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Abstract 

Rationale: Peripheral nerve block is a traditional perioperative analgesic method for its precise pain 
control and low systemic toxicity. However, a single low dose of local anesthetic merely provides a few 
hours of analgesia, and high dose results in irreversible toxicity, whereas continuous infusion of 
anesthetics is expensive and complicated. Therefore, it is necessary to develop a long-acting and 
sensory-selective local anesthetic for safe perioperative analgesia.  
Methods: An injectable composite comprising ropivacaine-loaded poly (ε-caprolactone) electrospun 
fiber and clonidine-loaded F127 hydrogel (Fiber-Rop/Gel-Clo composite) was developed for long-acting 
and walking regional analgesia with barely one dose. The peripheral nerve blockade effect of the 
composite was evaluated in a rat sciatic nerve block model. Also, the biodegradability and biosafety of the 
composite was evaluated. 
Results: The preferentially released Clo from the hydrogel rapidly constricted the peripheral arterial 
vessels, reducing the blood absorption of Rop and thus enhancing the local Rop accumulation at the 
injection site. The subsequently sustainable release of Rop from the fiber, significantly prolonged the 
sciatic nerve block of rats. Remarkably, an amazing sensorimotor segregation effect was achieved, as the 
sensory blockade (32.0 ± 1.4 h) lasted significantly longer than the motor blockade (20.3 ± 0.9 h). 
Additionally, the Fiber-Rop/Gel-Clo composite presented good biodegradability and biosafety in vivo.  
Conclusions: Our designed Fiber-Rop/Gel-Clo composite with minimal invasion, prolonged synergistic 
analgesia, and strikingly sensorimotor segregation effect, posted a promising prospect for regional 
long-term walking analgesia in clinical treatment. 
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Introduction 
Perioperative analgesia is a key procedure for 

the management and rapid recovery of patients [1], 
while inefficient pain management may cause a series 
of complications, including delayed wound healing, 
prolonged hospital stay, hospital-acquired infection, 
or even development of chronic pain [2]. Recently, 

peripheral nerve block (PNB) analgesia has been 
increasingly applied for perioperative analgesia, 
because it provides exactly walking regional analgesia 
with marginal systemic toxicity [3]. PNB refers to 
blocking the uploading of pain signals at the regional 
level, thereby reducing the perception of pain by the 
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central nervous system. Walking regional analgesia 
combines the rapid pain relief from the regional block, 
whereas allows sufficient motor function for patients 
to ambulate [4]. Thus, walking regional analgesia are 
commonly used and very effective for postoperative 
analgesia in orthopaedic lower limb surgery and 
intrapartum analgesia. In general, PNB, as a local 
analgesia method, can be achieved by either a single 
injection of local anesthetics or continuous infusion 
with the assistance of drug delivery system. However, 
a single dose of local anesthetics only provides a few 
hours of pain relief [5], whereas continuous infusion 
via an indwelling catheter is often inconvenient, 
complicated, expensive, and frequently associated 
with complications, such as catheter-associated 
infections, catheter tip displacement, or nerve injury. 
Additionally, a facile anesthetic system which 
provides exact regional pain control without motor 
blocking is an expectant desire from patients [6]. 
Therefore, it is highly necessary and urgent to develop 
a facile long-acting and sensory-selective local 
anesthetic delivery system for effective regional 
anesthesia and pain management. 

The main objective of developing new local 
anesthetic delivery system is to achieve long-acting 
effect with selective sensory block and few side effects 
by a single dose [7]. In recent years, some researchers 
have reported the applications of new local anesthetic 
agents for prolonged effect. For instance, a 
bupivacaine-loaded poly (lactic-co-glycolic acid) 
(PLGA) electrospun nanomembrane and a 
bupivacaine-loaded hydrogel/microsphere compo-
site were reported to significantly prolong the 
duration time of rat sciatic nerve blockade [8, 9]. 
However, the drug-loaded electrospun nanomem-
brane was usually administered by incision, and most 
of the local anesthetic-polymer delivery systems could 
not achieve selective sensory block. QX-314 
(N-ethyl-lidocaine), a permanently charged lidocaine 
derivative, could produce selective local analgesia 
when administered with capsaicin [10]. Nevertheless, 
QX-314 could induce myotoxicity and neurotoxicity at 
higher doses [11, 12]. The first FDA-approved 
bupivacaine-loaded liposome (Exparel) is referred to 
control postoperative pain recently [13], however, the 
preponderance of evidence fails to support the routine 
use of liposomal bupivacaine over standard local 
anesthetics [14].  

Ropivacaine (Rop), a frequently used local 
anesthetic, with relatively long-acting analgesia, 
presents low cardiotoxicity and sensorimotor 
separation at low concentrations [15]. The duration of 
single dose lasts less than 6 h, whereas increasing the 
dose does not prolong the anesthetic effect, instead, 
severe neurotoxic and cardiotoxic effects appeared. 

The addition of adjuvants has been confirmed to be a 
potential method for prolonging the blockade effect of 
local anesthetics [16]. Clonidine (Clo) is a centrally 
acting antihypertensive agent with α2 adrenoceptor 
agonist properties. Recently, Clo has been used to 
extend the duration of local anesthetics in some 
clinical studies, showing favorable effects [17, 18], but 
the exact mechanism is unclear yet. 

Currently, nanomedicine and preclinical 
investigations are gaining increasing attention in 
pharmaceutical and biomedical research [19-22], 
among which the injectable, thermo-sensitive 
hydrogel has been widely used in drug delivery 
system [23]. A series of thermosensitive polymer 
hydrogels, such as poly (ethylene glycol)-block-poly 
(ε-caprolactone)-graft-poly (2-(guanidyl) ethyl 
methacrylate) (mPEG-b-PCL-g-PGEM, PECG), poly 
(DL-lactide-co-glycolide-b-ethylene glycol-b-DL- 
lactide-co-glycolide, PLGA-PEG-PLGA) and chitosan 
hydrogels [24-26], have been applied as delivery 
systems for local anesthetics. Electrospun fiber is a 
new form of polymer morphology that can be easily 
produced with an electrospinning device and 
different polymer solutions. With high flexibility and 
drug loading efficiency, the electrospun fiber could 
prevent the burst release and enable a sustained drug 
release for longer periods [27]. These advantages 
endow the cargo-loaded fibers with wide applications 
in anti-bacterial, hemostatic dressing, anti-tumor, and 
tissue engineering fields, etc [28].  

Herein, we constructed an injectable, regional 
anesthetic composite by combining Rop-loaded 
electrospun nanofiber and Clo-loaded F127 hydrogel 
(Fiber-Rop/Gel-Clo composite) for prolonged and 
sensory-selective regional analgesia with only a single 
injection. The preferentially released Clo from the 
hydrogel rapidly constricted the peripheral arterial 
vessels, dramatically hampering the blood absorption 
of Rop and thus effectively enhancing the local Rop 
accumulation at the injection site. The steadily 
released Rop from the electrospun fiber substantially 
blocked the Na+ channel and prolonged the local 
sciatic nerve block of rats (Scheme 1). It is worth 
noting that the sensory blockade (32.0 ± 1.4 h) lasted 
significantly longer than the motor blockade (20.3 ± 
0.9 h), indicating the remarkable sensorimotor 
segregation effect of the composite. In addition, the 
Fiber-Rop/Gel-Clo composite presented good 
biodegradability and satisfactory biosafety in vivo. 
Therefore, the fabricated Fiber-Rop/Gel-Clo 
composite, which possesses smooth injectability, 
minimal invasion effect, prolonged regional analgesia, 
and remarkable sensorimotor segregation effect, may 
provide a potential strategy for perioperative regional 
anesthesia and pain management.  
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Scheme 1. Schematic illustration of fabrication and sciatic nerve blockade effect of the Fiber-Rop/Gel-Clo composite. (A) The Fiber-Rop/Gel-Clo composite was fabricated by 
combining Rop-loaded electrospun PCL nanofiber and Clo-loaded F127 hydrogel. (B) The rat sciatic nerve blockade effect of the Fiber-Rop/Gel-Clo composite. (C) The 
mechanism of long-acting and walking regional analgesia in vivo. Created with BioRender.com. 

 

Materials and Methods 
Materials 

Poly(ε-caprolactone) (PCL, [η] = 1.8 ± 0.2 dL/g) 
was purchased from Polymtek (Shenzhen, China). 
Pluronic® F127 (F127, molecular weight) was 

obtained from Sigma-Aldrich (St. Louis, MO, USA). 
The ropivacaine base (Rop), clonidine hydrochloride 
(Clo), and lipase were purchased from Macklin 
(Shanghai, China). Ropivacaine hydrochloride 
solution (Rop-HCl) was obtained from AstraZeneca 
AB (SE-151 85 Sodertalje, Sweden). Fluorescein 
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isothiocyanate (FITC), Rhodamine B (RhB), 
dichloromethane (DCM), methanol, and acetone were 
purchased from Aladdin (Shanghai, China). Toluidine 
blue O (TBO) dye, TUNEL apoptosis assay kit, 
diaminobenzidine (DAB), TNF-α, and IL-6 rabbit pAb 
were purchased from Servicebio (Wuhan, China). 

Fabrication of PCL-Rop electrospun fiber 
PCL (20%, wt%) and Rop (60%, wt%) were 

dissolved in DCM, and the solution was stirred with a 
magnetic stir bar (MYP84-1, Shanghai, China) for 2 h 
at room temperature. The solution was injected with a 
25-G stainless steel needle at a controlled rate of 1.08 
mL/h, and steady spiral-like fibers were formed 
under a 9 kV electrostatic field. The distance between 
the needle and the rotating collector (running at 400 
rpm) was 10 cm. All electrospun fibers were 
fabricated at a room temperature of 24 ± 0.5 °C and 
humidity of 40 ± 5%. The electrospun fiber membrane 
was stored in a vacuum drying oven to further 
remove the organic solvent.  

For the determination of the drug loading 
content (DLC) and the drug loading efficiency (DLE) 
of Rop, the absorbance at 263 nm was extracted from 
the detected absorption spectra upon dissolving dried 
Fiber-Rop with methanol. The DLC and DLE of Rop 
were calculated as: DLC (%) = (mass of loaded 
drug)/(total mass of fibers) × 100%, DLE (%) = (mass 
of loaded drug)/(initial mass of drug) × 100%. 

Fabrication of F127 hydrogel 
F127 solutions with a series of different 

concentrations (20%, 25%, 30%, 35%, and 40%; wt%) 
were prepared by dissolving Pluronic® F127 into 
sterile Milli-Q water. The solution was stirred 
manually for 20 min to fully dissolve F127, which was 
subsequently frozen for 5 min at -80 °C and stored in a 
4 °C refrigerator. The 40% F127 solution was chosen to 
produce a thermo-sensitive and injectable hydrogel. 

Fabrication of Fiber-Rop/Gel-Clo composite 
By adding Fiber-Rop and Clo into a 4 °C F127 

solution (40%, wt%), the mixture solution was 
vortexed to mix thoroughly. The mass ratio of Rop 
and Clo in this composite was 2000:1 as previously 
described [29]. Afterwards, 26.7 mg Fiber-Rop 
(containing 20 mg Rop) and 10 μg Clo were added to 1 
mL F127 solution and vortexed at 4 °C for 1 h to 
obtain a homogeneous suspension. Then, the 
suspension was kept in a thermostatic water bath 
(Shanghai Scientific Instrument Co., Ltd., China) at 37 
°C for 10 min to obtain the Fiber-Rop/Gel-Clo 
composite. 

Characterization of Fiber-Rop/Gel-Clo 
composite  

The surface morphology of the freeze-dried PCL 
fibers (Rop-loaded or unloaded), F127 hydrogel, and 
Fiber-Rop/Gel-Clo composite was examined via 
scanning electron microscopy (SEM; JSM-6330F, 
JEOL, Japan) with an acceleration voltage of 20 kV. 
The average fiber diameter was then calculated by 
measuring 100 fibers from five different fields of each 
electrospun mat. In addition, Fiber-Rop and Gel-Clo 
were labeled by FITC and RhB, respectively, and the 
distribution of labeled fiber and F127 hydrogel in the 
Fiber/Gel composite was characterized by fluores-
cence microscope (Ni-U, Nikon, Japan). Briefly, for the 
preparation of FITC-labeled fiber (Fiber-Rop-FITC), 
FITC (1%, wt%) was added into the solution 
comprising PCL (20%, wt%) and Rop (60%, wt%) to 
generate the electrospun fiber. To mark F127 hydrogel 
with RhB (Gel-Clo-RhB), RhB (1%, wt%) was 
homogenously mixed with F127-Clo solution at 4 °C. 
Then the composite of Fiber-Rop-FITC/Gel-Clo-RhB 
was obtained as described above. Finally, the 
Fiber-Rop-FITC/Gel-Clo-RhB composite was gently 
spread on the surface of a clean microscope slide 
before being observed by a fluorescent microscope.  

The thermosensitivity, i.e. sol-gel transition 
property, of the F127 hydrogel and Fiber-Rop/ 
Gel-Clo composite was determined according to 
rheological behavior. The rheological properties, 
storage modulus (G′), and loss modulus (G″) of the 
F127 hydrogel and Fiber/Gel composite were 
recorded at 1% strain and 1.0 Hz frequency with the 
temperature ranging from 0 °C to 40 °C at a speed of 2 
°C/min via a HAAKE MARS 60 dynamic shear 
rheometer (Thermo Scientific, USA). 

In vitro drug release of Fiber-Rop/Gel-Clo 
composite  

The drug release test was scheduled for 14 days. 
1 mL Fiber-Rop/Gel (containing 10 mg Rop) or 
Fiber/Gel-Clo (containing 1 mg Clo) composite 
solution was transferred into a dialysis bag (MWCO, 
3500 Da, Sigma-Aldrich, USA) and then put into a 20 
mL vial. The vial was kept at 37 °C for 10 min to form 
the Fiber/Gel composite. Two groups (n = 3 of each) 
of vials containing composites to be dialyzed were 
added slowly with phosphate-buffered saline (PBS) 
solution with or without 20 U/mL lipase, which was 
subsequently incubated in a 37 °C shaking incubator 
at a speed of 40 rpm. At predetermined time points (0, 
10 min, 30 min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 
9 h,10 h, 24 h, 36 h, 2 day, 3 day, 4 day, 5 day, 6 day, 7 
day, 9 day, 12 day, and 14 day), 300 μL dialyzed 
solution was withdrawn and replaced with 300 μL 
fresh PBS solution. The concentrations of Rop and Clo 
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released into the buffered solution were detected by 
UV-Vis spectrophotometer at 263 nm and 270 nm, 
respectively. Standard Rop and Clo solutions were 
used to generate linear calibration curves (R2 > 0.99, 
Figure S1), which were subsequently applied for 
determining the concentrations of Rop and Clo in all 
tested samples. 

In vitro degradation of composite 
In vitro degradation of the Fiber/Rop was 

assessed by photographs captured by a digital camera 
and weighing method. The initial morphology of 
Fiber/Rop was snapped and the weight (W0) with 
equal mass was recorded after lyophilizing for 24 h. 
Thereafter, 15 mL PBS solution without or with 20 
U/mL lipase was added to the vials containing 
Fiber/Rop, and then these vials were incubated in a 
37 °C shaking incubator at a speed of 40 rpm. The 
solution in the vial was withdrawn and replaced with 
the same kind of solution every three days. At 
predetermined time points (0 day, 3 day, 6 day, 9 day, 
12 day, 15 day, 18 day, and 21 day), the remaining 
weights (W1) of the composite were recorded. The 
latter was calculated as follows: remaining weight (%) 
= W1/W0 × 100%. In addition, to explore the diffusion 
of the F127 gel in vitro, 1% RhB was added to the gel 
for better visual observation. At predetermined time 
points (0 h, 0.5 h, 1 h, 2 h, 4 h, 6 h, 12 h, and 24 h), the 
morphology of the Gel-RhB was recorded by a digital 
camera.  

Rat model of sciatic nerve block 
All animal-related processes gained approval 

from the Animal Care Committee of South China 
Agricultural University (No. 2021d037). Adult male 
250-300 g Sprague-Dawley (SD) rats were purchased 
from Vital River Laboratory Animal Technology Co., 
Ltd. (Zhejiang, China) and housed in ventilated cages 
in a 12-h light-dark cycle (8:00-20:00 light; 20:00-8:00 
dark). All rats were acclimated to experimental 
environments for 1 week with free access to food and 
water, before being randomly divided into seven 
groups (6 rats/group): Saline (0.9% saline), Rop (5 mg 
Rop hydrochloride in PBS), Clo (2.5 μg Clo 
hydrochloride in PBS), Rop + Clo (5 mg Rop 
hydrochloride and 2.5 μg Clo hydrochloride in PBS), 
Fiber/Gel (blank Fiber/Gel composite), Fiber- 
Rop/Gel (with 20 mg Rop), and Fiber-Rop/Gel-Clo 
(with 20 mg Rop and 10 μg Clo). Under inhalation 
anesthesia with 2.0% sevoflurane (Hengrui 
Pharmaceuticals Co., Ltd, Jiangsu, China), each group 
of rats received left peri-sciatic nerve injections with 1 
mL of the corresponding solution (4 °C) as described 
in the seven groups via a 1.2 mm needle.  

Evaluation of peripheral nerve blockade 
Baseline values of the sensory and motor block 

tests were recorded daily for three days before 
injection of our examined materials. Neurobehavioral 
tests were performed every hour in the first 6 h, then 
the interval was changed to every 2 h for the rest of 
the experiment. Motor block of the limb with injection 
was evaluated with a four-point rating scale (Video 
S1): 1, no motor block; 2, dorsiflexion disorder and 
failure to fully splay the toes when lifting the rat's tail; 
3, plantarflexion disorder and complete failure to 
splay the toes when lifting the rat's tail; 4, complete 
loss of dorsiflexion and plantarflexion accompanied 
by gait disorders. Duration of motor block was the 
time from score 4 to score 2.  

The hot plate test was performed to assess the 
sensory blockade [30] (Video S2). Briefly, rats were 
placed on a hot plate analgesia tester (BME-480, 
Yuyan, Shanghai, China) at 50 °C ± 0.5 °C with a 
transparent barrier to avoid rat escape. The time from 
the onset of the thermal stimulus resulting in licking, 
withdrawing paw, or jumping was recorded as a rat’s 
paw withdrawal thermal latency (PWTL). A cut-off 
time was set as 30 s to avoid hyperalgesia and skin 
damage. Upon reaching 30 s, the rat was removed 
from the hot plate, and the PWTL was recorded as the 
maximum value, i.e. 30 s. Each heat stimulation was 
repeated thrice with an interval of 5 min between 
stimuli, and the mean PWTL was calculated. 
Percentage of maximum possible effect (% MPE) was 
calculated as the effect of sensory blockade: %MPE = 
(PWTL1－PWTL0) / (Cut-off time－PWTL0) × 100% 
[24]. In this equation, PWTL1 refers to the PWTL after 
injection, PWTL0 refers to the baseline PWTL, with a 
cut-off time of 30 s. Effective sensory block was 
obtained as % MPE reaching 50% and duration of 
sensory block was the time from % MPE reaching 50% 
to less than 50%. 

Local vasoconstriction effect of Clo by 
ultrasound examination 

Six SD rats were randomly divided into two 
groups (n = 3 of each), Fiber-Rop/Gel and Fiber-Rop/ 
Gel-Clo groups. Under inhalation anesthesia with 
2.0% sevoflurane, rats were injected with 1 mL 
Fiber-Rop/Gel composite with or without 10 μg Clo, 
and subsequently placed in a lateral position. A 
high-frequency ultrasound (TYPE 1202 B-K Medical 
ApS, Miieparken 34, DK-2370 Herlev, Denmark) with 
a 15 Hz linear array probe was used to detect the 
arterial diameter and blood flow rate around the 
sciatic nerve at 0 h, 4 h, and 8 h after injection of our 
examined composite. During ultrasonography, the 
arterial blood flow was monitored by 
continuous-wave Doppler mode. The angle between 
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the ultrasonic beam and the direction of blood flow 
was set at 30°- 60°. 

Effect of Clo on the pharmacokinetics of Rop 
mimicked by RhB in vivo  

For the preparation of RhB-loaded fiber 
(Fiber-Rop-RhB), RhB (1%, wt%) was added into the 
PCL (20%, wt%) and Rop (60%, wt%) solution. 
Fiber-Rop-RhB was obtained as described above. 
Then 1 mL Fiber-Rop-RhB/Gel composite with or 
without 10 μg Clo was injected around the sciatic 
nerve of the rats (n = 3 of each group). At 0 h, 0.5 h, 2 
h, 4 h, 6 h, 8 h, 10 h, 12 h, 24 h, 48 h, 72 h, and 96 h after 
injection, 300 μL blood samples were collected from 
the tail vein with heparinized centrifuge tubes, and 
stored overnight at 4 °C. The blood samples were 
centrifuged at 3000 rpm for 10 min at 4 °C to extract 
the plasma. After extraction with acetone, the 
concentrations of RhB in the above samples at 
different predetermined time points were calculated 
according to the absorbance at 554 nm from 
absorption spectra. 

Assessment of local neurotoxicity and 
inflammation 

The rats were euthanized on the 7th postopera-
tive day, sciatic nerves and surrounding muscles were 
collected for H&E staining, TBO staining, TUNEL 
assay, and immunohistochemical analysis. 

For nerve TBO staining, the sciatic nerve was 
fixed with 4% paraformaldehyde for 24 h, followed by 
incubation with 1% osmium for 2 h. Then the samples 
were dehydrated with gradient ethanol series of 
100%, 95%, 85%, and 75%, embedded with epoxy 
resin, sectioned transversely with 10 μm thickness, 
stained with 0.1% TBO, and observed under an optical 
microscope (NSS-6, Nanjing Jiangnan Novel Optics 
Co., Ltd., China).  

TUNEL staining was performed following the 
manufacturer's instructions. After being deparaf-
finized, rehydrated, and high-pressure antigen 
retrieval, paraffin-embedded nerve tissue slides were 
pretreated with proteinase K solution at 37 °C for 30 
min. Next, peroxidase blocking was done by 
incubation the slides with 3% hydrogen peroxide 
(H2O2) for 10 min, which were then incubated in TdT 
enzyme reaction solution at 37 °C for 60 min. After 
rinsing with PBS, the slides were incubated with TMR 
(red) Tunel Cell Apoptosis Detection Kit (G1502-50T) 
at 37 °C for another 60 min. In addition, the nuclei 
were stained with DAPI. The degree of neuronal 
apoptosis was viewed with a fluorescent microscope 
(Ni-U). 

Immunohistochemical analysis of TNF-α and 
IL-6 was carried out to evaluate the potential 

inflammation of the sciatic nerves and surrounding 
muscles. Briefly, after high-pressure antigen retrieval, 
the slides were rinsed with PBS, and then blocked 
with 3% H2O2 for 20 min and 5% goat serum for 30 
min at room temperature in order. Then 50 μL rabbit 
antibody solutions of TNF-α and IL-6 (1: 400) were 
added to the surface of the sections for incubation 
overnight at 4 °C. The next day, the slides were rinsed 
with PBS and incubated with anti-rabbit secondary 
antibody solution (1: 200) for 60 min at room 
temperature. Afterwards, the slides were rinsed with 
PBS, which was added with 50 μL diaminobenzidine 
(DAB) (1: 50) onto the surface of the sections. The 
reaction was terminated with distilled water based on 
the degree of staining. Additionally, the nuclei were 
stained with hematoxylin. The degree of inflam-
mation was viewed with an optical microscope. 

In vivo degradation of Fiber/Gel composite 
To explore the degradation of electrospun 

Fiber/Gel composite in vivo, the injection site was 
dissected at 7 day, 14 day, and 21 day after injection, 
to check whether the composite degraded or not. 

Assessment of systemic toxicity 
To further evaluate the systemic toxicity caused 

by the composite, we recorded the mental state and 
weight change of all rats immediately after sciatic 
nerve block. On the 7th day post-injection, rats were 
euthanized for further investigation. Briefly, blood 
samples collected from the abdominal aorta of live 
rats were used to detect the levels of serum creatine 
kinase isoenzyme (CK-MB), lactate dehydrogenase 
(LDH), aspartate aminotransferase (AST), alanine 
transaminase (ALT), blood urea nitrogen (BUN) and 
creatinine (Cr). Then the rats were euthanized with 
excessive sevoflurane and intracardially perfused 
with 300 mL 0.9% saline. The heart, liver, spleen, lung, 
kidney, and brain were collected and fixed with 4% 
paraformaldehyde, embedded in paraffin, sectioned 
with 10 μm thickness, stained with hematoxylin/ 
eosin, and observed under the optical microscope. 

Statistical analysis  
The statistical results were presented by mean ± 

standard error (SE). Differences between groups were 
analyzed by using one-way ANOVA followed by 
Bonferroni's post hoc test.  

Results 
Fabrication and characterization of 
Fiber-Rop/Gel-Clo composite 

To acquire an optimum electrospinning-fiber 
formula, a series of electrospinning parameters have 
been thoroughly tested on different biodegradable 
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polymer materials, such as polylactic acid (PLA), 
PLGA, PCL, etc. (Table S1). Upon altering and 
optimizing the weight ratio of PCL and Rop, and 
electrospinning parameters, such as solution injection 
speed, voltage, solvent, etc., a stable cotton-like 
Rop-loaded PCL fiber (20% PCL, 60% Rop, wt%) was 
obtained. The drug loading content (DLC) and drug 
loading efficiency (DLE) of Rop were measured and 
calculated as 72.4 ± 0.4% and 96.5 ± 0.6%, respectively 
(Table S2), consistent with the formula of the initially 
prepared PCL and Rop considering of the inevitable 
drug loss (3.5%) during electrospun fiber fabrication. 
The quantities of loaded Rop and Clo were 
determined as 0.72 mg/mg fiber and 10 µg/mL F127 
solution by UV absorption spectra, respectively. 
Secondly, to achieve a minimally invasive drug 
delivery gel system with great injectability, 40% F127 
hydrogel (wt%), was preferred after exploring F127 
solutions with different mass fractions (Table S3). 
Upon thoroughly immersing 26.7 mg Fiber-Rop and 
10 μg Clo into 1 mL F127 solution at 4 °C, a 
Fiber-Rop/Gel-Clo gel composite was acquired under 
37 °C for 10 min, which could smoothly pass through 
the injection needle with a diameter of 1.2 mm (Figure 
1G, Figure S2 and Video S3) and consequently was 
promoted to be a potential candidate in the minimally 
invasive delivery system.  

Among fabrication of the injectable dual-drug- 
loaded fiber/gel composite, the fiber phase, gel phase, 
and composite were exhaustively examined. PCL, a 
well-known degradable biomaterial, has been 
extensively applied in biomedical applications [31]. 
PCL can be fabricated into pretty smooth and uniform 
fibers, with a diameter of 5.4 ± 1.0 μm, via 
electrospinning as confirmed in Figure S3A and S3B. 
Interestingly, under the same electrospinning 
conditions, a thinner diameter of 2.4 ± 0.8 μm (Figure 
1A and S3C) was detected on the Rop-loaded PCL 
fibers, which may be due to the high content of Rop in 
the fiber. Of note, compared to PCL fiber, the 
PCL-Rop fiber exhibited a cotton-like softness, exactly 
addressing the pitfall of PCL fiber with strong 
toughness which is insufficient as an injectable drug 
carrier. In addition, the extended PCL-Rop fiber with 
an even thinner diameter of 0.3 ± 0.1 μm upon mixing 
with F127 hydrogel and lyophilization was observed 
by SEM imaging (Figure 1A and S3D), which was a 
benefit for performing the injection. To get a clear 
vision of the two components of PCL-Rop fiber and 
F127 hydrogel in the injectable gel composite, FITC 
labeled Fiber-Rop (green channel) and Rhodamine B 
(RhB) labeled Clo-Gel (red channel) were captured by 
fluorescence microscope (Figure 1B), which not only 
indicated the good dispersity of the fiber in the gel 
phase but also implied the drug encapsulate 

capability of each phase as without obvious dye 
molecule diffusion to another phase. Taking the 
advantage of the temperature-sensitive F127 phase, 
the fluidic sol solution endowed a good dispersity of 
the immersed fiber and drug at 4 °C, subsequently, 
the relative solid gel solution prevented the fast 
diffusion and remained the designed shape of the 
injective composite at 37 °C as shown in Figure 1C. 
Actually, both F127 hydrogel and Fiber-Rop/Gel-Clo 
composite showed rapid sol-gel transition within a 
few seconds from 4 °C to body temperature (37 °C). 
As shown in Figure 1D, before gelation, the values of 
G′ and G″ of Gel-Clo was relatively low with G″ 
higher than G′, indicating a sol state of the system. 
Whereas the value of G′ was higher than G″ of the 
Fiber-Rop/Gel-Clo composite, implying the addition 
of fiber mainly affected the moduli in the sol state. 
With the temperature gradually climbing up, the 
gelation of Gel-Clo and Fiber-Rop/Gel-Clo composite 
appeared at 15.8 °C and 15.9 °C, respectively, 
indicating that the addition of Fiber-Rop did not 
significantly alter the temperature of hydrogel 
formation. Notably, the maximum values of G′ and G″ 
of Fiber-Rop/Gel-Clo composite upon gelation were 
higher than those of Gel-Clo, which indicated that 
Fiber-Rop/Gel-Clo composite possessed a superior 
stiffness (Figure 1D). 

Benefited from the gelation of F127, the 
Fiber-Rop/Gel-Clo composite can not only maintain 
the shape upon post-injection into the nerve tissue to 
prevent the fast diffusion of the cargos, but also 
render the composite sustainable drug release 
behavior. In particular, in vitro drug release 
experiments were performed to investigate the 
controlled dual-drug release capacity of the Fiber/Gel 
composite. As shown in Figure 1E and 1F, Rop 
released slowly from the Fiber-Rop/Gel-Clo 
composite, presenting the cumulative release of 2.1 ± 
0.4%, 7.8 ± 0.3%, 23.4 ± 0.8% and 86.1 ± 0.5% in 6 h, 10 
h, 24 h and 14 days, respectively. In contrast, the 
release pattern of Clo followed the initial burst release 
and zero-order release rate, displaying the cumulative 
release of 57.3 ± 3.6 %, 90.8 ± 5.0%, 98.0 ± 2.0%, and 
100% after 6 h, 10 h, 24 h and 14 days, respectively. In 
principle, the diffusion of F127 hydrogel contributes 
to the burst release of Clo. To confirm the diffusion of 
F127 hydrogel, the morphology of RhB stained 
hydrogel was monitored over time (Figure S4C), 
which was visually and experimentally evidenced by 
the relatively fast diffusion in 24 h. Consequently, the 
rapid diffusion of F127 hydrogel was exactly in accord 
with our expectation that fast-released Clo from the 
gel could shrink the arterial diameter to prevent the 
absorption of Rop into the bloodstream and enhance 
the anesthetic effect. In addition, to simulate the Rop 
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and Clo release from the composite under the relative 
biological environment with enzyme, lipase was 
introduced into the buffer among degradation 
observation, which promoted the degradation of the 
PCL fiber accompanied by faster drug release 
manners (Figure 1E and 1F). These results validated 
that Clo and Rop achieved sequential and sustained 
release profiles predominately resulting from the 
biodegradability of the composites in vitro, indicating 
the great potential in synergistically anesthetic effect 
in vivo. 

Collectively, it was well demonstrated that we 
had successfully fabricated an injectable, temperature- 
sensitive, high drug-loaded Fiber-Rop/Gel-Clo 
composite with sequential drug release behavior, 
providing a feasible strategy for promoting anesthetic 

effect in vivo. 

In vivo effect of sciatic nerve blockade 
In order to evaluate the anesthetic effect, various 

formulas were injected into the sciatic nerve of rats as 
illustrated in Figure 2A. Primarily, to determine the 
optimal dose of Rop, the anesthetic effect was 
accessed in the free Rop group and Fiber-Rop/Gel 
group, respectively, as a function of Rop dosage 
spanning from 2.5 mg to 30 mg. The nerve block time 
presented as approximately 2-3 h with no obvious 
difference upon administration of 2.5 mg, 5.0 mg, and 
7.5 mg free Rop (Figure 2B). Meanwhile, the local 
anesthetic intoxication was under careful observation 
after perineural injection into rats placed on a hot 
plate. Notably, as soon as the Rop (0.5%, wt%) dosage 

 

 
Figure 1. Characterization of Fiber-Rop/Gel-Clo composite. (A) Scanning electron microscopy (SEM) images of the Rop-loaded fiber (Fiber-Rop), F127 hydrogel (Gel), 
and Fiber-Rop/Gel composite; Scale bar, 10 µm. (B) Fluorescence microscope of fluorescently labeled Rop-loaded fiber (FITC, green), Clo-loaded F127 hydrogel (RhB, red), and 
Fiber-Rop/Gel-Clo composite (Merge); scale bar, 100 µm. (C) Photographs showing F127 hydrogel and Fiber-Rop/Gel composite at 4 °C and 37 °C. (D) Rheological behaviors 
of the Clo-loaded F127 hydrogel and Fiber-Rop/Gel-Clo composite, measured at 1% strain and 1.0 Hz frequency with the temperature set from 0 °C to 40 °C at a speed of 2 
°C/min. G′, storage modulus; G″, loss modulus. (E, F) In vitro cumulative release of Rop and Clo from the Fiber/Gel composite in phosphate buffered saline with or without lipase 
(20 U/mL), (E) 0-14 days, (F) 0-10 hours. Data are shown as mean ± standard error, (n = 3/group; *P < 0.05, **P < 0.01). (G) Photographs showing the Fiber-Rop/Gel-Clo 
composite with good injectability. 
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increased up to 15 mg, the rats represented the 
symptoms of limb paralysis, convulsions, respiratory 
depression, and eventually died (Video S4). In 
contrast, the Fiber-Rop/Gel composite loaded with 
the same dose of Rop, showed merely unilateral 
sciatic nerve block without other abnormalities at the 
onset of the nerve blockage (Video S5). In addition, 
compared to the free Rop treated rats, the anesthetic 
effect of Fiber-Rop/Gel composite with the same Rop 
dose, from 2.5 mg to 30 mg, was pronouncedly 
promoted confirmed by much longer nerve block time 
as plotted in Figure 2B. Also, there were no obvious 
differences between motor block time and sensory 
block time upon administration of the Fiber-Rop/Gel 
composite at Rop doses of 2.5 mg, 5.0 mg, and 7.5 mg. 
To further prolong the nerve blockade duration by the 
composites, we gradually increased the percentage of 
Fiber-Rop in the hydrogel composite with 
maintaining the injectability. As shown in Figure 2B, 
the sensory block time was significantly extended step 
by step with increasing the Rop dose in the composite. 
For instance, the motor block and sensory block time 
of Fiber-Rop/Gel composite loading with 20 mg Rop 
specifically achieved up to 16.0 ± 0.8 h and 25.8 ± 1.0 h, 
respectively, and more importantly with rats 
exhibiting good conscious state and unobserved 

anesthetic intoxication (Video S6, 48 h post-injection). 
Remarkably, the sensorimotor segregation effect was 
observed immediately until the motor block expired 
upon administration of the Fiber-Rop/Gel composite 
loading with 15 mg, and 20 mg Rop. It should be 
pointed out that sensorimotor segregation is 
extremely important in clinical surgery [32, 33]. 
According to our observation, the blocked foot of the 
rats could walk normally without any response to the 
hot plate, which directly and visually confirmed the 
striking sensorimotor segregation effect. However, 
the sensorimotor segregation effect was not 
strengthened until increasing the Rop dose up to 30 
mg in the composite. Specifically, the motor and 
sensory blockade were 28.0 ± 2.2 h and 29.5 ± 1.5 h, 
respectively, upon administration of the 30 mg 
Rop-loaded Fiber-Rop/Gel composite, with ignorable 
separation of motor and sensory blockage. In 
addition, the high content of Fiber-Rop became 
impeding the smooth injection of the composite into 
rats. Taken together, 20 mg Rop in the Fiber-Gel 
composite was determined as the optimal dosage 
with satisfactory block time and optimum 
sensorimotor segregation effect, which was employed 
in the further experiments. 

 
 

 
Figure 2. Evaluation of sciatic nerve blockade effect in rats. (A) Schematic diagram of rat sciatic nerve block. Created with BioRender.com. (B) Comparison of the sciatic 
nerve blockade effect in rats after different doses of free Rop solution or Fiber-Rop/Gel composite injection. Data are shown as mean ± standard error, (n = 3/group, n.s, not 
significant; **P < 0.01, ***P < 0.001). (C) Motor block was evaluated with a four-point rating scale. (D) Duration of motor block was the time from score 4 to score 2. (E) Sensory 
block was determined by paw withdrawal thermal latency (PWTL), and percentage of maximum possible effect (%MPE) was calculated as the effect of sensory blockade. (F) 
Duration of sensory block was the time from %MPE reaching 50% to less than 50%. Data are shown as mean ± standard error, (n = 6/group; n.s, not significant; **P < 0.01, ***P 
< 0.001). 

Next, we embarked on investigating the detailed course of the sensorimotor response and segregation 
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upon administration of the six formulations presented 
in Figure 2C-2F. Based on the exploration of Rop 
dosage-dependent anesthetic effect, saline, 5 mg Rop 
in the free drug group, 2.5 μg Clo as adjuvant, 5 mg 
Rop + 2.5 μg Clo (Rop:Clo = 2000:1, wt%), blank 
Fiber/Gel composite, 20 mg Rop-loaded 
Fiber-Rop/Gel composite, and 20 mg Rop and 10 μg 
Clo-loaded Fiber-Rop/Gel-Clo composite were 
primarily determined, considering of the safety and 
optimal motor and sensory blockade. As shown in 
Figure 2C, the groups of Rop, Rop + Clo, 
Fiber-Rop/Gel, and Fiber-Rop/Gel-Clo exhibited 
expected nerve blockade in the initial 10 min post 
injection of the drug. However, rats treated with 
saline, Clo alone, or blank Fiber/Gel composite 
showed no nerve block effect at all. The motor 
blockade in the Fiber-Rop/Gel (13.1 ± 0.8 h) and 
Fiber-Rop/Gel-Clo (20.3 ± 0.9 h) groups lasted 
significantly longer than that in the free Rop (2.3 ± 0.2 
h) and Rop + Clo (3.0 ± 0.3 h) groups (P < 0.001), 
clearly indicating that the controlled release of Rop 
from the Fiber/Gel composite dramatically prolonged 
the nerve block duration (Figure 2C and 2D). 
Notably, with the assistance of Clo, Fiber-Rop/ 
Gel-Clo markedly prolonged the nerve block effect 
than Fiber-Rop/Gel (P < 0.01).  

In addition, the entire process of sensory block 
was carefully monitored as well, in which the paw 
withdrawal thermal latency (PWTL) was observed 
over time and the percentage of maximum possible 
effect (MPE) was semi-quantitatively recorded on 
behalf of the effect of sensory blockade (Figure 2E and 
2F). Likewise, despite saline, Clo alone, or blank 
Fiber/Gel composite groups with the undetectable 
sensory blockade, the sensory blockade occurred in 
Rop, Rop + Clo, Fiber-Rop/Gel, and Fiber-Rop/ 
Gel-Clo groups with effective duration time of 2.3 h, 
3.3 h, 26.0 h, and 32.0 h, respectively. Strikingly, the 
sensory block time sustained much longer (26.0 h vs 
13.1 h; 32.0 h vs 20.3 h) than the motor block time in 
Fiber-Rop/Gel and Fiber-Rop/Gel-Clo groups, 
respectively, demonstrating the evident sensorimotor 
segregation effect, which was extremely promising in 
translating the injectable drug-loaded composite from 
bench to clinic. Apparently, Clo contributed to the 
promotion of sensory blockade consistent with the 
effect in the motor blockade, resulting in the longer 
nerve block time post-injection of Fiber-Rop/Gel-Clo 
into the sciatic nerve site compared to Fiber-Rop/Gel.  

The mechanism of Clo for prolonged sciatic 
nerve blockade 

The aforementioned results confirmed that the 

addition of Clo gave rise to prolonging the nerve 
block effect. To unveil the mechanism of Clo-assisted 
anesthetic effect, ultrasonography was used to detect 
the arterial diameter and blood flow velocity 
interfered by Clo addition around the sciatic nerve 
(Figure 3A and Figure S5). As depicted in Figure 3B 
and 3C, the arterial diameter displayed no obvious 
alteration post-injection of Fiber-Rop/Gel in the 
absence of Clo, with an average diameter of 
approximately 0.6 mm measured at the 
predetermined time points as 0 h, 4 h, and 8 h. In 
contrast, the addition of Clo with a trace amount (10 
μg) significantly elicited decreased diameter of the 
artery at 4 h and 8 h, approaching 71.2% (0.42 
mm/0.59 mm) and 77.9% (0.46 mm/0.59 mm) of the 
original arterial diameter (P < 0.01). Apparently, the 
addition of Clo predominately contributed to the 
constriction of the blood vessel. Afterwards, blood 
flow velocity was locally monitored over time, which 
was proved to be inversely proportional to the local 
vascular diameter according to Bernoulli's principle 
[34]. It was obvious that the blood flow velocity 
significantly increased by 157.1% (28.17/17.93 cm/s) 
at 4 h post-injection of Fiber-Rop/Gel-Clo and slightly 
attenuated at 8 h (Figure 3D and 3E), compared to the 
velocity before administration. However, no obvious 
alteration of the flow velocity was detected in the 
examined blood vessels before and after injection of 
Fiber-Rop/Gel, and even no visible difference until a 
longer observation time. As a consequence, the 
introduced Clo resulted in local vasoconstriction, 
which might hamper the absorption of Rop into the 
bloodstream, yielding a relatively lower concentration 
of Rop in the vessels and preserving higher content of 
Rop in the periphery of the sciatic nerve. To confirm 
our assumption, RhB was applied to mimic the 
pharmacokinetics of Rop in the bloodstream, which 
was assembled as the electrospun fiber component of 
the Fiber-Rop/Gel and Fiber-Rop/Gel-Clo composite. 
As depicted in Figure 3F, the concentration of RhB in 
the plasma of Fiber-Rop/Gel-Clo group was 
dramatically lower than that of the Fiber-Rop/Gel 
group as the time spanned from composite injection 
to 96 h. The AUC value was 188.61 mol/L·h and 
129.17 mol/L·h in the Fiber-Rop/Gel and 
Fiber-Rop/Gel-Clo group, respectively. Therefore, the 
addition of Clo could significantly diminish the local 
anesthetic absorption into the bloodstream, ensuing 
promoted biosafety and local analgesia efficacy of the 
Fiber-Rop/Gel-Clo composite. 
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Figure 3. Clo reduces the concentration of Rop absorbed by local vasoconstriction. (A) Schematic diagram of the experimental program to evaluate the role of Clo 
by ultrasound imaging. Created with BioRender.com. (B) Representative images of arterial diameter around the sciatic nerve at 0 h, 4 h, and 8 h after injection of Fiber-Rop/Gel 
composites with or without Clo. White arrows show the location of blood vessel and white circles show the outline of blood vessel. Scale bar, 1.0 mm. (C) Qualitative analyses 
of arterial diameter around the sciatic nerve at 0 h, 4 h, and 8 h after injection of Fiber-Rop/Gel composites with or without Clo. (D) Representative images of blood flow velocity 
at 0 h and 4 h after injection of Fiber-Rop/Gel-Clo composites. (E) Qualitative analyses of blood flow velocity around the sciatic nerve at 0 h, 4 h, and 8 h after injection of 
Fiber-Rop/Gel composites with or without Clo. (F) The dynamic pharmacokinetics of RhB released from Fiber-Rop-RhB/Gel composite and Fiber-Rop-RhB/Gel-Clo composite 
in rats. Data are shown as mean ± standard error, (n = 3/group; **P < 0.01, ***P < 0.001). 

 

The in vivo evaluation of biodegradation and 
biosafety of Fiber-Rop/Gel-Clo composite 

It is essential to apply biodegradable materials 
for in vivo investigation, so that no severe side effects 
appear afterwards. To assess the biodegradation of 
the composite over time around the sciatic nerve, the 
injection site was dissected on day 7, 14, and 21 for 
gross examination. As seen from the local anatomical 
structure (Figure 4A), white composite remnants 
wrapped around the sciatic nerve were observed in all 
rats injected with Fiber/Gel, Fiber-Rop/Gel, and 
Fiber-Rop/Gel-Clo after 7 days. With gradual 
degradation of the composite, the residue became 
much smaller on day 14, and got completely degraded 

after 21 days. Of note, the degradation rate of 
Fiber-Rop/Gel-Clo composite was pretty slow in pure 
PBS in vitro, which was accelerated upon immersing 
the composite in buffer with lipase (for degradation of 
the ester group of PCL) as shown in Figure S4. 
Compared to the degradation in vitro, the composite 
degraded much faster post-injection in vivo, 
presumably, the bioenvironment with various kinds 
of enzymes facilitated the catalyzation of the PCL 
polymer fiber degradation [35]. Also, due to the small 
proportion of PCL (PCL:Rop = 1:3, w/w), which was 
also one of the causes of rapid degradation.  

To evaluate the biosafety of free drugs and 
Fiber/Gel composite with different formulas, the rats 
were euthanized on the 7th postoperative day, and 
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their sciatic nerves and surrounding muscles were 
collected for H&E staining, TBO staining, 
immunohistochemistry assay, and TUNEL assay. As 
shown in Figure 4B, no obvious injury or necrosis of 
sciatic nerves and muscles were observed between 
groups. TBO staining also showed regularly and 
compactly arranged neurons with perineural tissue, 
and no degeneration or alteration in myelin structure 
was found in the Fiber-Rop/Gel-Clo group. 

Furthermore, there were slight apoptosis and 
inflammatory infiltration among all of the groups, 
indicating there was no additional injury from the 
composite treatment (Figure 4B). It has been reported 
that subtle inflammation after injection of 
anesthetic-loaded biomaterials could decline and 
disappear over time [9], therefore, our designed 
Fiber-Rop/Gel-Clo composite was available for in vivo 
experiments.  

 

 
Figure 4. Assessment of biodegradation and biosafety of Fiber-Rop/Gel-Clo composite in rats. (A) In vivo degradation of Fiber/Gel composite. Local anatomical 
structures of sciatic nerves and surrounding muscles, and the potential composite remnants were captured on 7, 14, and 21 days after injection. Cyan arrows indicate sciatic 
nerves and red arrows indicate the composite remnants. Scale bar, 1 cm. (B) Hematoxylin and eosin (H&E) staining of sciatic nerves and surrounding muscles; scale bar, 500 μm. 
Toluidine blue O (TBO) staining of sciatic nerves; scale bar, 100 μm. Immunohistochemical analysis of inflammatory factors (TNF-α, IL-6) in the sciatic nerve and surrounding 
muscles; scale bar, 500 μm. TUNEL staining of sciatic nerves; scale bar, 100 μm. ‘N’ and ‘M’ represent the sciatic nerve and muscle, respectively. 
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Figure 5. Assessment of systemic toxicity of Fiber-Rop/Gel-Clo composite in rats. (A) H&E staining of the heart, liver, spleen, lung, kidney, and brain (hippocampus 
CA1); scale bar, 200 μm. (B) The serum levels of CK-MB, LDH, AST, ALT, Cr, and BUN among the seven groups. The light gray backgrounds indicate the upper normal limit. 

 
It is also of utmost importance to check the 

systemic toxicity of the injectable drug-loaded 
biomaterials, to ensure the biosafety of the drug 
delivery system. First of all, the mental state and body 
weight growth curves showed no difference between 
groups after injection, as well as no signs of local 

anesthetic intoxication (Table S4, Figure S6). 
Furthermore, six serological markers were detected to 
examine the heart (CK-MB, LDH), liver (AST, ALT), 
and kidney (Cr, BUN) functions, and no abnormal 
serum levels were observed in all seven groups [36] 
(Figure 5B). Additionally, no heart, liver, spleen, lung, 
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kidney, and brain (hippocampus) injuries were found 
according to H&E staining (Figure 5A and Figure S7). 
Overall, it demonstrated that the Fiber-Rop/Gel-Clo 
composite possessed good biodegradability and 
biocompatibility, as well as negligible local and 
systemic toxicity in vivo.  

Discussion 
Adequate analgesia is an integral part of patient 

recovery following surgery. Clinically, there are 
mainly four kinds of analgesic methods, including 
patient-controlled intravenous analgesia (PCIA), 
regional analgesia, topical infiltration analgesia, and 
oral analgesics [37]. Among them, walking regional 
analgesia combines the rapid pain relief from the 
regional block whereas allows sufficient motor 
function for patients to ambulate [38]. Thus, this 
method has been increasingly applied for 
postoperative analgesia, particularly for patients 
undergoing lower limb surgery (such as total knee 
arthroplasty), because it provides early ambulation, 
exactly superior analgesia, less narcotic analgesic 
drugs use, decreased postoperative nausea and vomi-
ting, and decreased hospitalization cost. However, 
there is still no kind of local anesthetic, which could 
achieve long-lasting and sensory-selective regional 
analgesia after a single dose. In addition, the 
continuous infusion of local anesthetics through an 
indwelling catheter throws the risks of mechanical 
nerve injury and infections. Over the past few years, 
research on long-acting local anesthetic development 
has been focused on three major methods: developing 
new long-acting local anesthetic, exploring novel 
assisted adjuvants, and investigating delivery systems 
with a controlled release manner [39-41]. The most 
widely used drugs, lidocaine, ropivacaine, and 
bupivacaine, whose anesthetic effects all last less than 
8 h [42]. Exparel (bupivacaine-loaded liposome) is the 
only commercially available drug delivery system 
with nanomaterials. However, this agent could only 
be used for incision infiltration, with additional 
drawbacks such as expensive price and 
time-consuming preparation [43]. Local anesthetics 
combined with adjuvants (such as adrenaline, 
dexamethasone, and dexmedetomidine) are relatively 
convenient, but the prolonged analgesic effect is 
insufficiently satisfactory [44-46]. In this study, we 
combined three approaches to develop a promising 
long-acting local anesthetic. Firstly, Rop, the most 
clinically used and relatively long-acting drug, was 
preferentially selected as a local anesthetic. Secondly, 
Clo was introduced as an efficient adjuvant. And 
finally, our designed injectable Fiber/Gel platform 
was exploited as a sustained-release carrier.  

By acting on the voltage-gated Na+ channel in 

the nerve cell membrane to inhibit the Na+ influx and 
suppress the action potential, local anesthetics 
reversibly block nerve conduction and thus result in 
regional anesthesia. In recent years, the 
nociceptive-selective block effect has always been a 
well-marked hotspot with huge challenges in local 
anesthetic research [47]. Previous studies reported 
QX-314 (N-ethyl-lidocaine), a permanently charged 
and membrane-impermeant lidocaine derivative, 
could generate nociceptive-selective local analgesia. 
QX-314 could selectively enter into nociceptors when 
co-administered with capsaicin, a transient receptor 
potential vanilloid 1 (TRPV1) channel agonist. 
However, QX-314 might induce myotoxicity and 
neurotoxicity at a high dose [10, 11]. Currently, low 
concentration of Rop presents a sensorimotor 
segregation effect, which has been well recognized 
and widely applied in clinical practice [48, 49]. Due to 
its insufficient hydrophilicity, the arrival time of 
ropivacaine to the gross motor nerve was delayed, 
resulting in the weakened absolute efficacy for motor 
block [50]. Moreover, it has been verified that Rop is 
more sensitive to Aδ and C nerve fibers (sensory 
nerve fibers) than other traditional local anesthetics 
(lidocaine, bupivacaine), thus it forms the unique 
character of the sensorimotor segregation effect [51]. 
In previous studies, some Rop-loaded biomaterials 
did not achieve a separation effect [52, 53], which may 
be related to the drug release mode. In our study, the 
Fiber-Rop/Gel-Clo composite loading with Rop, 
especially with 15 mg and 20 mg Rop, visually 
showed rapid onset and distinguished motor and 
sensory block for more than 32.0 h with negligible 
systemic toxicity. Strikingly, with the sustained 
release of Rop from the composite, the sensorimotor 
separation effect of Rop appeared and was enhanced 
with the aid of Clo, as sensory block time of 32.0 h and 
motor block time of 20.3 h, which was the remarkable 
breakthrough of this study. 

Previous studies have reported that Clo could 
enhance and prolong the local anesthetic effect [54], 
but the mechanism is not fully clear yet. On one hand, 
Clo could interfere with voltage-gated Na+ and K+ 
channels involved in action potential production in 
spinal dorsal horn neurons, thus shortening the onset 
time of local anesthetics [55]. On the other hand, as an 
α2 adrenergic receptor agonist, Clo could reduce local 
anesthetics absorption and systemic toxicity by 
constricting blood vessels via activating α2 receptors 
on peripheral vascular smooth muscle [56]. The 
results in the current study also confirmed that the 
addition of Clo could reduce the absorption of local 
anesthetic into the bloodstream by local 
vasoconstriction, and consequently improve the 
safety and drug efficacy of local anesthetics.  
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Electrospinning is a well-known versatile 
technique for fabricating fibers derived from 
polymers, with diameters on the nano- to micro-scale 
[57]. The electrospun fiber membranes, with high 
specific surface area, adjustable porosity, and 
flexibility, have been widely developed for tissue 
engineering, biomedical drug delivery, biomedical 
scaffolds, and so forth [58]. Drug delivery by 
electrospun fibers possesses a pyramid of merits, 
including superior drug loading content and drug 
loading efficiency, controlled drug release ability, 
facile and cost-effective process etc. [27]. To date, due 
to the solid property of the conventional electrospun 
fiber, open surgery remains the predominant option 
for the direct and efficient administration of the target 
lesion. Researchers have ever paid efforts to mince the 
electrospun fibers into tiny fragments with cryogenic 
grinding or mechanical cutting method [59, 60], 
followed by combining electrospun fibers with 
injectable hydrogel, to achieve injectable, minimally 
invasive administration. However, it was doubted 
that the mincing process might elicit the alteration of 
the release manner of the cargos from fibers [61]. 
Instead, in this study, to circumvent the drawbacks of 
the complicated preparation of fragmented fibers, we 
innovatively created injectable, cotton-like Rop- 
loaded PCL fibers by comprehensively testing a series 
of electrospinning parameters working on different 
polymer materials. In principle, PCL itself exhibits 
substantial hardness and flexibility. Whereas, our 
elaborately designed PCL-Rop fiber was as soft as 
cotton candy with a high drug payload, due to the 
small proportion of PCL (PCL:Rop = 1:3, w/w), which 
was the most highlighting property for further 
injection. To promote the smoothness of the injection, 
a specific percentage of the injectable F127 hydrogel 
was introduced to the system while maintaining the 
structure of fiber intact, yielding a developed 
Fiber/Gel composite loading with drugs. Unlike the 
previous bupivacaine-loaded electrospun PLGA 
nanomembrane inserted at the open incision [8], the 
Fiber-Rop/Gel-Clo composite in the current study 
could be smoothly injected around the rat sciatic 
nerve via a 1.2 mm-sized injection needle with 
marginal invasion. Therefore, our designed injectable 
fiber platform was convenient in the application of 
minimally invasive surgery, holding great potential in 
clinical application.  

One objective for developing novel local 
anesthetic system is to reduce unexpected side effects. 
Classic local anesthetics administered by the 
traditional method might exhibit local and systemic 
toxicity. Systemic toxicity is mainly caused by a high 
dose of local anesthetic, rich in blood vessels around 
the nerve tissue, or unexpected injections into blood 

vessels [62]. Depending on the concentration of 
anesthetic in serum, patients may present with 
symptoms such as bradycardia, arrhythmia, 
convulsion, coma, or even cardiac arrest [63]. 
Meanwhile, local anesthetic exhibits time and 
dose-dependent toxicity to a variety of tissues, for 
instance, nerves may swell or even necrose [64]. In 
this study, local anesthetic intoxication was observed 
after perineural injection with ≥ 15 mg free Rop, 
nevertheless, the Fiber-Rop/Gel composite loading 
with the same dose of Rop showed efficient sciatic 
nerve block without abnormalities. The rational 
explanation was that Rop with a single large dose 
diffuses widely and was easily absorbed by blood 
vessels. In contrast, the Rop-loaded composite was 
anchored at the sciatic nerve after injection and sol-gel 
transition, yielding the confinement of sustainably 
released Rop in the local nerve site. Additionally, the 
local vasoconstriction resulting from Clo also reduces 
the concentration of Rop absorbed by the 
bloodstream, which further indicated our designed 
composite was advantageous in reducing the toxicity 
of local anesthetics. Given that the toxicity of the 
material itself also needs attention, our selected PCL 
and F127 are both FDA-certified biomedical materials 
with good biosafety and biodegradability [65, 66].  

Of note, some limitations are worth investigating 
and addressing in future studies. Firstly, although the 
nerve block induced by Fiber-Rop/Gel-Clo composite 
lasted for approximately 32 h, it would be more 
conducive to postoperative analgesia in the clinic if it 
could be further extended to 72 h. Secondly, the 
sensorimotor separation effect of the composite 
appeared at the later stage of drug administration but 
was absent at the early stage, presumably due to the 
relatively fast drug release in the initial period, thus 
the formulation and structure of the drug delivery 
platform need to be further improved and optimized 
to achieve complete sensorimotor separation in the 
entire drug duration. Thirdly, novel biomaterial 
without gel-like nature is a requisite for spinal or 
epidural analgesia.  

Conclusions 
In the present study, we developed an injectable 

Fiber-Rop/Gel-Clo composite as a local anesthetic 
delivery system, consisting of Rop-loaded PCL 
electrospun fiber and Clo-loaded thermosensitive 
F127 hydrogel, which was facilely assembled for 
prolonging and sensory-selective regional analgesia 
by merely one dose via sequentially releasing Clo and 
Rop. Preferentially, Clo was rapidly released from the 
hydrogel for vasoconstriction which not only 
diminished the absorption of Rop into the 
bloodstream to minimize the systemic toxicity but 
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also concentrated Rop in the injection site to enhance 
the regional analgesia. Subsequently, the sustainably 
released Rop from the electrospun fiber dramatically 
prolonged the sciatic nerve block of rats with the aid 
of Clo. It was worth noting that the sensory block 
lasted significantly longer than the motor block upon 
injection of 1 mL Fiber-Rop/Gel-Clo composite 
containing 20 mg Rop and 10 µg Clo, as the duration 
time was 32.0 ± 1.4 h and 20.3 ± 0.9 h, respectively. 
Furthermore, our designed injectable Fiber-Rop/ 
Gel-Clo composite exhibited good biodegradability as 
well as satisfactory biosafety. Consequently, the 
fabricated Fiber-Rop/Gel-Clo composite, possessing 
smooth injectability, minimal invasion effect, 
prolonged regional analgesia, and remarkable 
sensorimotor segregation effect, may provide a 
promising prospect for long-term regional walking 
analgesia, especially in clinical surgery of the knee or 
hip joint replacement. 
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