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Abstract: Prolonged analgesia is important to safeguard the patient’s comfort and safety during and
after surgery in clinical practice. To meet the demand for prolonged analgesia, medical professionals
often resort to increasing drug frequency, which may lead to poor patient compliance and serious
complications due to drug overdose. Therefore, it is of great interest to develop controlled-release
drug delivery systems for local anesthetics, enabling slow and controlled drug release to prolong the
analgesic effect and minimize systemic toxicity. In this study, we utilized an electrospinning technique
to fabricate nonwoven poly(caprolactone) (PCL) fibrous membranes loaded with Ropivacaine and
performed proof-of-principle experiments on both in vitro drug release tests and in vivo animal
tests, to further prolong the analgesic effect of Ropivacaine and improve postoperative local pain
management and chronic pain treatment. Material characterization and in vitro drug release studies
confirmed the feasibility of the Ropivacaine-loaded PCL fibrous membranes for sustained release.
The drug loading content and drug loading efficiency of Ropivacaine-loaded fibrous membrane are
8.7 ± 0.3 wt% and 96 ± 3 wt%, respectively. Evaluation in an animal model demonstrated prolonged
anesthesia effects along with excellent biocompatibility and stability. At 72 h, the cumulative release
accounted for approximately 50% of the drug loading content. This study offers novel approaches and
strategies for clinical postoperative pain management and chronic pain treatment, while providing
new insights and directions for the design of local anesthetic controlled-release delivery systems.

Keywords: prolonged anesthesia; electrospinning; drug-loaded fibrous membrane; Ropivacaine;
local administration

1. Introduction

Effective postoperative pain management is of significant importance during the
whole perioperative period. Inadequate postoperative pain management may lead to
increased incidence of complications, higher inpatient medical costs, and even a potential
for the development of chronic pain (approximately 10%) [1,2]. Currently, the management
of both acute and chronic pain still relies on potent opioid medications, including synthetic
opioids, e.g., Fentanyl. This is directly associated with the increase in opioid-related
mortality rates [3]. It is also one of the primary factors associated with the global opioid
misuse crisis [2]. Local anesthetics, as crucial constituents of non-opioid pharmacotherapy,
effectively alleviate pain arising from various causes. However, the local anaesthetic
systemic toxicity and the short half-life property limit their clinical applications [4–6]. To
meet clinical analgesic needs, physicians may choose to increase dosing frequency, which
potentially leads to poor patient compliance and even serious complications, such as local
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anesthetic toxicity due to drug overdose. Therefore, it is important to develop a sustained-
release drug delivery system for local anesthetics, enabling their gradual and controlled
release, with the aim of extending analgesic duration and mitigating systemic toxicity.

Sustained-release delivery systems for local anesthetics have been developed to ad-
dress the aforementioned issues [7]. In 2011, the first commercialized sustained-release
formulation of bupivacaine, EXPAREL®, gained FDA approval, asserting the capability
to prolong the effect of bupivacaine up to 72 h [8,9]. However, due to the high fluidity
of liposomes in EXPAREL®, its analgesic efficacy is unstable, which may lead to safety
concerns [10,11]. Moreover, an increasing body of evidence suggests that liposomal bupi-
vacaine’s analgesic effectiveness is not superior to non-liposomal bupivacaine during
peripheral nerve blocks [12–14].

Researchers are continuously exploring avenues for developing advanced sustained-
released drug delivery systems of local anesthetics to meet the demands of high biocom-
patibility, controllable biodegradability, target specificity, and reduced dosing frequency.
For example, Y Zhang et al. developed a thermosensitive hydrogel system loaded with
levobupivacaine, which exhibited a prolonged analgesic duration seven times longer than
regular levobupivacaine [15]. Generally, utilizing various techniques, such as nanotechnol-
ogy [16], 3D printing technology [17], and electrospinning [18], a variety of formulations,
including microparticles [19], nanoparticles [18], liposomes [20], cyclodextrins [21], and hy-
drogels [15], have been studied for the development of sustained-release systems for local
anesthetics. However, some limitations are observed in the existing local anesthetic delivery
systems based on diverse release carriers, such as intricate preparation techniques, elevated
costs, susceptibility to environmental influences, susceptibility to leakage and burst release,
as well as difficulties in tissue adhesion and limited targeting specificity [22,23].

Electrospinning is a fiber production method that applies electric force to draw charged
threads of polymer solutions to ultrafine fibers and the corresponding nonwoven fibrous
membranes [24]. It is a promising approach for producing various specialized fiber struc-
tures. Electrospun fibrous membranes exhibit high specific surface area and porous struc-
ture, ensuring substantial drug loading capacity and encapsulation efficiency. Notably,
the parameters of these fibrous membranes, including fiber diameter, membrane porosity,
and membrane thickness, can be adjusted through manipulation of operating parameters
and polymer solution properties [25]. These membranes are potentially suitable as local
anesthetic delivery systems with certain release capabilities [25,26].

PCL offers several advantages for biomedical applications, particularly in tissue en-
gineering [27,28], including good biocompatibility, non-immunogenicity, flexibility, and
degradation without acidic accumulation. There are studies using electrospun PCL fibrous
membranes as controlled-release drug delivery systems in the treatment of cancer, diabetes,
and neurological disorders [24,29]. In our study, we explore the utilization of PCL as a
carrier for anesthetic agents. Regarding the selection of anesthetic agents, we use Ropiva-
caine as the experimental compound. Ropivacaine is classified as a long-acting amide local
anesthetic agent distinguished by its lower cardiovascular and neurological toxicity and
sensory-motor separation properties. This profile has led to wide clinical applications [30].

In this study, we developed PCL fibrous membranes containing Ropivacaine through
an electrospinning technique and evaluated their material characteristics, drug release
in vitro, prolonged anesthesia effects of locally administered Ropivacaine in vivo, and
potential toxicity. The results from the proof-of-principle experiments provide valuable
insights into the development of controlled-release drug delivery systems using fibrous
membranes as a drug carrier with Ropivacaine as a model drug, showing promising
prospects for enhanced pain management in various clinical settings.

2. Materials and Methods
2.1. Materials

Poly(caprolactone) (Mn = 50,000~60,000 g/mol) was purchased from Shanghai Al-
addin Bio-Chem Technology Co., Ltd. (Shanghai, China). Ropivacaine (C17H26N2O, 98%,
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Mw = 274.4 g/mol) was obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Dichloromethane (CH2Cl2, AR) and anhydrous ethanol (CH3OH, AR) were pro-
cured from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). The solubility
of Ropivacaine in water is 10 mg/mL, and it is easily soluble in DCM. Male Sprague
Dawley rats were purchased from Liaoning Changsheng Biotechnology Co., Ltd. (Benxi,
China). The syringe (Jiangxi Fenglin Medical Appliances Co., Ltd., Fuzhou, China) used
for electrospinning was 10 mL. The electrospinning equipment came from Yongkang Leye
Technology Development Co., Ltd. (Beijing, China).

2.2. Preparation of PCL Fibrous Membranes via Electrospinning

The PCL solution was dissolved in dichloromethane and subjected to stirring at room
temperature using a magnetic stirrer (Shanghai Sile Instrument Co., Ltd., Shanghai, China)
operated at 500 rpm for 12 h. Following defoaming, the solution was delivered through a
21-G stainless steel needle at a controlled injection rate of 0.02 mL/min. Electrospinning of
PCL fibers was carried out within an electrostatic field generated by applying a positive
voltage of 12.8 kV and a negative voltage of −3.8 kV. Conditions of controlled temperature
(25 ± 1 ◦C) and humidity (22 ± 7%) were maintained during the process. The receiving
collector, positioned at a distance of 20 cm, was set to rotate at a rate of 30 rpm. The
electrospinning parameters are presented in Table 1. All membranes were dried at 39 ◦C
for over 12 h to ensure the removal of residual solvent in consideration of the PCL melting
point (58–64 ◦C) and the boiling point of dichloromethane (39.8 ◦C).

Table 1. Electrospinning processing parameters and the resulting fibrous membrane properties.

Parameters Unit Electrospun PCL
Fibrous Membrane

Electrospun PCL Fibrous
Membrane with

Ropivacaine

Solution Composition wt% PCL/DCM
(20/80)

Ropivacaine/PCL/DCM
(2/20/78)

Flow Rate mL/min 0.02 0.02
Voltage kV +12.8/−3.8 +11.2/−3.1

Rotating Speed rpm 30 30
Receiving Distance cm 20 15

Porosity % 80 ± 5 72 ± 6
WCA ◦ 121 ± 5 125 ± 5

Thickness µm 70 ± 10 90 ± 10
Fiber Diameter µm 4 3.6

2.3. Preparation of Ropivacaine-Loaded PCL Fibrous Membranes via Electrospinning

A composite solution was prepared by dissolving Ropivacaine (2 wt%) and PCL
(20 wt%) in dichloromethane (78 wt%). Subsequently, the Ropivacaine-loaded PCL elec-
trospun fibrous membrane (referred to as Ropivacaine-loaded fibrous membrane) was
obtained via electrospinning under an electrostatic field with a positive voltage of 11.2 kV,
a negative voltage of −3.1 kV, and a collecting distance of 15 cm. The electrospinning
parameters and procedures for the Ropivacaine-loaded fibrous membrane were consistent
with those for the PCL fibrous membranes without Ropivacaine. The specific operational
and material characteristics are listed in Table 1.

2.4. Preparation of Ropivacaine-Loaded PCL Dense Membranes

Ropivacaine (2 wt%) and PCL (20 wt%) were mixed and dissolved in dichloromethane
(78 wt%), followed by stirring at room temperature for 12 h. The resulting clear solution
was poured onto a PTFE plate and evenly spread using a glass slide. After natural drying
(approximately 5 min), the membrane that adhered to the plate was peeled off to yield
the Ropivacaine-loaded PCL dense membrane (referred to as Ropivacaine-loaded dense
membrane, Figure S1 of Supplementary Materials). The membrane exhibited a thickness of
about 80 to 120 µm without a porous structure.
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2.5. Characterizations

The weight of the drug was measured by an electronic balance (BSM220.4, Shang-
hai Zhuojing Electronic Technology Co., Ltd., Shanghai, China). The accuracy of the
balance is 0.1 mg. The image of the pure Ropivacaine crystals was characterized using
an optical microscope (D300C, Shanghai Bingyu Optical Instrument Co., Ltd., Shanghai,
China). The morphology of the membrane was characterized using a scanning electron
microscope (TM4000Plus, Hitachi, Japan). Prior to observation, the membrane surface
was sputter-coated with gold for 120 s using an ion sputter coater to enhance conductivity.
The porosity was measured using the oil immersion method. The water contact angle
was measured by randomly placing 2.5 µL of deionized water on the flat membrane sur-
face. Energy-dispersive X-ray spectroscopy (EDS) analysis of nitrogen elements in the
Ropivacaine-loaded fibrous membrane was performed using a high-resolution field emis-
sion scanning electron microscope (JSM-7900F, Tokyo, Japan). Additionally, the presence of
N-H absorption peaks in the Ropivacaine-loaded fibrous membrane was detected using a
Fourier transform infrared spectrometer (IS50, Thermo Nicolet, Madison, WI, USA).

2.6. Ropivacaine Release In Vitro Experiments

To assess the drug release profile, 50 mg of Ropivacaine-loaded fibrous membrane
was dissolved in 10 mL of methanol. After 30 min of ultrasonication and 30 min of stirring,
a 100 µL solution was taken and diluted 100 times. The Ropivacaine concentration was de-
termined using a liquid chromatography–mass spectrometry system (Agilent RRLC/6410B,
San Diego, CA, USA). Drug loading content (DLC) and encapsulation efficiency (DLE)
were calculated, where DLC represents the mass of the loaded drug divided by the total
mass of the membrane, and DLE represents the mass of the encapsulated drug divided by
the initial mass of the drug.

For the cumulative release study, 0.2 g of Ropivacaine-loaded fibrous membrane was
placed in 10 mL of phosphate buffer solution. Samples were collected at 5 min, 1 h, 3 h,
6 h, 10 h, 24 h, 48 h, and 72 h, each time replenishing the buffer solution. After a 200-fold
dilution, the Ropivacaine concentration was measured using the chromatography–mass
spectrometry system. The cumulative drug release was calculated using the previously
determined drug loading content, thereby generating the percentage release profile of the
Ropivacaine-loaded fibrous membrane.

2.7. In Vivo Experiments

Fifteen male Sprague Dawley (SD) rats, with weights of 200~250 g, were allowed free
access to food and water and were maintained at a temperature of 26 ◦C and a humidity
range of 40–70%. All rats were acclimated for one week prior to the start of the experiments
under these conditions. All animal experiments were conducted in compliance with the
ethical principles of animal research. Rats were euthanized by overdose of sevoflurane 72 h
after surgery.

The rats were randomly divided into three groups, each containing five rats. The test
rats were anesthetized through intraperitoneal injection with chloral hydrate (100 mg/mL)
at a dosage of 3 mL/kg of body weight. Following the induction of anesthesia, a 2 cm
incision was made on the right hind hip, and the muscles were gently separated to expose
the sciatic nerve (Figure S2 of Supplementary Materials). In the Ropivacaine-loaded fibrous
membrane group, a 10 mg fibrous membrane (1.5 cm × 2 cm, ~1 mg of Ropivacaine) was
folded along its shorter axis and placed within the muscle gap along the direction of the
sciatic nerve. For the Ropivacaine aqueous injection group, a 10 mg piece of defatted
cotton was positioned on the sciatic nerve’s surface in a similar manner to the Ropivacaine-
loaded fibrous membrane group. Subsequently, 0.1 mL of Ropivacaine injection solution
(10 mg/mL) was evenly administered onto the defatted cotton. A 10 mg Ropivacaine-
loaded dense membrane (1.5 cm × 0.7 cm) was placed on the sciatic nerve’s surface with
the same method. Neurobehavioral evaluation was blinded to the rats’ groupings.
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2.8. Anesthesia Effects Evaluation

To evaluate the sensory blockade effect, the Paw Withdrawal Thermal Latency (PWTL)
of rats in response to thermal stimuli was measured using a hot plate test. Prior to testing,
rats were allowed to acclimate to the environment for 30 min. During the hot plate test,
rats were placed on a hot plate with a temperature of 50 ◦C. An external thermocouple
was connected to the testing area of the hot plate to continuously monitor and maintain
its temperature stability. The maximum allowable PWTL time was set at 25 s. If a rat did
not exhibit escape behaviors (such as paw withdrawal or licking) before this maximum
time, it was immediately removed from the hot plate. Each rat underwent the hot plate
test for three consecutive days before surgery to establish baseline values for their thermal
sensitivity. The average PWTL was calculated by conducting three repeated tests at the
planned time points (2, 4, 6, 12, 24, 48, 72 h, post-surgery), with a 10 min interval between
each test.

The rats were evaluated for motor function using a four-point scale to assess the effect
of the motor blockade. 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 (Figure S3 of Supplementary Materials).

2.9. Local Inflammatory Response and Wound Healing Assessment

The wound healing status of the rats was assessed at 72 h post-surgery. After humane
euthanasia of the rats using excess isoflurane, skeletal muscle tissue and the sciatic nerve
in close proximity to the implants were retrieved. Following fixation in 4% paraformalde-
hyde, the specimens were paraffin-embedded, sectioned into 3–4 µm thick slices using a
microtome (Leica CM1950, Wetzlar, Germany), stained with hematoxylin and eosin, and
sealed with neutral mounting medium. Optical microscopy was employed for observation
and imaging. The baseline body weight of each rat before the surgery and their weight
72 h after surgery were recorded and compared to evaluate the systemic impact of different
implanted materials on the rats (Figure S4 of Supplementary Materials).

2.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0.2 software (GraphPad,
San Diego, CA, USA). The measured data in the experiment, such as the PWTL, were
presented as mean ± standard error (SE). Differences between groups were analyzed using
one-way analysis of variance (ANOVA) with repeated measures and Tukey’s multiple
comparisons test.

3. Results and Discussion
3.1. Microstructures and Ropivacaine Integration

The preparation of the Ropivacaine-loaded fibrous membrane involves the intro-
duction of Ropivacaine crystals (shown as rod-like structures in Figure 1c) into a PCL
DCM solution. In the electrospinning process, this solution was pulled into micro fibers,
which were collected on a rotating drum and formed a nonwoven fibrous membrane.
The membrane can be peeled off from the drum as a free-standing Ropivacaine-loaded
fibrous membrane. It can be observed from the SEM images that the electrospun PCL fibers
without Ropivacaine are smooth on the surface (as shown in Figure 1d), while the fibers
with Ropivacaine present needle-like structures on the fiber surface (as shown in Figure 1e).
Due to the pre-mixing of Ropivacaine with PCL in dichloromethane prior to electrospin-
ning, the rapid evaporation of the solvent during electrospinning leads to Ropivacaine
forming needle-like structures closely integrated with the PCL fibers. Figure 1f illustrates
the needle-like Ropivacaine structures anchored onto the PCL fibers. These Ropivacaine
needle-like structures on the fibers closely resemble the original crystal morphology of
the Ropivacaine powder, but due to the low Ropivacaine content and the rapid solvent
evaporation during spinning, the structures are finer and more needle-like in appearance.
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Figure 1. Characterization of Ropivacaine-loaded PCL fibrous membrane using electrospinning.
(a) Schematic diagram of the electrospinning process with various solutions as the fiber precursors.
(b) Photographs of the electrospun fibrous membrane collected on the aluminum foil. (c) Optical
microscope image of the pure Ropivacaine crystals. (d) SEM image showing the morphology of the
electrospun PCL fibrous membrane with nonwoven, smooth fibers. (e) SEM image showing the
morphology of the electrospun Ropivacaine-loaded PCL fibrous membrane with branched structure
of nonwoven fibers. (f) Schematic illustration of the structure of Ropivacaine-loaded PCL fibrous
membrane. (g) EDS analysis of the Ropivacaine-loaded fibrous membrane. The red dots indicate the
presence of nitrogen elements. (h) FTIR analysis of the Ropivacaine-loaded fibrous membrane.

Within this system, nitrogen elements are exclusively present in Ropivacaine, whereas
PCL lacks nitrogen elements. EDS analysis serves to ascertain the presence of Ropivacaine
in the fibrous membranes (Figure 1g), accompanied by an examination of N-H bond
absorption peaks using FTIR (Figure 1h). These analyses collectively confirm the successful
fabrication of the Ropivacaine-loaded fibrous membrane. The presence of Ropivacaine
within the fiber membrane is evident, and the needle-like structures observed on the coarse
fiber strands correspond to Ropivacaine. The measurement of nitrogen content is influenced
by multiple factors and may not be precise; however, it remains suitable for qualitative
analysis.
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3.2. Ropivacaine Release from PCL Carriers In Vitro

Figure 2a,b present a statistical distribution of fiber diameters for the electrospun
PCL fibrous membrane with Ropivacaine and without Ropivacaine, with an average fiber
diameter of 4 µm and 3.6 µm, respectively. The introduction of Ropivacaine into the fibers
slightly decreases the fiber diameter due to the reduction of solution viscosity during the
electrospinning process. For a dense membrane, the surface area increases as the membrane
thickness decreases. For a fibrous membrane, its surface area further enlarges as the fiber
diameter decreases. The fibrous membrane exhibits a significantly larger surface area
compared to the dense membrane, often reaching approximately 10–100 folds, as illustrated
in Figure 2c.

A f

Ad
=

2δ

d
(1)

where Af and Ad represent the surface areas of the fibrous membrane and the dense
membrane, respectively; d denotes the fiber diameter of the fibrous membrane; and δ
denotes the membrane thickness.
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Ropivacaine-loaded fibrous membrane ensures sufficient drug release and a stable release 

Figure 2. In vitro release of Ropivacaine from PCL carriers. (a) Statistical distribution of fiber diameter
of electrospun PCL fibers. (b) Statistical distribution of fiber diameter of electrospun PCL fibers
with Ropivacaine. (c) Comparison of the relationship and range between the surface area and fiber
diameter of fibrous membranes in contrast to dense membranes. The variable d/δ indicates the ratio
of fiber diameter to membrane thickness, while Af/Ad indicates the ratio of fiber surface area to
membrane surface area. (d) Theoretical relation between drug loading capacity (DLC) and drug
release rate. (e) Cumulative release amount and (f) release rate of Ropivacaine over time with various
drug-carrying configurations.
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The drug relate rate can be evaluated by the following equation:

M
t

= kAc (2)

where M indicates the amount of drug released. t denotes time; k denotes an empirical
coefficient, characterizing the collective influence of diffusion coefficients, membrane
attributes, and other parameters under the same conditions aside from surface area A and
concentration c. A comparison of diffusion coefficients for several common substances is
discussed in Figure S5 of the Supplementary Materials. The calculated diffusion coefficient
for Ropivacaine is approximately 4 × 10−10 m/s2, which is smaller than that of sodium and
potassium ions and similar to glucose. By incorporating the derivation of the surface area
in Equation (1) and substituting the drug loading content (DLC) for drug concentration,
the following expression can be obtained:

M
t

∼ 4m
ρd

k(1 − DLC)DLC (3)

where m and ρ denote the mass and density, respectively, of the fibrous membrane. This
perspective also underscores that approaching a drug loading close to 1 not only affects
the rate during steady release but may also hinder further drug release. In Figure 2d,
the alteration in the microstructure of the fibrous membrane with increased DLC also
demonstrates that elevating the DLC impacts the formation of Ropivacaine needle-like
structures, resulting in partial fiber coverage by the drug and instances of fiber rupture.

The determination of concentrations in solutions using a chromatography–mass spec-
trometry tandem system yielded the drug loading content (DLC) and drug loading effi-
ciency (DLE) of Ropivacaine-loaded fibrous membrane as 8.7 ± 0.3 wt% and 96 ± 3 wt%,
respectively. The minimal drug loss in electrospinning significantly surpasses the require-
ment for DLE to exceed 80 wt%. For the Ropivacaine-loaded fibrous membrane in vitro
diffusion experiments in PBS, substantial release occurred in the initial minutes, followed
by gradual and sustained release over time, reaching an equilibrium release rate (Figure 2f).
At 72 h, the cumulative release accounted for approximately 50% of the drug loading con-
tent (Figure 2e). Conversely, for Ropivacaine aqueous injection, we consider the solution
to be homogeneous, leading to direct and complete release. The initial release rate can be
deemed infinitely high, subsequently transitioning to no further release (rate considered
zero). The data in the graph represent relative results based on initial concentration and
time calculations.

The Ropivacaine-loaded dense membrane also exhibited an initial burst release, fol-
lowed by a rapid decrease in release rate approaching zero. At 72 h, the cumulative release
reached around 25% of the drug loading content. We assume that both drug-loaded mem-
branes possess a certain amount of drug not constrained by PCL on their surface, resulting
in the initial rapid release. However, the expansive diffusion area during the release of the
Ropivacaine-loaded fibrous membrane ensures sufficient drug release and a stable release
rate. On the contrary, the lack of voids in the interior of the Ropivacaine-loaded dense mem-
brane due to encapsulation by PCL impedes drug release, leading to considerably higher
release resistance compared to the fibrous membrane. The marginal release rate could be
attributed to the ongoing degradation of PCL within the dense membrane. Previous studies
have indicated that PCL with a molecular weight above 60,000 can degrade over a period
of 2 to 3 years, with lower molecular weights leading to shorter degradation times [31].
With enzymatic assistance, PCL degradation can be accelerated to a few months [32], thus
supporting the inference of a slow drug release rate within the Ropivacaine-loaded dense
membrane.

3.3. Prolonged Anesthesia Effects

Figure 3 presents a comparative analysis of sciatic nerve sensory blockade in rats
among the three groups after drug administration. Two hours post-surgery, noticeable
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extension of the Paw Withdrawal Thermal Latency (PWTL) was observed in all groups,
signifying the onset of effect of the three Ropivacaine-containing implants within the rats’
bodies. Rats in the Ropivacaine-loaded fibrous membrane group maintained an extended
PWTL within the initial 6 h post-surgery, followed by a gradual reduction until reaching
baseline levels by 72 h post-surgery. This trend aligns with the cumulative drug release pat-
tern observed in vitro, with substantial release occurring in the first 6 h followed by gradual
and steady release, indicating consistent drug diffusion. In inter-group comparisons, the
PWTL for the Ropivacaine-loaded fibrous membrane group was significantly higher than
the other two groups at 4, 6, 12, 24, and 48 h post-surgery. Beyond 2 h post-surgery, both
Ropivacaine aqueous injection and Ropivacaine-loaded dense membrane groups exhib-
ited swift PWTL reduction, recovering to pre-surgery levels by 12 h post-surgery. This
trend mirrored the in vitro drug release results, implying the absence of sustained drug
release for these two administration methods. Furthermore, the time to motor function
recovery reaching a score of 1 was 48 h for the Ropivacaine-loaded fibrous membrane
group, 4 h for the Ropivacaine aqueous injection group, and 6 h for the Ropivacaine-loaded
dense membrane group. This indicates that the motor blockade time was longer for the
Ropivacaine-loaded dense membrane group compared to the other two groups, confirming
the prolonged anesthetic effect of Ropivacaine-loaded fibrous membrane.

Membranes 2023, 13, x FOR PEER REVIEW 10 of 14 
 

 

 
Figure 3. Anesthesia effects of locally administered Ropivacaine in vivo with various drug-carrying 
configurations. (a) The Paw Withdrawal Thermal Latency (PWTL) of rats over time after sciatic 
nerve blockade by Ropivacaine. The dashed line indicates the baseline of PWTL, which is the mean 
time of PWTL for all rats before surgery. #: p < 0.05; ##: p < 0.01 vs. Ropivacaine aqueous injection; 
**: p < 0.01 vs. Ropivacaine-loaded dense membrane. (b) Motor block of rats evaluated using a four-
point rating scale: 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 disor-
ders. –: median. n = 5 per group. 

3.4. Characterization of PCL Fibrous Membranes after Ropivacaine Release In Vivo 
Figure 4 illustrates the microstructural changes of the Ropivacaine-loaded fibrous 

membrane within rat tissues after drug release and carrier degradation. It is notable that 
the absence of needle-like structures on the fiber surface indicates the completion of drug 
release. The PCL fibers display evident fracture patterns (Figure 4a), suggesting observa-
ble degradation of PCL within rat tissues. Adhesion between certain fibers and rat tissues 
is apparent (Figure 4b). Following determination experiments for Drug Loading Content 
(DLC) and Drug Loading Efficiency (DLE), the Ropivacaine-loaded fibrous membrane 
was extracted post methanol dissolution and subsequently washed for SEM analysis, as 
depicted in Figure 4c. The disappearance of the previously seen needle-like structures 
confirms the attachment of Ropivacaine to the fibers, corroborating the side view perspec-
tive. Figure 4d showcases the Energy Dispersive X-ray Spectroscopy (EDS) image of the 
Ropivacaine-loaded fibrous membrane after extraction from PBS, demonstrating the ab-
sence of needle-like structures. The nitrogen element content is measured at a mere 0.33 
wt%, suggesting a comprehensive release of Ropivacaine through the PCL carrier within 

Figure 3. Anesthesia effects of locally administered Ropivacaine in vivo with various drug-carrying
configurations. (a) The Paw Withdrawal Thermal Latency (PWTL) of rats over time after sciatic nerve
blockade by Ropivacaine. The dashed line indicates the baseline of PWTL, which is the mean time of
PWTL for all rats before surgery. #: p < 0.05; ##: p < 0.01 vs. Ropivacaine aqueous injection; **: p < 0.01
vs. Ropivacaine-loaded dense membrane. (b) Motor block of rats evaluated using a four-point rating
scale: 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. –: median. n = 5
per group.

The electrospun fibrous membranes exhibit a high surface-area-to-volume ratio and
porous structure, ensuring substantial drug loading capacity. This is consistent with
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our experimental findings, where the drug loading content of Ropivacaine on the PCL
electrospun fibrous membrane was measured at about 9 wt%. In the in vitro cumulative
drug release profile, a steeper slope is observed within the initial 2.5 h. Our animal
experiments indicated that the most potent anesthetic effect was observed at 4 h after
administration. This phenomenon suggests that the Ropivacaine-loaded fibrous membrane
may experience a burst release of the drug within the initial hours. This can be attributed
to the occurrence of drug adsorption on the surface of the high-molecular-weight polymer
solution, leading to the presence of unencapsulated drug molecules on the surface of the
spun fibers. Additionally, upon exposure to a liquid environment, the liquid infiltrates into
the carrier’s pores, causing a partial washout of the drug, thus contributing to the initial
burst release phenomenon.

The Ropivacaine-loaded dense membrane, due to its non-porous structure, impedes
the release of the encapsulated drug, rendering it incapable of facilitating controlled and sus-
tained drug delivery. The transient anesthetic effect observed with the Ropivacaine-loaded
dense membrane group may be attributed to the influence of the portion of Ropivacaine
situated on the membrane’s surface. Once these limited drug reserves are exhausted, the
Ropivacaine encapsulated within the dense membrane cannot be further released rapidly
or sufficiently to exert its anesthetic effect.

3.4. Characterization of PCL Fibrous Membranes after Ropivacaine Release In Vivo

Figure 4 illustrates the microstructural changes of the Ropivacaine-loaded fibrous
membrane within rat tissues after drug release and carrier degradation. It is notable that
the absence of needle-like structures on the fiber surface indicates the completion of drug
release. The PCL fibers display evident fracture patterns (Figure 4a), suggesting observable
degradation of PCL within rat tissues. Adhesion between certain fibers and rat tissues is
apparent (Figure 4b). Following determination experiments for Drug Loading Content
(DLC) and Drug Loading Efficiency (DLE), the Ropivacaine-loaded fibrous membrane was
extracted post methanol dissolution and subsequently washed for SEM analysis, as depicted
in Figure 4c. The disappearance of the previously seen needle-like structures confirms the
attachment of Ropivacaine to the fibers, corroborating the side view perspective. Figure 4d
showcases the Energy Dispersive X-ray Spectroscopy (EDS) image of the Ropivacaine-
loaded fibrous membrane after extraction from PBS, demonstrating the absence of needle-
like structures. The nitrogen element content is measured at a mere 0.33 wt%, suggesting a
comprehensive release of Ropivacaine through the PCL carrier within PBS. The presence
of certain spots on the surface might be attributed to residue from the dried solution. It is
important to note that the drug-loaded fibrous membrane after release was not subjected
to any post-release cleaning treatment, distinguishing it from the effects of direct methanol
dissolution. Figure S6 of the Supplementary Materials shows the microstructure of the test
PCL fibrous membrane during drug release and PCL degradation in rats over time.

3.5. Biocompatibility and Safety Assessment of PCL Fiber Membranes

The properties of PCL, such as its non-immunogenicity, minimal acid buildup during
degradation, excellent biocompatibility, flexibility, and high mechanical strength, have
been reported in previous studies [24]. These findings align with our experimental results.
As depicted in Figure 5a, postoperative wound healing was favorable in all three groups
of rats, with no significant signs of redness, swelling, or exudation observed around the
incision sites. Histological analysis of skeletal muscle tissue surrounding the implants at
72 h post-surgery, as shown in Figure 5b, revealed well-organized muscle fiber arrangement
without evident muscle cell necrosis or inflammatory cell infiltration. The HE staining
image of the adjacent sciatic nerve in Figure 5c demonstrated dense and structurally
normal nerve fiber arrangement, with no pathological changes, such as inflammatory
cell infiltration or nerve demyelination. The body weight of rats that received different
implants did not exhibit significant changes compared to their baseline weight at 72 h
post-implantation, indicating the absence of systemic toxicity caused by the PCL fibrous
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membrane implantation. Our experimental findings are consistent with previous research,
supporting the high biocompatibility of PCL Ropivacaine-loaded fibrous membranes for
safe application in biological systems.
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scopic view of the retrieved drug-loaded fibrous membrane from rats, revealing fiber fracture due to
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fibrous membrane after release in methanol. (d) EDS analysis of the Ropivacaine-loaded fibrous
membrane after release in PBS, indicating reduced drug content and residue.
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72 h post-surgery. (b) Optical microscopy image of HE-stained skeletal muscle tissue around the
implanted material in rats. (c) Optical microscopy image of HE-stained sciatic nerve around the
implanted material in rats. The scale bars indicate 100 µm in the images.

4. Conclusions

In this study, we successfully developed poly(caprolactone) (PCL) nonwoven fibrous
membranes loaded with Ropivacaine using the electrospinning technique. The fibers have
a micron and submicron diameter and carry needle-like Ropivacaine crystals within. The
fibrous membrane exhibits a 10–100 fold surface area compared to the dense membrane.
The drug loading content (DLC) and drug loading efficiency (DLE) of the Ropivacaine-
loaded fibrous membrane were 8.7 ± 0.3 wt% and 96 ± 3 wt%, respectively. The tunable
electrospinning parameters determine the drug release rate and pattern, allowing for the
loading of a significant amount of medication. The fibrous membrane can be delivered
through surgical incisions and placed near the nerves. As PCL degrades and small gaps
exist in the fibers, Ropivacaine is continuously released in the body, providing prolonged
anesthesia for more than 48 h, as confirmed by in vitro drug release studies and in vivo
animal tests. This study provides valuable insights into the use of fibrous membranes as
drug carriers and highlights the advantages of the electrospinning technique and PCL fibers
in drug delivery and tissue engineering applications. Further research and development in
this area could contribute to improved pain management and patient outcomes.
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Author Contributions: Conceptualization, L.W. and F.G.; Methodology, J.C. and L.W.; Investigation,
L.W., J.C., Z.L. and F.G.; Data curation, L.W. and Z.L.; Writing—original draft, L.W. and J.C.; Writing—
review & editing, F.G.; Supervision, F.G. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by Ethics Com-
mittee of Dalian Municipal Central Hospital (protocol code: YN2022-113-01; date of approval: 25
December 2022).

Data Availability Statement: Data is contained within the article or supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kehlet, H.; Jensen, T.S.; Woolf, C.J. Persistent postsurgical pain: Risk factors and prevention. Lancet 2006, 367, 1618–1625.

[CrossRef]
2. Glare, P.; Aubrey, K.R.; Myles, P.S. Transition from acute to chronic pain after surgery. Lancet 2019, 393, 1537–1546. [CrossRef]
3. Volkow, N.D.; Blanco, C. The changing opioid crisis: Development, challenges and opportunities. Mol. Psychiatry 2021, 26,

218–233. [CrossRef] [PubMed]
4. Macfarlane, A.J.R.; Gitman, M.; Bornstein, K.J.; El-Boghdadly, K.; Weinberg, G. Updates in our understanding of local anaesthetic

systemic toxicity: A narrative review. Anaesthesia 2021, 76 (Suppl. S1), 27–39. [CrossRef]
5. Desai, N.; Kirkham, K.R.; Albrecht, E. Local anaesthetic adjuncts for peripheral regional anaesthesia: A narrative review.

Anaesthesia 2021, 76 (Suppl. S1), 100–109. [CrossRef] [PubMed]
6. Lirk, P.; Hollmann, M.W.; Strichartz, G. The Science of Local Anesthesia: Basic Research, Clinical Application, and Future

Directions. Anesth. Analg. 2018, 126, 1381–1392. [CrossRef]
7. Santamaria, C.M.; Woodruff, A.; Yang, R.; Kohane, D.S. Drug delivery systems for prolonged duration local anesthesia. Mater.

Today 2017, 20, 22–31. [CrossRef]
8. San Diego: Pacira Pharmaceuticals, I. Exparel [Package Insert]. 2014. Available online: https://www.accessdata.fda.gov/

drugsatfda_docs/label/2014/022496s005lbl.pdf (accessed on 14 September 2023).
9. Vyas, K.S.; Rajendran, S.; Morrison, S.D.; Shakir, A.; Mardini, S.; Lemaine, V.; Nahabedian, M.Y.; Baker, S.B.; Rinker, B.D.;

Vasconez, H.C. Systematic Review of Liposomal Bpivacaine (Exparel) for Postoperative Analgesia. Plast. Reconstr. Surg. 2016, 138,
748e–756e. [CrossRef]

https://www.mdpi.com/article/10.3390/membranes13110861/s1
https://www.mdpi.com/article/10.3390/membranes13110861/s1
https://doi.org/10.1016/S0140-6736(06)68700-X
https://doi.org/10.1016/S0140-6736(19)30352-6
https://doi.org/10.1038/s41380-020-0661-4
https://www.ncbi.nlm.nih.gov/pubmed/32020048
https://doi.org/10.1111/anae.15282
https://doi.org/10.1111/anae.15245
https://www.ncbi.nlm.nih.gov/pubmed/33426668
https://doi.org/10.1213/ANE.0000000000002665
https://doi.org/10.1016/j.mattod.2016.11.019
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/022496s005lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/022496s005lbl.pdf
https://doi.org/10.1097/PRS.0000000000002547


Membranes 2023, 13, 861 13 of 13

10. Aggarwal, N. Local anesthetics systemic toxicity association with exparel (bupivacaine liposome)-A pharmacovigilance evaluation.
Expert Opin. Drug Saf. 2018, 17, 581–587. [CrossRef] [PubMed]

11. Okoroha, K.R.; Lynch, J.R.; Keller, R.A.; Korona, J.; Amato, C.; Rill, B.; Kolowich, P.A.; Muh, S.J. Liposomal bupivacaine vs.
interscalene nerve block for pain control after shoulder arthroplasty: A prospective randomized trial. J. Shoulder Elb. Surg. 2016,
25, 1742–1748. [CrossRef]

12. Hussain, N.; Brull, R.; Sheehy, B.; Essandoh, M.K.; Stahl, D.L.; Weaver, T.E.; Abdallah, F.W. Perineural Liposomal Bupivacaine Is
Not Superior to Nonliposomal Bupivacaine for Peripheral Nerve Block Analgesia. Anesthesiology 2021, 134, 147–164. [CrossRef]
[PubMed]

13. Ilfeld, B.M.; Eisenach, J.C.; Gabriel, R.A. Clinical Effectiveness of Liposomal Bupivacaine Administered by Infiltration or
Peripheral Nerve Block to Treat Postoperative Pain. Anesthesiology 2021, 134, 283–344. [CrossRef] [PubMed]

14. Hamilton, T.W.; Knight, R.; Stokes, J.R.; Rombach, I.; Cooper, C.; Davies, L.; Dutton, S.J.; Barker, K.L.; Cook, J.; Lamb, S.E.;
et al. Efficacy of Liposomal Bupivacaine and Bupivacaine Hydrochloride vs Bupivacaine Hydrochloride Alone as a Periarticular
Anesthetic for Patients Undergoing Knee Replacement: A Randomized Clinical Trial. JAMA Surg. 2022, 157, 481–489. [CrossRef]

15. Zhang, Y.; Shi, K.; Yang, X.; Chen, W.; Wang, T.; Kang, Y.; Gong, D.; Qian, Z.; Zhang, W. Sustained release of levobupivacaine
from temperature-sensitive injectable hydrogel for long-term local anesthesia in postoperative pain management. Biomaterials
2023, 299, 122129. [CrossRef]

16. Tang, L.; Qin, F.; Gong, D.; Dong, Y.; Pan, L.; Zhou, C.; Yin, Q.; Song, X.; Ling, R.; Huang, J.; et al. Long-term sciatic nerve block led
by a supramolecular arrangement of self-delivery local a nesthetic nano systems. Chem. Commun. 2023, 59, 8400–8403. [CrossRef]

17. Fu, J.; Yu, X.; Jin, Y. 3D printing of vaginal rings with personalized shapes for controlled release of progesterone. Int. J. Pharm.
2018, 539, 75–82. [CrossRef] [PubMed]

18. Shetty, K.; Bhandari, A.; Yadav, K.S. Nanoparticles incorporated in nanofibers using electrospinning: A novel nano-in-nano
delivery system. J. Control. Release 2022, 350, 421–434. [CrossRef] [PubMed]

19. Wong, C.Y.; Al-Salami, H.; Dass, C.R. Microparticles, microcapsules and microspheres: A review of recent developments and
prospects for oral delivery of insulin. Int. J. Pharm. 2018, 537, 223–244. [CrossRef] [PubMed]

20. Zhan, C.; Santamaria, C.M.; Wang, W.; McAlvin, J.B.; Kohane, D.S. Long-acting liposomal corneal anesthetics. Biomaterials 2018,
181, 372–377. [CrossRef]

21. Hu, J.-W.; Yen, M.-W.; Wang, A.-J.; Chu, I.M. Effect of oil structure on cyclodextrin-based Pickering emulsions for bupivacaine
topical application. Colloids Surf. B Biointerfaces 2018, 161, 51–58. [CrossRef]

22. Weiniger, C.F.; Golovanevski, M.; Sokolsky-Papkov, M.; Domb, A.J. Review of prolonged local anesthetic action. Expert Opin.
Drug Deliv. 2010, 7, 737–752. [CrossRef] [PubMed]

23. Sokolsky-Papkov, M.; Golovanevski, L.; Domb, A.J.; Weiniger, C.F. Prolonged local anesthetic action through slow release from
poly (lactic acid co castor oil). Pharm. Res. 2009, 26, 32–39. [CrossRef] [PubMed]

24. Chen, S.; Li, R.; Li, X.; Xie, J. Electrospinning: An enabling nanotechnology platform for drug delivery and regenerative medicine.
Adv. Drug Deliv. Rev. 2018, 132, 188–213. [CrossRef]

25. Dorati, R.; Chiesa, E.; Pisani, S.; Genta, I.; Modena, T.; Bruni, G.; Brambilla, C.R.M.; Benazzo, M.; Conti, B. The Effect of Process
Parameters on Alignment of Tubular Electrospun Nanofibers for Tissue Regeneration Purposes. J. Drug Deliv. Sci. Technol. 2020,
58, 101781. [CrossRef]

26. Ramos Carriles, Y.; Suetel, M.; Henze, S.; Álvarez Brito, R.; Mueller, W.-D. Electrospun meshes of poly (n-butyl cyanoacrylate)
and their potential applications for drug delivery and tissue engineering. Int. J. Pharm. 2021, 606, 120735. [CrossRef] [PubMed]

27. Brennan, D.A.; Flamini, M.D.; Posselt, J.; Wagner, C.T.; Beachley, V. Effect of post-drawing and tension on enzymatic degradation
of electrospun polycaprolactone nanofibers. Mater. Today Commun. 2023, 34, 104990. [CrossRef]

28. Busuioc, C.; Alecu, A.E.; Costea, C.C.; Beregoi, M.; Bacalum, M.; Raileanu, M.; Jinga, S.I.; Deleanu, I.M. Composite Fibers Based
on Polycaprolactone and Calcium Magnesium Silicate Powders for Tissue Engineering Applications. Polymers 2022, 14, 4611.
[CrossRef]

29. Fu, Y.; Li, X.; Ren, Z.; Mao, C.; Han, G. Multifunctional Electrospun Nanofibers for Enhancing Localized Cancer Treatment. Small
2018, 14, e1801183. [CrossRef] [PubMed]

30. Mather, L.E.; Chang, D.H. Cardiotoxicity with modern local anaesthetics: Is there a safer choice? Drugs 2001, 61, 333–342.
[CrossRef]

31. Sun, H.; Mei, L.; Song, C.; Cui, X.; Wang, P. The in vivo degradation, absorption and excretion of PCL-based implant. Biomaterials
2006, 27, 1735–1740. [CrossRef]

32. Chen, S.; Yao, W.; Wang, H.; Wang, T.; Xiao, X.; Sun, G.; Yang, J.; Guan, Y.; Zhang, Z.; Xia, Z.; et al. Electrospinning: Injectable
electrospun fiber-hydrogel composite sequentially releasing clonidine and ropivacaine for prolonged and walking regional
analgesia. Theranostics 2022, 12, 4904–4921. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/14740338.2017.1335304
https://www.ncbi.nlm.nih.gov/pubmed/28538107
https://doi.org/10.1016/j.jse.2016.05.007
https://doi.org/10.1097/ALN.0000000000003651
https://www.ncbi.nlm.nih.gov/pubmed/33372953
https://doi.org/10.1097/ALN.0000000000003630
https://www.ncbi.nlm.nih.gov/pubmed/33372949
https://doi.org/10.1001/jamasurg.2022.0713
https://doi.org/10.1016/j.biomaterials.2023.122129
https://doi.org/10.1039/D3CC02269B
https://doi.org/10.1016/j.ijpharm.2018.01.036
https://www.ncbi.nlm.nih.gov/pubmed/29366944
https://doi.org/10.1016/j.jconrel.2022.08.035
https://www.ncbi.nlm.nih.gov/pubmed/36002053
https://doi.org/10.1016/j.ijpharm.2017.12.036
https://www.ncbi.nlm.nih.gov/pubmed/29288095
https://doi.org/10.1016/j.biomaterials.2018.07.054
https://doi.org/10.1016/j.colsurfb.2017.10.001
https://doi.org/10.1517/17425241003767383
https://www.ncbi.nlm.nih.gov/pubmed/20408748
https://doi.org/10.1007/s11095-008-9699-8
https://www.ncbi.nlm.nih.gov/pubmed/18719979
https://doi.org/10.1016/j.addr.2018.05.001
https://doi.org/10.1016/j.jddst.2020.101781
https://doi.org/10.1016/j.ijpharm.2021.120735
https://www.ncbi.nlm.nih.gov/pubmed/34048930
https://doi.org/10.1016/j.mtcomm.2022.104990
https://doi.org/10.3390/polym14214611
https://doi.org/10.1002/smll.201801183
https://www.ncbi.nlm.nih.gov/pubmed/29952070
https://doi.org/10.2165/00003495-200161030-00002
https://doi.org/10.1016/j.biomaterials.2005.09.019
https://doi.org/10.7150/thno.74845
https://www.ncbi.nlm.nih.gov/pubmed/35836801

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of PCL Fibrous Membranes via Electrospinning 
	Preparation of Ropivacaine-Loaded PCL Fibrous Membranes via Electrospinning 
	Preparation of Ropivacaine-Loaded PCL Dense Membranes 
	Characterizations 
	Ropivacaine Release In Vitro Experiments 
	In Vivo Experiments 
	Anesthesia Effects Evaluation 
	Local Inflammatory Response and Wound Healing Assessment 
	Statistical Analysis 

	Results and Discussion 
	Microstructures and Ropivacaine Integration 
	Ropivacaine Release from PCL Carriers In Vitro 
	Prolonged Anesthesia Effects 
	Characterization of PCL Fibrous Membranes after Ropivacaine Release In Vivo 
	Biocompatibility and Safety Assessment of PCL Fiber Membranes 

	Conclusions 
	References

