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A B S T R A C T   

Image-guided thermal ablation (TA), which is less invasive, has been widely applied for treating various kinds of 
tumors. However, TA still poses the potential risk of thermal damage to sensitive tissue nearby. Therefore, an 
adjunctive thermoprotective hydrodissection technique with constant injection of 5% glucose (5% Glu) has 
currently been adopted for clinical application, but this may be hazardous to humans. In this study, a multi-
functional hyaluronic acid-based hydrogel (HA-Dc) was developed for hydrodissection. Compared with 5% Glu 
(the most clinically used solution) and the previously reported F127 hydrogel, the HA-Dc hydrogel was studied in 
vitro in a porcine liver model and in vivo in a rabbit model and showed good injectability and better tissue 
retention, stability, and thermoprotective properties throughout the TA procedure. Furthermore, in the pre-
clinical evaluation in a Macaca fascicularis (M. fascicularis) model, HA-Dc showed excellent performance in terms 
of stricter neuroprotection compared with 5% Glu. In addition, the HA-Dc hydrogel with good biocompatibility 
and controllable degradation behavior in vivo could be a promising platform for thermal protection during 
clinical TA procedures.   

1. Introduction 

Image-guided thermal ablation (TA) has been increasingly applied 
for treating benign and malignant tumors in a wide range of organs [1, 
2], including the liver [3,4], lung [5,6], kidney [7], bone [8], thyroid [9, 
10], adrenal [11,12], and soft tissue [13,14]. TA produces high tem-
peratures locally to induce irreversible cell injury, ultimately tumor 
apoptosis, and coagulative necrosis [2,15,16]. When performed percu-
taneously, TA is less invasive and has fewer complications with a faster 
recovery than traditional open surgery [17–23]. Although TA proced-
ures are well tolerated, they still carry the risk of thermal injury to 
sensitive structures in the vicinity of the ablation zone that should not be 
ablated, such as nerves [24–27], bile ducts, major blood vessels, the 
diaphragm, the body wall, and the gastrointestinal tract [28–30]. 
Damage to these structures can cause complications ranging from those 
that are minor, such as discomfort and pain, to those that are major, such 

as bowel perforation, nerve deficit and death. Therefore, adjunctive 
thermoprotective techniques have been developed to reduce the risk of 
thermal injury to critical structures nearby and improve procedural 
safety and efficacy, including hydrodissection [31–34], carbodissection 
[35,36], balloon interposition [37], and probe torquing [38]. 

The most widely used procedure for this purpose is hydrodissection, 
which has been used in clinical practice for over a decade [33,34,39]. 
Hydrodissection is a technique that consists of injecting fluids between 
the target zone and susceptible structures to provide a physical and 
thermal barrier during the TA procedure. Solutions such as 5% glucose 
(5% Glu) and normal saline are the most clinically used and have been 
shown to be effective in reducing complications from thermal injury [33, 
34,40]. However, these liquids are both highly mobile and easily 
disperse away from the target site and quickly absorbable, potentially 
compromising their protective effects during the TA procedure [41]. As 
a result, a relatively large amount of liquid or continuous liquid injection 
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is often required to ensure adequate protection [42,43], which can be 
hazardous to human safety by causing unintended bleeding, or 
life-threatening hydroelectrolytic disorders [44,45]. 

To solve the clinical limitations of 5% Glu, researchers have focused 
on alternative biomaterials with relatively higher viscosities but com-
parable thermal protection [46–50]. Thermoprotective hydrogels have 
been developed for this purpose, and their feasibility as an alternative to 
conventional liquids has been evaluated [47,49,50]. For example, a 
thermosensitive poloxamer 407 hydrogel (F127) was studied and shown 
to create a more durable barrier between the tumor and surrounding 
organ(s) after injection of a reduced volume compared with the liquid 
volume injected while still protecting nontarget tissues from thermal 
damage during the TA procedure [47,51,52]. However, previous work 
found that the F127 barrier needed to be thicker than the 5% Glu barrier 
[47,51] for comparable thermal protection due to its main mechanism of 
heat conduction rather than convection, which is the mechanism of 5% 
Glu [53]. This indicates that thermal protection with F127 depends on a 
sufficiently large separation distance, which may greatly limit its 
application in narrow spaces (e.g., the neck and bone) and more ther-
mosensitive tissues (e.g., nerves). In addition, F127 is a nonbiodegrad-
able polymer that takes a few days to be excreted through the urinary 
system [54], and a prolonged stay in vivo would easily cause a metabolic 
burden in the body. 

In this study, we attempted to develop a multifunctional hydrogel to 
overcome the disadvantages of previously developed materials for 
hydrodissection (Fig. 1). This new hydrogel should first have good 
retention so that it can remain at the injection site and maintain suffi-
cient displacement of the vulnerable structures throughout the ablation 
procedure. Second, and most importantly, the hydrogel should provide 
adequate thermal protection, even for more thermosensitive structures 
such as nerves, which have a lower temperature threshold for induced 
thermal injury (42 ◦C) [55,56] than other major organs (over 60 ◦C) [58, 
59]. Third, the hydrogel should also have good biocompatibility and 
controllable degradation in vivo within a finite period. Herein, a 
hydrogel composed of hyaluronic acid grafted with dimethyl cysteine 
(HA-Dc) was designed for precise neuroprotection during the TA pro-
cedure. The tissue retention, thermal protection, and biocompatibility of 
the HA-Dc hydrogel were evaluated using radiofrequency ablation 
(RFA) in both an in vitro porcine liver model and an in vivo rabbit model 
for comparison with 5% Glu and F127. Furthermore, stricter neuro-
protection of hyperthermia-sensitive structures in thyroid nodules (TNs) 
was chosen for preclinical evaluation in a Macaca fascicularis model. 
These structures were chosen since hydrodissection is especially 
important in the ablation of TNs because cervical spaces are relatively 
narrow and contain many critical structures, and TNs are usually adja-
cent to important nerves. We believe that this novel hydrogel shows 

Fig. 1. Schematic illustration of preparation and preclinical evaluation of multifunctional HA-Dc hydrogel for precise thermal protection during thermal ablation.  
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excellent performance during the TA procedure and has promising po-
tential in clinical applications. 

2. Results and discussion 

2.1. Preparation and characterization of the HA-Dc hydrogel 

The HA-Dc hydrogel was synthesized according to the procedure 
shown in Fig. 2a and Fig. S1. The successful synthesis of sulfhydryl 
hyaluronic acid (HA-SH) modified with methyl cysteine was confirmed 
by 1H nuclear magnetic resonance (1H NMR) spectroscopy. 5,5′- 
Dithiobis-(2-nitrobenzoic acid) (DTNB) was used to detect thiol groups. 
The grafting rates of HA-SH with different molecular weights (Mw 
values) were 4.1–4.2% (Fig. S2). In Fig. 2b, the appearance of both a 
narrow singlet from methyl protons at δ 3.73 ppm and a singlet from 
thiol protons at δ 2.80 ppm of methyl cysteine confirmed the –SH 
modification. The absorption peak from thiol groups at 2600 cm− 1 

observed by Fourier transform infrared (FTIR) spectroscopy further 
validated the successful grafting of HA-SH (Fig. 2c). 

Scanning electron microscopy (SEM) images showed that the HA-Dc 
hydrogel possessed 3-dimensional porous structures, and the surface 
pore size increased as the Mw of HA increased from 100 kDa to 300 kDa 
and 1200 kDa (Fig. S3). The results of rheological analysis showed that 
the initial viscosity of the HA-Dc hydrogel increased with increasing HA 
Mw (Fig. 2d), suggesting that the HA-Dc hydrogel with a lower Mw 
would be less viscous, which is beneficial for administration via injec-
tion. In addition, with increasing shear rate, the viscosities of all of the 
HA-Dc hydrogels with different Mw values decreased, meaning that the 
internal structures were loose and the hydrogel possessed a shear thin-
ning effect, which is an indication of their injectability. 

The injectability of the HA-Dc hydrogel was further evaluated using 
an Instron tester. Measurement of the injection forces needed for HA-Dc 
with 100 kDa and 300 kDa HA showed that these hydrogels had better 
injectability (<2.5 N) than HA-Dc with 1200 kDa HA (>20.0 N), 

Fig. 2. Preparation and characterization of the HA-Dc hydrogel. a Schematic illustration of the preparation and decrosslinking procedure of the HA-Dc hydrogel via a 
chemical grafting process. b 1H NMR and c FTIR spectra for the thiol verification of HA-SH. d Shear thinning properties among 5% Glu and HA-Dc with different Mw. 
e The injection force of 5% Glu and HA-Dc hydrogels with different Mw of 100 kDa, 300 kDa and 1200 kDa and with different needles of 22 G, 27 G, 32 G (data are 
presented as the mean ± SD, n = 3, **p < 0.01 and ***p < 0.001). 
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indicating that injectability could be improved by using HA with a lower 
Mw (Fig. 2e, Fig. S4). Furthermore, the force required for injection of 
HA-Dc with 100 kDa and 300 kDa Mw HA did not change significantly 
with the use of the different needles or displacements. The above results 
showed that the HA-Dc hydrogels with HA Mw values of 100 kDa and 
300 kDa possessed better injectability than the hydrogel with a HA Mw 
of 1200 kDa. However, the local retention of the 100 kDa HA-Dc 
hydrogel was not satisfactory for hydrodissection due to it being a 
liquid, as it could not remain stable in the local environment in vivo. 
When considering retention, HA-Dc with 100 kDa HA is a liquid with 
high mobility, which is not conducive to remaining in the local envi-
ronment in vivo, while HA-Dc with 300 kDa and 1200 kDa HA are col-
loids that can maintain a stable shape in vivo (Fig. S5). For comparison, 
the HA-Dc hydrogel with a HA Mw of 300 kDa with fluid gel properties 
could be easily injected without blockage through the 27 G needles that 
are commonly used in clinical practice, with an injection force of 2.46 ±
0.18 N. Additionally, we explored the rheological properties of hydro-
gels with different concentrations: 0.5%, 1%, and 2% (Figs. S6 and S7). 
The rheological analysis revealed that the 1% and 2% HA-Dc hydrogels 
exhibited a gel-like state with favorable G’ (storage modulus) and G’’ 
(loss modulus), suggesting their potential for prolonged in vivo retention. 
The injectability experiment revealed that the injection pressure of the 
2% HA-Dc hydrogel exceeded 20.0 N (28.6 ± 2.0 N), rendering it un-
suitable for injection. Furthermore, the G′, G″ and viscosity (η) of fully 
crosslinked HA-Dc are higher than that of incompletely crosslinked HA- 
Dc (Fig. S8). Based on the results above, it is evident that fully cross-
linked HA-Dc exhibits both favorable injectability and retention prop-
erties. And 1% HA-Dc hydrogel with a molecular weight of 300 kDa was 
chosen for subsequent studies. 

2.2. Decrosslinking property and temperature stability of the HA-Dc 
hydrogel 

Previous literature has noted that disulfide bonds can be cleaved to 
produce thiols by reduction reactions [60]. Vitamin C (Vit C) plays a 
critical role in redox reactions and is relatively safe in clinical practice, 
so it was selected to evaluate the decrosslinking properties of the HA-Dc 
hydrogel. Rhodamine B was used to observe dye diffusion in the HA-Dc 
hydrogel after the addition of Vit C (2 mg/mL), which could represent 
the decrosslinking properties of the HA-Dc hydrogel. The transformation 
of HA-Dc from a hydrogel to a liquid was observed with the diffusion of 
the dye over 30 min (Fig. 3a). The G′ value, G″ value and viscosity (η) of 
the HA-Dc hydrogel decreased with prolonged incubation time (Fig. 3b). 
The hydrogel-liquid transition time was 5.5 min after Vit C addition, 
since the G′ value and the G″ value intersected at this time (Fig. 3b), 
meaning that the HA-Dc hydrogel showed liquid properties after 
decrosslinking under Vit C treatment. 

The mechanism of the hydrogel-liquid transition was verified using 
DTNB. The HA-Dc hydrogel with the addition of Vit C (HA-Dc + Vit C) 
showed an obvious absorption peak at 412 nm similar to that of the raw 
HA-SH material (Fig. 3c), meaning that the disulfide bonds in HA-Dc had 
been cleaved by Vit C to form sulfhydryl groups. The decrosslinking of 
the HA-Dc hydrogel was also verified by 1H NMR, which displayed 
similar peaks from –CH2-SH group in both the HA-Dc + Vit C and HA-SH 
spectra (Fig. S9). The hydrogel-liquid transition was easily induced by 
Vit C, which could make the in vivo degradation of the HA-Dc hydrogel 
more controllable. The G′, G″ and η values of the HA-Dc hydrogel were 
stable when the temperature increased from 20 ◦C to 100 ◦C (Fig. 3d), 
which indicated that the HA-Dc hydrogel could maintain steady inject-
ability and tissue stability in vivo during the TA procedure. 

2.3. Biocompatibility of the HA-Dc hydrogel in vitro 

The biocompatibility of the HA-Dc hydrogel was evaluated by 
examining its cytocompatibility and hemocompatibility. HUVECs were 
used to verify the in vitro toxicity of the HA-Dc hydrogel. After 24 h of 

incubation with the HA-Dc hydrogel, the viabilities of HUVECs were 
100.43%, 98.37%, 95.00% and 92.76% with HA-Dc hydrogel concen-
trations of 2 mg/mL, 5 mg/mL, 10 mg/mL, and 15 mg/mL, respectively 
(p > 0.05, Fig. S10), showing that the hydrogel had negligible cyto-
toxicity. When the concentration of the HA-Dc hydrogel was 10 mg/mL, 
the cell viabilities steadily increased over time (Fig. 3e) after 24 h, 48 h, 
and 72 h of incubation among the different treatment groups. Calcein 
acetoxymethyl (AM)/propidium iodide (PI) staining did not show any 
obvious dead cells after 24 h, 48 h, and 72 h of incubation in all groups 
(Fig. 3f). This indicates that the HA-Dc and HA-Dc + Vit C hydrogels are 
not cytotoxic, showing that both the HA-Dc hydrogel and decrosslinked 
HA-SH are cytocompatible. 

In addition, an in vitro hemolysis test was used to evaluate the 
hemocompatibility of the HA-Dc hydrogel. When in contact with blood, 
there was no obvious hemolysis observed in the HA-Dc hydrogel or HA- 
Dc + Vit C hydrogel groups. The hemolysis rates after treatment with the 
HA-Dc and HA-Dc + Vit C hydrogels were both lower than 5% (Fig. S11), 
which is considered highly hemocompatible. These results demon-
strated the good biocompatibility of the HA-Dc hydrogel. 

2.4. In vitro evaluation of the thermal protection offered by the HA-Dc 
hydrogel 

Thermal protection should be the most important requirement for 
the HA-Dc hydrogel, and we first evaluated its thermal insulation per-
formance in an in vitro porcine liver model. The clinically routinely used 
5% Glu and the previously reported hydrogel F127 were used for com-
parison. The excised porcine liver was cut into cylinders with both a 
diameter and height of 10 mm and then immersed in hydrodissection 
materials. An RF electrode with an active tip of 7 mm was inserted into 
the center of each cylinder, and the temperatures at different distances 
from the margin of the liver cylinder were detected in real time (Fig. 4a). 
Under the set ablation parameters, ablation zones with a median 
diameter of 10 mm were achieved, which was essentially consistent with 
the reference data provided by STARmed. At the margin (0 mm) of the 
liver cylinder, all sensors in the three materials detected a peak tem-
perature that was nearly or greater than 42 ◦C during the TA procedure. 
At temperature sensor distances of 1 mm, 3 mm, and 5 mm, the peak 
temperatures detected in the HA-Dc groups were 39 ◦C, 33 ◦C, and 30 ◦C, 
which were close to the values obtained with 5% Glu (39 ◦C, 33 ◦C and 
29 ◦C, respectively). However, the temperatures detected in the F127 
groups were 42 ◦C, 36 ◦C and 33 ◦C, respectively, which were signifi-
cantly higher than those in the other two groups (Fig. 4b–c, Fig. S12). 
Infrared thermography showed similar results. During ablation, the 
center of each cylinder could reach the highest temperature of 80 ◦C. 
The range of high temperatures (≥40 ◦C) measured in the cylinders 
immersed in the HA-Dc hydrogel were similar to those measured with 
5% Glu, which was lower than those in F127 (Fig. 4d). These results 
showed that the HA-Dc hydrogel provided thermal protection compa-
rable to that of the routinely used 5% Glu and was better than the F127 
hydrogel. 

2.5. In vivo evaluation of the injectability, retention, degradability and 
biosafety of the HA-Dc hydrogel 

The first in vivo assessment of the HA-Dc hydrogel was in a lower 
limb rabbit model since neuroprotection was chosen to evaluate thermal 
protection. In this part of the study, the in vivo injectability, retention, 
degradability and biosafety of the HA-Dc hydrogel were evaluated 
(Fig. 5a), and 5% Glu and F127 were used as comparisons. The sciatic 
nerve (SN) is located close to the biceps femoris muscle (BFM) 
anatomically, so the three kinds of hydrodissection materials (HA-Dc 
hydrogel, 5% Glu, and F127) were injected to separate the SN and BFM 
to assess their performance in vivo under the guidance of ultrasonogra-
phy (US) (Fig. S13, Video 1-3). When the same volume (1 mL) of each of 
these 3 hydrodissection materials were injected over 10 s, the HA-Dc 
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Fig. 3. Decrosslinking, temperature stability and biocompatibility characterization of HA-Dc hydrogels in vitro. a The degradation process of the HA-Dc hydrogel 
with Vit C (HA-Dc + Vit C) in 30 min b Characterization of G′, G″ and η of the HA-Dc hydrogel during the decrosslinking procedure. c UV–Vis analysis of HA-SH, HA- 
Dc and HA-Dc + Vit C. d Characterization of G′, G″ and η of HA-Dc hydrogels during the heating process from 20 ◦C to 100 ◦C. e Cell viability of HUVECs after 
incubation for 24 h, 48 h, and 72 h with DMEM, F127 (200 mg/mL, the most reported concentration for thermosensitive gelatinization in vivo), Vit C (2 mg/mL), HA- 
Dc (10 mg/mL), and HA-Dc + Vit C (10 mg/mL+2 mg/mL). f Calcein AM & PI staining of HUVECs after incubation for 72 h with DMEM, F127 (200 mg/mL), Vit C (2 
mg/mL), HA-Dc (10 mg/mL), and HA-Dc + Vit C (10 mg/mL+2 mg/mL). (bar = 5 μm). 
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Fig. 4. In vitro thermal insulation performance validation of the HA-Dc hydrogel. a Schematic diagram of the cut liver immersed in hydrodissection materials and 
temperature monitoring at different distances from the margin of the porcine cylinder during radiofrequency ablation. b The maximum temperature increase in the 
5% Glu, F127 and HA-Dc hydrogels at the margin (0 mm) and at distances of 1 mm, 3 mm, and 5 mm (n = 3). c Temperature curves at the margin (0 mm) at distances 
of 1 mm, 3 mm, and 5 mm during ablation (n = 3). d Infrared thermography of the cur liver immersed in 5% Glu, F127 and HA-Dc hydrogel. (*p < 0.05). 
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Fig. 5. In vivo injectability, retention, degradability and 
biosafety of the HA-Dc hydrogel. a Schematic diagram of 
in vivo experiments at the sciatic nerve (SN) and biceps 
femoris muscle (BFM) of rabbits. b The separated dis-
tances of SN and BFM after 1 mL 5% Glu, F127, and HA- 
Dc hydrogel were injected. c The volume changes in the 
hydrodissection in F127, HA-Dc hydrogel and HA-Dc 
hydrogel with Vit C (HA-Dc + Vit C) over 24 h d Degra-
dation procedure on ultrasonography (US). Bar = 1 cm. 
Yellow arrows: SN; green area, the separated distance by 
hydrodissection materials. e H&E staining and f immu-
nofluorescence of cells expressing macrophages (CD68) of 
SN and BFM 24 h after hydrodissection injection. Bar =
500 μm. (*p < 0.05, **p < 0.01 and ***p < 0.001).   
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hydrogel achieved the largest separation distance of 7 mm, compared 
with 5% Glu (4 mm) and F127 (5 mm) (Fig. 5b), indicating that the HA- 
Dc hydrogel could provide a better separation distance in vivo than the 
other two materials. Subsequent studies revealed that this distance 
decreased over time. Continued injection of a large amount of 5% Glu 
was needed to maintain separation during the TA procedure. In com-
parison, it took 4 h for the distance of separation induced by the HA-Dc 
hydrogel to decrease to less than 3 mm and 12 h for F127 (Fig. 5c–d), 
showing that both the HA-Dc hydrogel and F127 had much better 
retention in the target location to maintain effective separation. In 
clinical practice, most TA procedures take 1–2 h [61,62], and so effec-
tive separation created by the HA-Dc hydrogel that lasts for 4 h is suf-
ficient for the TA procedure. In comparison, the prolonged retention of 
F127 may cause other side effects and metabolic burden in the body. In 
addition, the degradation of HA-Dc could be further controlled by 
adding Vit C according to the TA requirement. Therefore, the degrad-
ability of the HA-Dc hydrogel was further evaluated. The HA-Dc 
hydrogel degraded faster than F127. It took 2 h for HA-Dc + Vit C to 
decrease to less than 3 mm, and it disappeared on US after 12 h, while 
F127 could still be visualized by US after 24 h. The addition of Vit C to 
the HA-Dc hydrogel accelerated its degradability so that the HA-Dc + Vit 
C hydrogel disappeared on US after 4 h (Fig. 5c–d). The relatively 
shorter retention time of the HA-Dc hydrogel in vivo and its controllable 
degradability induced by Vit C could help reduce the inflammation 
caused by the foreign body reaction. The occurrence of this reaction was 
proven by the histological examination, which showed that although the 
morphology of the cells in the BFM and SN near all the hydrodissection 
materials was normal and the SN had a typical myelin structure and 
standard number of Nissl bodies, the HA-Dc hydrogel and HA-Dc + Vit C 
produced less inflammatory cell infiltration in the BFM and SN than 
F127 (Fig. 5e, Fig. S14, Fig. S15). Based on the immunohistochemical 
analysis of tissue sections as shown in Fig. 5f, macrophages, as typical 
cells during the acute inflammatory response, were used to analyze the 
immune reaction with highly expressing of CD68. Compared to the F127 
group, the HA-Dc and HA-Dc + Vit C groups exhibited negligible in-
flammatory cell infiltration, as well as decreased expression of 
pro-inflammatory cytokines TNF-α and IL-1β (Fig. S16). These findings 
indicate that HA-Dc showed minimal foreign body reaction, thereby 
confirming the excellent biocompatibility of HA-Dc hydrogel and 
HA-Dc + Vit C. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2023.08.010 

The above results demonstrated that the HA-Dc hydrogel could 
achieve far more separation after injection of a small volume and had 
sufficient retention in the target location in vivo to be effective, which 
basically solves the current clinical paradox of hydrodissection caused 
by the good liquidity of 5% Glu and saline. The retention time (4 h) of 
the HA-Dc hydrogel in vivo was essentially suitable for TA, and its 
degradation in vivo could be controlled by Vit C to reduce the metabolic 
burden and foreign body reaction. These data indicate that according to 
the demands and complexity of TA procedures, clinicians could meet 
different thermal protection and controllable degradation demands by 
adjusting the injected volume of the HA-Dc hydrogel, the time point of 
Vit C injection, and so on. 

2.6. In vivo evaluation of the HA-Dc hydrogel during BFM ablation in 
rabbits 

Further in vivo evaluations of the HA-Dc hydrogel during the TA 
procedure were carried out with a rabbit BFM ablation model. We 
focused on thermal protection, the most important requirement for the 
HA-Dc hydrogel, and we chose neuroprotection as the evaluation index 
since the nerves are more sensitive to temperature and have a lower 
temperature threshold at which damage occurs (42 ◦C) [55,56]. An RF 
electrode was inserted into the BFM directly (control group) or after the 
BFM and SN were separated by hydrodissection material (HA-Dc 

hydrogel, 5% Glu, or F127). According to the thermal ablation guide-
lines for thyroid nodules, hydrodissection is an essential adjunctive 
thermal protection technique [57]. During the ablation process, it is 
generally required to establish a liquid barrier of at least 5 mm around 
the target area to isolate it from nearby critical structures. Therefore, we 
adopted a 5 mm isolation band thickness as the standard to determine 
the volume of injected liquid in vivo. In this part, we determined that a 
separation distance of 5 mm was effective for the following reasons: 1) 
based on the results from the in vitro porcine liver cylinders, at this 
distance, the peak temperatures in all materials were lower than 35 ◦C, 
which could theoretically provide good neuroprotection; and 2) the 
whole TA procedure, including insertion of the RF electrode and BFM 
ablation, was monitored by US. The US probe should contact the skin 
well so that compression of the separated distance is inevitable. An 
effective ablation time of 1 min on the BFM began with the set ablation 
parameters, and the real-time temperature at the SN was recorded 
(Fig. 6a). Among the 3 groups of hydrodissection materials, both HA-Dc 
hydrogel and F127 produced an effective separation distance after a 
single injection of only 1 mL, and this distance remained stable before, 
during and immediately after ablation, showing their good retention in 
the target locations. In contrast, the effective separation distance in the 
5% Glu group could be achieved by only continuous injection of 15 mL 
of 5% Glu during the whole procedure. The control group showed the 
highest peak temperatures (43–44 ◦C) and temperature increase (7 ◦C) 
at the SN. The HA-Dc hydrogel group showed peak temperatures of 
40–42 ◦C. Although the peak temperatures in the HA-Dc hydrogel group 
were slightly higher than those in the 5% Glu group (38–39 ◦C), the 
temperatures of the former did not exceed the extreme limit of tem-
perature for nerves (42 ◦C). The neuroprotection provided by the HA-Dc 
hydrogel was better than that of F127, which showed peak temperatures 
near or over 42 ◦C (Fig. 6b–f). 

Immediately after ablation, the same volume of Vit C (1 mL) was 
injected into the HA-Dc hydrogel, and the separation distance decreased 
over time. It took 1 h for the distance in the 5% Glu and HA-Dc + Vit C 
groups to decrease to less than 3 mm on US and 4 h for F127 (Fig. 6g). 
The HA-Dc + Vit C hydrogel disappeared on US after 4 h, while 5% Glu 
and F127 still showed small residuals between the BFM and SN at this 
time point (Fig. 6g). Compared to previous degradation studies, we 
noticed that the retention time of the F127 hydrogel decreased with RFA 
treatment, which might be due to the following reasons: 1) the separated 
distance may be compressed because of the inevitable compression of 
the US probe during the RFA procedure; and 2) the transition of F127 to 
the liquid phase (>60 ◦C) during the RFA procedure affected its reten-
tion and nerve protection capability, while the HA-Dc hydrogel showed 
much better in vivo stability from 20 ◦C to 100 ◦C (Fig. 3d). 

The neuroprotection of these hydrodissection materials was further 
evaluated by histological examination. Gross evaluations showed sig-
nificant damage to the SN and BFM in the control group, while there was 
no obvious damage to the SN in the other groups that used hydro-
dissection materials during the TA procedure (Fig. S17). The ablated 
BFM showed evident coagulative necrosis and direct morphological 
destruction of the muscle cells in all the groups by hematoxylin and 
eosin (H&E) staining (Fig. 7). The SN showed intact nerve tissues, a 
normal myelin structure and a typical number of Nissl bodies in the HA- 
Dc + Vit C and 5% Glu groups, while a broken myelin structure and 
fewer Nissl bodies were observed in the control and F127 groups (Fig. 7, 
Fig. S18). 

The above results demonstrated that the HA-Dc hydrogel had good 
retention in the target location, so less of this material could be injected 
and used to achieve comparative thermal protection of nerves during the 
rabbit BFM TA procedure. The HA-Dc hydrogel also degraded well after 
TA, disappearing as quickly as 4 h after the addition of Vit C. This result 
indicated good controllable degradability after ablation, which is 
important to avoid possible damage caused by long-term retention in the 
body. 
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Fig. 6. In vivo thermal protection of the HA-Dc hydrogel in rabbits. a Schematic diagram of in vivo thermal protection for the sciatic nerve (SN) when ablation of the 
biceps femoris muscle (BFM). b The maximum temperature increase at the SN of the control, 5% Glu, F127 and HA-Dc hydrogels during ablation on BFM (n = 3). c-f. 
Temperature curves at the SN of control, 5% Glu, F127 and HA-Dc during ablation on BFM (n = 3). g Ablation procedure on ultrasonography (US). Bar = 1 cm. 
Yellow arrows: SN; red arrows: ablation electrode; white arrows: temperature sensor; green arrows: the remaining needle for the continuous injection of 5% Glu; red 
area, ablation zone in BFM; green area, the separated distance by hydrodissection materials. (*p < 0.05, ***p < 0.001). 
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2.7. In vivo evaluation of the HA-Dc hydrogel during ablation in 
M. fascicularis 

According to the above evaluations, the HA-Dc hydrogel had good 
retention, excellent thermal protection, and controllable degradability 
in the rabbit model. Thus, this hydrogel shows promising potential for 
clinical applications, but further verification in animal models that are 

more similar to the human body is very important and needed. There-
fore, in this part, we used primates as a model, as their anatomical 
structures and physiological status are similar to those of humans, to 
further evaluate the HA-Dc hydrogel during the TA procedure. 

2.7.1. In vivo evaluation of the HA-Dc hydrogel during ablation of the BFM 
The first in vivo evaluation of the HA-Dc hydrogel in primates was 

Fig. 7. Histological examination of the sciatic nerve (SN) and biceps femoris muscle (BFM) after ablation.  
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performed during ablation of the BFM of M. fascicularis (Fig. 8a). In this 
part, only 5% Glu was used as the comparison to simulate clinical 
practice. The HA-Dc hydrogel produced an effective separation distance 
between the BFM and SN after a single injection of only 1 mL, and the 
separation distance remained stable before, during and immediately 
after ablation, showing good retention in the target locations (Fig. 8d). 
In comparison, the effective separation distance was maintained in the 
5% Glu group by the continuous injection of 12 mL before and during 
ablation, but the 5% Glu rapidly disappeared on US immediately after 
ablation (Fig. 8d). If the 5% Glu injection volume was converted to the 
dosage needed for a 60 kg adult human, nearly 300 mL of 5% Glu would 
be needed during ablation to achieve effective separation, which is a 
very large amount of liquid for the intermuscular space. As shown in 
Fig. 8b and c, the temperature at the SN rose less in the HA-Dc group 
than in the 5% Glu group. Notably, the peak temperatures in the HA-Dc 
hydrogel group were 38–39 ◦C, which were lower than the critical safe 
temperature of 42 ◦C, showing its good thermal protection of nerves. 

Immediately after ablation, the same volume of Vit C (1 mL) was 
injected into the animals in the HA-Dc hydrogel group, and the sepa-
rated distance decreased over time. It took 1 h for HA-Dc + Vit C to 
decrease to less than 3 mm on US and it disappeared on US at after 4 h, 
displaying similar performance to the in vivo rabbit model. 

There was no significant damage to the SN in either group (HA-Dc 
hydrogel and 5% Glu) in terms of gross evaluation (Fig. S19). The ab-
lated BFMs in both groups showed evident coagulative necrosis and 
direct morphological destruction of the muscle cells by H&E staining 
(Fig. 8e). The SN showed intact nerve tissues and a normal myelin 
structure in the HA-Dc + Vit C group, while it showed a mildly broken 
myelin structure in the 5% Glu group (Fig. 8e, Fig. S20, Fig. S21). The 
possible explanation for this result was that the separation distance 
provided by 5% Glu would decrease to less than 5 mm during ablation 
because of its liquidity. Even though 5% Glu was continuously injected, 
the effective separation distance of 5 mm could not be kept steady 
during ablation, and unsatisfactory neuroprotection in the TA procedure 
resulted. In contrast, the HA-Dc hydrogel displayed better thermal 
protection on SN because of its stable retention. Its controllable de-
gradability induced by Vit C in less than 4 h also helped to avoid possible 
damage caused by long-term body retention. 

2.7.2. In vivo evaluation of the HA-Dc hydrogel during ablation of the 
thyroid 

A M. fascicularis thyroid ablation model was used to simulate its 
clinical applicability for TN ablation, where the hydrodissection tech-
nique and neuroprotection during the TA procedure are very important. 
During TA of TNs, hydrodissection materials are usually injected be-
tween the thyroid lobe and the recurrent laryngeal nerve (RLN) to 
separate the thyroid from the surrounding critical structures (e.g., RLN 
and vagus nerve [VN]) [34]. In this part, 5% Glu was used as the com-
parison to simulate clinical practice. An RF electrode was inserted into 
the thyroid lobe after the thyroid and RLN were separated with the 
HA-Dc hydrogel or 5% Glu, and an effective ablation of the thyroid was 
carried out for 1 min with the set ablation parameters. The real-time 
temperature at the RLN was recorded (Fig. 9a). 

The HA-Dc hydrogel produced an effective separation distance be-
tween the thyroid and RLN after a single injection of only 1 mL, and the 
separation distance remained stable before, during and immediately 
after ablation, showing the good retention of the hydrogel in the target 
locations. In comparison, 5% Glu separated the thyroid and RLN with a 
maximum distance of only 3 mm. Even with continuous injection of 12 
mL, the distance did not reach 5 mm. Immediately after ablation, there 
was no separation between the thyroid lobe and RLN in the 5% Glu 
group on US (Fig. 9d). If the 5% Glu injection volume was converted to 
the dosage needed for a 60 kg adult human, even nearly 300 mL of 5% 
Glu could not achieve a comparable separation distance. Considering 
that the cervical spaces are relatively narrow and that there is general 
agreement that over 50 mL of bleeding in the neck causes airway 

obstruction in humans [63], some studies have suggested that a small 
volume of fluid (less than 40 mL) should be used [57,64,65]. Nearly 300 
mL of 5% Glu is too much for cervical spaces [42], and here, the HA-Dc 
hydrogel showed its advantage of good retention so that a small amount 
could be used to achieve effective separation. 

Moreover, the HA-Dc hydrogel also showed excellent thermal pro-
tection of the neck nerves in this primate model. The sensors at the RLN 
detected peak temperatures of 39–40 ◦C when using the HA-Dc hydrogel 
for thermal protection, which were lower than the critical safe tem-
perature of 42 ◦C. In comparison, the peak temperatures at the RLN were 
42–46 ◦C in the 5% Glu group (Fig. 9b–c). The isolation zone produced 
by the injection of HA-Dc in the ultrasound images is significantly 
thicker than that of 5% glucose, demonstrating the excellent in vivo 
retention performance and structural stability of HA-Dc during the 
ablation process (Fig. 9d). This result indicated that the HA-Dc hydrogel 
had better thermal protection than 5% Glu in this primate thyroid 
model, which was proven by further histological examination. Gross 
evaluation showed significant damage to the thyroid and RLN in the 5% 
Glu group, while there was no significant damage to the RLN in the HA- 
Dc hydrogel group (Fig. S22). The ablated thyroid showed coagulative 
necrosis and destruction of the follicular structure in both groups by 
H&E staining (Fig. 9e). The RLN and VN showed normal myelin struc-
tures and a typical number of Nissl bodies in the HA-Dc hydrogel group, 
while the RLN and VN myelin structures were broken and fewer Nissl 
bodies were observed in the 5% Glu group (Fig. S23, Fig. S24). 

The limited cervical space and good liquidity to easily spread to 
other potential spaces, such as the mediastinum, could probably explain 
the unsatisfactory performance of 5% Glu in this experiment. This result 
indicated the potential advantages of the HA-Dc hydrogel in a narrow 
space with critical adjacent structures. Its good retention could provide 
an effective separation distance and further thermal protection of these 
adjacent structures during the TA procedure. 

3. Conclusion 

In summary, the novel HA-Dc hydrogel designed in our study met all 
the requirements of ideal hydrodissection materials. It showed good 
retention, excellent thermal protection even for thermally sensitive 
nerves, and controllable degradability in vitro and in vivo, including in 
primate models, which are more similar to the human body. When 
compared with the clinically routinely used 5% Glu and the most widely 
studied hydrogel F127, this novel HA-Dc hydrogel showed prominent 
advantages. It has promising potential in clinical practice, especially for 
use in narrow spaces with critical adjacent structures. It can be used in 
most clinical routine TA procedures, such as for HCC, TNs, and renal 
tumors. In future studies, this hydrogel might allow the expansion of 
applying TA to certain restricted parts of the human body, such as 
pancreatic cancers. 

4. Materials and methods 

4.1. Materials 

Sodium hyaluronates (HA, molecular weight [Mw] = 100 kDa, 300 
kDa and 1200 kDa) were purchased from Xi’an Langde Biotechnology 
Co., Ltd. (China). L-Cystine dimethyl hydrochloride, 1-hydroxybenzo-
triazole (HOBt), ethyl carbamate, rhodamine B, vitamin C (Vit C), 1- 
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI), 5,5’-dithiobis- 
(2-nitrobenzoic acid) (DTNB), and tris-(2-carboxyethyl) phosphine 
(TCEP) were purchased from Aladdin (China). Dulbecco’s modified 
Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin‒strepto-
mycin, and trypsin were purchased from Gibco (Thermo Fisher Scien-
tific, USA). The Calcein acetoxymethyl (AM)/propidium iodide (PI) kit 
and Cell Counting Kit-8 (CCK-8) were purchased from Meilunbio 
(China). Triton X-100 was purchased from Beijing Dingguo Changsheng 
Biotechnology Co., Ltd. (China). Human umbilical vein endothelial cells 
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Fig. 8. In vivo thermal protection of the 
sciatic nerve (SN) by the HA-Dc hydrogel 
in M. fascicularis. a Schematic diagram of in 
vivo thermal protection for SN when abla-
tion on biceps femoris muscle (BFM). b 
Temperature curves at the SN of 5% Glu 
and HA-Dc hydrogel during ablation on 
BFM (n = 2). c The maximum temperature 
increase at the SN of 5% Glu and HA-Dc 
hydrogel during ablation on BFM (n = 2). 
d Ablation procedure on ultrasonography 
(US). Bar = 1 cm. Yellow arrows: SN; red 
arrows: ablation electrode; white arrows: 
temperature sensor; green arrows: the 
remaining needle for the continuous in-
jection of 5% Glu; red area, ablation zone 
in BFM; green area, the separated distance 
by hydrodissection materials. e Histologi-
cal examination of the SN and BFM after 
ablation (H&E staining). (*p < 0.05).   
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Fig. 9. In vivo thermal protection of the HA-Dc 
hydrogel for the recurrent laryngeal nerve (RLN) 
and vagus nerve (VN) in M. fascicularis. a Sche-
matic diagram of in vivo thermal protection for the 
RLN and VN when ablating the thyroid. b Tem-
perature curves at the RLN of 5% Glu and HA-Dc 
hydrogel during ablation of the thyroid (n = 2). c 
The maximum temperature increase at the RLN of 
5% Glu and HA-Dc hydrogel during ablation of the 
thyroid (n = 2). d Ablation procedure on ultraso-
nography (US). Bar = 1 cm. Red arrows: ablation 
electrode; white arrows: temperature sensor; green 
arrows: the remaining needle for the continuous 
injection of 5% Glu; red area, ablation zone in 
BFM; green area, the separated distance by 
hydrodissection materials. e Histological exami-
nation of the thyroid, RLN, VN, esophagus and 
trachea after ablation (H&E staining). (*p < 0.05).   
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(HUVECs) were purchased from the Chinese Academy of Sciences 
(China). Deuterium oxide (D2O) and urethan were purchased from 
Macklin (China). New Zealand rabbits were purchased from Guangdong 
Medical Laboratory Animal Center (China). M. fascicularis and telazol 
were obtained from Guangdong Landau Biotechnology Co., Ltd. (China). 
All animals were kept in the Laboratory Animal Center of Sun Yat-sen 
University. All experimental animal protocols were carried out 
following the Guangdong Regulations of Laboratory Animal Manage-
ment and were authorized by the ethics committee of Sun Yat-sen 
University. 

4.2. Synthesis of the HA-Dc hydrogel 

Preparation of sulfhydryl hyaluronate (HA-SH). The entire syn-
thesis was performed under sterile conditions. HA (4.0 g, 10 mmol) was 
dissolved in 400 mL of sterile water and stirred overnight, and then 1.7 g 
of L-Cystine dimethyl hydrochloride (5 mmol) was added to the solution, 
which was stirred until complete dissolution was achieved. Both cata-
lysts, HOBt (2.7 g, 20 mmol) and EDCI (3.8 g, 20 mmol), were mixed 
into the solution with stirring. TCEP (5.7 g, 20 mmol) was further added 
for decrosslinking of the disulfide bonds with further stirring for 24 h. 
The solution was lyophilized and collected after 48 h of dialysis using 12 
k-14 kDa dialysis bags to obtain HA-SH. 

Preparation of the hyaluronic acid (HA-Dc) hydrogel. Lyophi-
lized HA-SH powders with Mw values of 100 kDa, 300 kDa and 1200 kDa 
were dissolved in 20 mL of sterile water and stirred at a constant tem-
perature of 40 ◦C for 48 h to obtain HA-Dc hydrogels at a concentration 
of 1%. 

4.3. Characterization of the HA-Dc hydrogel 

This transformation was verified by evaluating the dissolution of the 
hydrosoluble dye Rhodamine B in the HA-Dc hydrogel with Vit C 
addition (HA-Dc + Vit C). HA-Dc (1 mL) was first placed, and then 1 mL 
Vit C (2 mg/mL) with Rhodamine B (0.1 mg/mL) was added. 

The presence of the methyl and thiol groups of HA-SH were 
confirmed by 1H NMR spectroscopy (Avance III, Bruker, Germany) at 
298 K at a concentration of 5 mM in D2O, and a Fourier Transform 
infrared spectrometer (FTIR) (Nicolet 6700, Thermo Scientific, USA) 
was used to detect the thiol groups of the lyophilized HA-SH powder. For 
FTIR analysis, 128 scans were obtained with a resolution of 4 cm− 1 in 
the wavelength range of 400–4000 cm− 1. Scanning electron microscopy 
(SEM, Gemini SEM500, Zeiss, Germany) was used to further analyze the 
microstructures of the HA-Dc hydrogels with different Mw values. 
Lyophilized HA-Dc hydrogels with different Mw values were sputtered in 
a 7 nm gold spray device (Leica EM ACE600, Germany) for SEM analysis. 

4.4. Viscosity and injectability of the HA-Dc hydrogel 

The viscosity of the HA-Dc hydrogel was determined by a rheometer 
(HAAKE MARS III, Germany), with increasing oscillatory strain from 
0.01% to 100% at a constant frequency of 1 Hz to evaluate the linear 
viscoelastic region (LVR) and increasing shear rate from 0.1 to 100 s− 1 to 
evaluate the viscosity (including loss modulus G′, storage modulus G″, 
and viscosity changes η). To examine the injectability, HA-Dc hydrogels 
with different Mw values (100 kDa, 300 kDa and 1200 kDa) were 
injected by using 22 G, 27 G, and 32 G needles, respectively. The in-
jection force was determined by an Instron tester (USA), with the pa-
rameters of an inlet flow rate of 0.1 mL/min and a maximum 
displacement of 6 mm. The force‒displacement curves during injection 
were recorded. Furthermore, the HA-Dc hydrogels with different con-
centration of 0.5 wt%, 1.0 wt% and 2.0 wt% were studied for selection. 

4.5. Decrosslinking and temperature stability of the HA-Dc hydrogel 

In theory, the disulfide bonds in the HA-Dc hydrogel could be 

cleaved by an equal volume of Vit C (2 mg/mL), and then the gel-phase 
HA-Dc hydrogel could become a liquid. This transformation was verified 
by evaluating the dissolution of the hydrosoluble dye Rhodamine B in 
the HA-Dc hydrogel with the addition of Vit C (HA-Dc + Vit C). HA-Dc 
(1 mL) was first placed, and then 1 mL Vit C (2 mg/mL) with Rhodamine 
B (0.1 mg/mL) were added. The dissolution of Rhodamine B was 
recorded from initiation to 30 min in 10 min intervals. During the 
decrosslinking procedure, the viscosity of HA-Dc + Vit C was deter-
mined by a rheometer, including the parameters G′, G″, and η. In addi-
tion, 0.05 mL of DTNB (4 mg/mL, 0.1 M, pH 8.0) was added to 2 mL of 
HA-SH, HA-Dc hydrogel, or HA-Dc + Vit C to detect the thiol groups by 
UV–vis spectroscopy (PerkinElmer LAMBDA35, USA) [33]. The pres-
ence of thiol groups in HA-Dc + Vit C was also validated by 1H NMR 
spectroscopy at 298 K at a concentration of 5 mM in D2O. 

The viscosity (including G′, G″, and η) of the HA-Dc hydrogel at 
different temperatures from 20 ◦C to 100 ◦C with temperature increase 
at a rate of 5 ◦C/min was determined by the rheometer to evaluate the 
thermal stability of the HA-Dc hydrogel. 

4.6. Biocompatibility of the HA-Dc hydrogel 

Cell viability test. The CCK-8 was used to evaluate the cytotoxicity 
of the HA-Dc hydrogel. HUVECs were cultured in 96-well plates at a 
density of 1 × 105 cells/well at 37 ◦C in a 5% CO2 atmosphere with 
DMEM supplemented with 10% (v/v) FBS and 1% (v/v) penicillin‒ 
streptomycin. After 24 h, 100 μL of 2 mg/mL, 5 mg/mL, 10 mg/mL, and 
15 mg/mL HA-Dc hydrogel was added to the wells. After another 24 h, 
100 μL of PBS with 10 μL of CCK-8 was added to each well to evaluate 
cell viability with a microplate reader (SynergyMX, BioTek, USA) at 450 
nm. When the concentration of the HA-Dc hydrogel was 10 mg/mL, its 
effect on cell viability over time was also evaluated. First, 100 μL of 10 
mg/mL HA-Dc hydrogel was added to the HUVECs, and after 24 h, 48 h, 
and 72 h of incubation, CCK-8 was added to evaluate cell viability. In 
addition, the cytotoxicity of the HA-Dc hydrogel (10 mg/mL) was 
compared with the cell viability in the control (DMEM only), Vit C (2 
mg/mL), HA-Dc + Vit C (10 mg/mL+2 mg/mL), and F127 (200 mg/mL, 
the most reported concentration for thermosensitive gelatinization in 
vivo) groups. 

Calcein-AM/PI staining was also used to compare the cytotoxicity of 
the HA-Dc hydrogel to that of other materials. HUVECs were cultured in 
48-well plates, and DMEM only (control), HA-Dc hydrogels (10 mg/mL), 
Vit C (2 mg/mL), HA-Dc + Vit C (10 mg/mL+2 mg/mL), or F127 (200 
mg/mL) was added. After 24 h, 48 h, and 72 h of incubation, 10 mL of 
buffer containing 10 μL of Calcein AM and 5 μL of PI was used for cell 
staining, where Calcein AM was used to stain live cells and PI was used 
to stain dead cells, to evaluate cell survival with an inverted fluorescence 
microscope (Olympus IX71, Japan). 

Hemolysis test in vitro. Venous blood samples from New Zealand 
rabbits were prepared for this test. Before the test, 0.2 mL of HA-Dc 
hydrogel (10 mg/mL), Vit C (2 mg/mL), HA-Dc + Vit C (10 mg/ 
mL+2 mg/mL), and F127 (200 mg/mL) were dissolved in 2 mL of sterile 
saline and soaked at 37 ◦C for 24 h. These materials were mixed with 2.5 
mL of sterile saline with 2% venous blood for 3 h of incubation before 
centrifugation at 1500 rpm for 10 min. The supernatants were collected 
to evaluate the absorbance values (ABS) using a microplate reader at 
540 nm. Triton X-100 and saline were used as the positive and negative 
controls, respectively, and the hemolysis rate of each material was 
calculated as follows: hemolysis rate (%) = (ABSsample - ABSnegative)/ 
(ABSpositive- ABSnegative) *100%. 

4.7. In vitro evaluation of the thermal protection of the HA-Dc hydrogel 

The in vitro thermal protection of the HA-Dc hydrogel was compared 
with that provided by 5% glucose (Glu) and F127 in this experiment 
with excised porcine liver. The porcine liver was cut into cylinders with 
both a diameter and height of 10 mm by using a surgical skin remover (3 
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bio Technology Co., Ltd., China). The cylinders were immersed in the 
HA-Dc hydrogel, 5% Glu or F127. An 18 G RF electrode (STARmed, 
Korea) with an active tip of 7 mm was inserted into the center of each 
cylinder. According to the reference data presented by STARmed, this 
electrode could achieve an ablation zone with a cross-sectional diameter 
of 10 mm. Temperature sensors (FOTS-MINA-10150-H, INDIGO, China) 
were set at different distances from the margin of the porcine cylinder (0 
mm, 1 mm, 3 mm, and 5 mm) to simultaneously detect the real-time 
temperatures at different distances during liver cylinder ablation. An 
infrared thermography detector (E30, FLIR, USA) was also set immedi-
ately above the cylinders to record the temperature change during 
ablation. 

The ablation parameters included a pulsed mode, a power output of 
40 W, and an effective ablation time of 1 min. Real-time temperature 
recordings from the sensors started 1 min before ablation and continued 
until 10 min, and those on the infrared thermography detector started 
10 s before ablation and were taken at 60 s intervals until reaching 10 
min. The peak temperature and the temperature from the sensors and 
the highest temperature of the cylinder center and the high temperature 
range (≥40 ◦C) from the infrared thermography detector were recorded. 

4.8. In vivo evaluation of the injectability, retention, degradability, and 
biosafety of the HA-Dc hydrogel 

The first in vivo assessment of the HA-Dc hydrogel was in a lower 
limb rabbit model since neuroprotection was chosen to evaluate thermal 
protection. To evaluate the retention, degradability, and biosafety of the 
HA-Dc hydrogel in vivo, 12 healthy New Zealand rabbits (2.5–3.0 kg) 
were included in this study. To evaluate the in vivo injectability and 
retention of the hydrogel, since the sciatic nerve (SN) is located close to 
the biceps femoris muscle (BFM) anatomically, the hydrodissection 
materials were injected to separate them to assess their performance in 
vivo. In total, 24 BFMs were included. Following anesthesia with 1 g/kg 
urethan, a 27 G needle was inserted and placed between the SN and the 
BFM under the guidance of ultrasonography (US; GE LOGIQ E20, USA). 
The same volumes (1 mL) of HA-Dc hydrogel (12 BFM), 5% Glu (6 BFM), 
or F127 (6 BFM) were injected for separation. The separated distance of 
each group was recorded. 

Since there is no need for the HA-Dc hydrogel to stay continuously in 
vivo, the degradability of the HA-Dc hydrogel was further evaluated. In 
this experiment, 18 BFMs injected with HA-Dc hydrogel and F127 were 
included. In the 12 BFMs that were injected with the HA-Dc hydrogel, 6 
BFMs were injected with Vit C at the same volume (1 mL) as that of the 
injected HA-Dc hydrogel. The changes in the separation distance in each 
group were evaluated by US at 30 min, 2 h, 4 h, 12 h and 24 h. 

After the last US evaluation, all rabbits were sacrificed. The BFM and 
SN of each rabbit were sectioned for histological evaluation of biosafety. 
All samples were embedded in paraffin blocks, sectioned, stained with 
hematoxylin and eosin (H&E), Luxol Fast Blue (LFB), and toluidine blue, 
and scanned by an optical microscope (Motic AE31, China). 

4.9. In vivo evaluation of the HA-Dc hydrogel during biceps femoris 
muscle (BFM) ablation in rabbits 

Further in vivo evaluations of the HA-Dc hydrogel during the TA 
procedure were performed. We focused on thermal protection, the most 
important requirement for the HA-Dc hydrogel, and we chose neuro-
protection as the evaluation index since the nerves are more sensitive a 
lower temperature threshold at which damage occurs (42 ◦C) [30]. First, 
ablation of the BFMs of rabbits was used. Twelve healthy New Zealand 
rabbits (2.5–3.0 kg) with 24 BFMs were divided into 4 groups: control 
(no hydrodissection), HA-Dc + Vit C, 5% Glu, and F127 (each group 
contained 3 rabbits and 6 BFMs). Following anesthesia, a 27 G needle 
was inserted and placed between the SN and the BFM, and HA-Dc 
hydrogel, 5% Glu or F127 was injected to separate the BFM and SN to 
a distance of 5 mm. Then, an 18 G RF electrode with an active tip of 5 

mm was inserted into the midst of each BFM, and the temperature 
sensors were inserted near the SN to detect the real-time temperature 
during ablation of the BFM. In the HA-Dc + Vit C and F127 groups, the 
27 G needle was withdrawn when the initial injection produced a sep-
aration distance of 5 mm, while the needle was kept in place for 
continuous injection in the 5% Glu group to maintain a stable separation 
distance of 5 mm. The total injection volumes during ablation in each 
group were recorded. 

The ablation parameters included a pulsed mode, a power output of 
40 W, and an effective ablation time of 1 min. Real-time temperature 
recordings from the sensors started 10 s before the ablation and 
continued until 10 min. After ablation, Vit C at the same volume (1 mL) 
as that of the injected HA-Dc was injected into the HA-Dc hydrogel in the 
HA-Dc + Vit C group. The change in volume in the hydrodissection of 
each group was evaluated by US immediately, and at 1 h and 4 h after 
ablation. 

After the last US evaluation, all rabbits were sacrificed. The BFM and 
SN of each rabbit were sectioned for histological evaluation according to 
the same protocol as mentioned above, and the samples were scanned 
with an optical microscope. 

4.10. In vivo evaluation of the HA-Dc hydrogel during ablation in 
M. fascicularis 

Two healthy M. fascicularis (2.5 kg) were used to further evaluate the 
thermal protection of HA-Dc in vivo. First, ablation of the BFM was 
studied. Four BFMs were divided into 2 groups: HA-Dc + Vit C and 5% 
Glu. Following anesthesia with 5 mg/kg telazol, the same procedure was 
followed for the HA-Dc hydrogel (2 right BFMs) and 5% Glu (2 left 
BFMs) of injection, ablation, Vit C injection (2 right BFM), and data 
recording. 

Then, to further simulate clinical application, ablation of the thyroid 
was used since the hydrodissection technique and neuroprotection 
during TA on thyroid nodules are very important. The 4 thyroid lobes 
were divided into the same 2 groups (HA-Dc + Vit C and 5% Glu), and a 
27 G needle was inserted and placed between the thyroid lobe and the 
recurrent laryngeal nerve (RLN). The HA-Dc hydrogel (2 right lobes) or 
5% Glu (2 left lobes) was injected to separate the lobes and the sur-
rounding critical structures, including the RLN, vagus nerve (VN), 
esophagus, and trachea. Then, an 18 G RF electrode with an active tip of 
5 mm was inserted into the midst of each lobe, and the temperature 
sensors were inserted near the RLN to detect the temperature in real time 
during ablation of the thyroid. In the HA-Dc + Vit C group, the 27 G 
needle was withdrawn when the initial injection produced a separation 
distance of 5 mm, while the needle was kept in place for continuous 
injection in the 5% Glu group to maintain a stable separation distance of 
5 mm. The total injection volumes during ablation in each group were 
recorded. The same ablation parameters were used. Real-time temper-
ature recordings from the sensors started 10 s before ablation and 
continued for 10 min. After ablation, Vit C at the same volume (1 mL) as 
that of the injected HA-Dc was injected into the HA-Dc hydrogel in the 
HA-Dc + Vit C group. The change in volume of the hydrodissection in 
each group was evaluated by US immediately and at 1 h and 4 h after 
ablation. 

After the last US evaluation, both M. fascicularis were sacrificed. The 
BFM, SN, thyroid, RLN, VN, trachea, and esophagus of each 
M. fascicularis were sectioned for histological evaluation with the same 
protocol as mentioned above and scanned by an optical microscope. 

4.11. Statistical analysis 

All data are presented as mean ± standard deviation and analyzed 
using the Student’s t-test or one-way analysis of variance. p-values 
<0.05 was considered statistically significance (*p < 0.05, **p < 0.01, 
***p < 0.001). 
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