temperature change. It provided a foundation for dynami-
cally regulating the extravascular microenvironment by exerting in situ
gelation after injection in combination with exerting therapeutic effects
to respond to temperature change caused by vasospasm.

3.2. Biocompatibility of PELGA polymers and Vera@RTS-Gel

PELGA triblock polymers have been proven to have good biocom-
patibility in a variety of disease models, and in this experiment, rat
smooth muscle cell line (A7R5s), as well as human umbilical vein
endothelial cells (HUVECs), were used for revalidation for that. We
evaluated the effect of PELGA triblock polymers on cell survival by cell
live/dead staining assay and CCK-8 assay. As shown in Fig. 2a-b and
Fig. S1, cells were cultured with cell culture media that dissolved
different concentrations of PELGA polymers, and both cells could
maintain the vast majority of survival even at higher concentrations. The
CCK-8 experiment shown in Fig. 2¢ also verified this conclusion. With
the concentration increases, there was no significant difference
compared with the control group. As for the Vera@RTS-Gel, its
biocompatibility was tested the same way (Fig. S4). Aqueous solutions of
Vera@RTS-Gel were injected subcutaneously in rats and histological
analysis was performed on day 1, 3, or 7 after implantation. As shown in
Fig. S5, the local inflammatory responses were modest. The results
illustrated the good biocompatibility of PELGA triblock polymers and
Vera@RTS-Gel which provided an important basis for the application in
microsurgery.

3.3. Invitro effects of inhibiting extracellular calcium influx and
vasospasm

As a key factor in the contraction of the smooth muscle, the rise of
Ca?" concentration within vascular smooth muscle cells (VSMCs) has a
close relationship with the excitation-contraction coupling. The essence
of vasospasm is the continuous spasm contraction of vascular smooth
muscle locally, at which point the increase of Ca?* concentration relies
on the continuous influx of extracellular Ca®>" into the cell [55,56].
Being able to block Ca’" influx would target the key factors against
vasospasm. To verify this effect of the RTS hydrogel, the calcium indi-
cator fluo-4 AM molecular probes were used to visually reflect the Ca%*
concentration in A7R5 cells. Upon stimulation by elevated extracellular
Ca?* concentrations, it was possible to visualize the rise in intracellular
Ca®* concentrations as a result of the influx of Ca2* with a fluorescence
microscope (Fig. 3b). The strongest fluorescence intensity after stimu-
lation was subsequently used for comparison with the initial one.
Compared with the rises in the Control group and the Gel group which
were more than 3-fold, those in the Vera@RTS-Gel group were signifi-
cantly suppressed and were comparable to the Vera group (Fig. 3a and
¢). The above results verified that at the cellular level, the RTS hydrogel
played a role in inhibiting vasospasm by restricting the extracellular
Ca®" influx.

With the microvascular tension measurement system and stimulation
induced by PE, tension changes in microvascular constriction could be
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steadily induced and accurately displayed [57,58]. Based on this, we
examined the effects to inhibit vasospasm at the level of vascular tissue.
After incubation with either the release solution of the PELGA hydrogel
or Vera@RTS-Gel on day 1 or 4, the addition of PE caused the

@

concentration-dependent responses of arterial rings, compared with
other groups (Fig. 4a). Real-time tension changes were obtained with the
signal collection system and assessed by comparison with the basal
tension induced by 60 mM KCl. Fig. 4b-d demonstrated that the
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PE-induced contraction curves in the Vera@RTS-Gel group showed a
rightward shift. As shown in Fig. 4c and d, the maximal contraction in
the Vera@RTS-Gel group (0.3372 + 0.1085 on dayl, 0.4754 + 0.1741
on day4) was significantly lower than that in the Control group (1.227
+ 0.2210) and the Gel group (1.084 + 0.2785 on dayl, 0.9656 +
0.2411 on day4) and comparable to that in the Vera group (0.3724 +
0.1195).

Above, from the level of cells and tissues, both the initiating factor
with calcium influx and the final manifestation of vascular tone was
examined. We verified the inhibition effect of RTS hydrogel which
provided the basis for its use to regulate the extravascular microenvi-
ronment by inhibiting calcium influx and vasospasm to promote tissue
survival in vivo.

3.4. In vivo effect of inhibiting vasospasm and promoting flap survival

To investigate the effect of the RST hydrogel in vivo, we selected the
animal model of the free rectus abdominis transverse (TRAM) flap with a
well-defined vascular pedicle for blood supply. Clinically, for this class
of free flaps, the most critical factor for survival lies in the blood supply
of the vessels, and thus their tissue survival will reflect the results of
postoperative vasospasm management. To exclude the instability of the
vascular anastomosis operation, we took the clamping and unclamping
using microclamps to simulate this process. Subsequently, after the re-
covery of blood flow, a syringe was used to inject the hydrogel solution
in a multisite manner around the arteries to avoid compression on them.
Upon the stimulation of body temperature, the hydrogel after injection
underwent an in situ sol-gel transition due to micellar aggregation to
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become a perivascular drug-releasing reservoir (Fig. 5a). As required in
the clinical flap operations, care was taken to avoid the adverse effects of
low temperature on flap survival.

The subsequent study was carried out in two aspects, which simu-
lated the conditions with or without temperature decrease due to
vascular compromise caused by arterial vasospasm. For rats not sub-
jected to ischemic treatment, routine feeding was performed. To
examine the inhibitory effect on arterial vasospasm in vivo, we evaluated
the response of arterial vessels to local hypothermia stimulation. On day
1 and day 4 after surgery, the proximal side of the artery was stimulated
using an ice bag, and the changes in systolic maximum flow velocity on
the distal side were measured by real-time monitoring with an ultrasonic
Doppler imaging system (Fig. 6a). The effect on blood supply after
vasoconstriction was illustrated by the ratio of the velocity after stim-
ulation to that before stimulation. The results suggested that in the
Vera@RTS-Gel group, the ratio was significantly larger in comparison
with those in the Control group, the Gel group, and the Vera group
before treatment. The Vera group, as a representative of routine treat-
ment, showed different performances before and after administration
which exhibited the instability of local drug concentration (Fig. 6b and
c). All the above results indicated that Vera@RTS-Gel, as a sustained-
release reservoir of drugs, could maintain a more stable perivascular
drug concentration and better play a role in regulating the extravascular
microenvironment by inhibiting vasospasm for a sustained period after
surgery.

In general, the survival of the flap is the most intuitive manifestation
of the surgical outcome. Observation for flap survival on day 7 after
surgery was chosen for clear discernment at that time [59-61]. The rate
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of flap necrosis was expressed as necrotic area/total flap area x 100%,
and the necrotic versus viable skin showed a well-defined demarcation
(Fig. 5c). As shown in Fig. 5b, the average necrosis rate in the
Vera@RTS-Gel group (13.31 + 6.332%) was significantly improved
from those in the Control group (62.39 + 11.85%), the Gel group (49.42
+ 7.537%) and the Vera group (39.04 + 8.411%). The subsequent his-
tological observation was performed after taking samples from the
muscle tissue of the flap and the skin tissue from the junction of the
necrosis and survival area of the flap. In the Control group and the Gel
group, HE staining and Masson staining of the muscle tissue showed a
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wide range of myocyte regeneration with hyperplasia of collagen fibers
due to massive destruction of normal muscle tissue, and the structure
was significantly altered compared with the normal tissue, whereas in
the Vera@RTS-Gel Group only small areas manifested as abnormal
(Fig. 5d and e). HE staining of the skin revealed that the depth of ne-
crosis and the degree of tissue destruction was significantly more severe
in the Control group and the Gel group, whereas necrosis in the
Vera@RTS-Gel group was confined to the superficial layer (Fig. 5f).
From the above results, it can be speculated that the Vera@RTS-Gel
system, with an effect superior to conventional treatment modalities,
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is a therapeutic modality with application potential to prevent the
occurrence of postoperative arterial vasospasm and promote tissue
survival.

3.5. In vivo effect of alleviating tissue injury in response to the drop in
temperature

To explore whether the RTS hydrogel implanted into the tissue could
rapidly respond to the drop in temperature induced by vasospasm to
initiate the protective effect, we performed a simulation of ischemic
treatment for the flaps on day 1 after surgery. Lifting the flaps and
preventing the blood flow would cause a drop in temperature due to a
lack of blood perfusion. Then the implanted RTS hydrogel could reverse
to a sol state responding to the drop in temperature and release the drug
in a large amount (Fig. 7a). In the Vera group, which represented the
routine clinical treatment, rats were treated by topical injection of Vera
immediately after ischemic treatment, which is almost impossible in
clinical practice. The remaining treatment groups were the Sham group
without ischemic treatment, the Control group, and the Gel group with
ischemia treatment. After ischemic treatment and reperfusion, tissue
samples were taken for further analysis. During this process, both the
ischemia itself as well as the subsequent reperfusion process could cause
cellular damage to the flap tissue. The outcome is closely related to the
ischemic time [38], so in clinical practice, early administration of
vasodilator drugs is to relieve vasospasm as soon as possible, restore
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perfusion, and shorten the ischemic time. In addition to this, various
studies have also shown that calcium antagonists have protective effects
against ischemic tissue [62,63]. Tissue ischemia-reperfusion injury is
mediated by oxygen free radicals. SOD and GSH are important antiox-
idants in the body, and the activities of SOD and the levels of GSH
decrease when oxygen-free radical production is excessive [64]. MDA,
one of the end products of lipid peroxidation reaction, is closely related
to free radical metabolism [65,66]. MPO is a hallmark enzyme of neu-
trophils and directly correlates with the number of neutrophils [67,68].
So, we took the tissue distal to the flap for these biochemical analyses to
reflect the degree of tissue injury. As shown in Fig. 7b-e, the degree of
tissue injury in the Vera@RTS-Gel Group had obvious improvement
compared with those not only in the Control group and the Gel group but
also in the Vera group. This may be related to the fact that the RTS
hydrogel regained the gel state after reperfusion and kept serving as the
reservoir to release drug thereafter, which was consistent with the
conclusion of the related research [69]. The subsequent histological
analysis also showed that the necrotic degeneration degree of muscle
fibers and the infiltration degree of inflammatory cells were significantly
improved in muscle tissues among the groups with drug taking effects,
and the structure of skin tissues was also closer to normal tissues (Fig. 7f
and g). The above results illustrated that the RTS hydrogel had a pro-
tective effect against tissue injury caused by arterial vasospasm, sug-
gesting a promising therapeutic effect by dynamically regulating the
extravascular microenvironment with sensitive responsiveness to the
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temperature change.

It is also important to demonstrate the fate of Vera@RTS-Gel.
Vera@RTS-Gel system has two fates in vivo. When it serves as a
sustained-release reservoir to release drugs around the arteries, Vera is
released by diffusion and degradation of the hydrogel to affect the local
drug concentrations. As for the PELGA hydrogel, it is left in place and
gradually degrades over time [70]. The degradation time of the hydrogel
is longer than the release time of the drug, mainly because Vera is hy-
drophilic, and we need to balance the early sudden release of Vera with
the long-term slow release of Vera. The PELGA hydrogel is composed of
small molecular chain segments of dihydroxy PEG with the MW of 1500
and PLGA. Among them, PEG can be metabolized and excreted through
the kidneys. The synthesized PLGA is connected by an ester bond, which
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can be hydrolyzed into lactic acid and glycolic acid with good biocom-
patibility and easy excretion in vivo [28,70,71]. When the temperature
drops caused by arterial vasospasm, the hydrogel reversely changes to
the sol state, causing rapid drug release to affect the local drug con-
centrations around the arteries. In this case, the sol can also be dis-
charged from the body through metabolism [28,71].

4. Conclusion

Based on the need for immediate response to the drop in temperature
resulting from arterial vasospasm after microsurgery, in this study, RTS
hydrogel was designed and prepared based on PELGA triblock polymers.
To meet the requirements of this series of diseases, it is critical to
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precisely regulate the transition temperature at the critical decreased
temperature. In this study, taking free flap transplantation as an
example, we designed RTS hydrogel loaded with Vera to prove this
concept. We demonstrated that it could exert both forward in situ
gelation and reverse transition properties for the continuous and dy-
namic regulation of the extravascular microenvironment. After being
flexibly injected into the tissues around the arteries, the RTS hydrogel
converted to a gel state triggered by body temperature and became a
sustained-release reservoir to reduce the incidence of vasospasm. In
response to the drop in temperature caused by vasospasm, it reversely
converted to a sol state to rapidly release drugs to alleviate tissue injury.
From this, we can predict that RTS hydrogel, due to its flexible regula-
tion of the transition temperature and wide applicability for loading
different therapeutic mediators, holds great application potential in the
monitoring and management of a range of diseases that require instant
response to temperature change.
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