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Anesthetics and human epidermal growth factor

incorporated into anti-adhesive nanofibers

provide sustained pain relief and promote healing

of surgical wounds
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Background: This study exploited sheath-core-structured lidocaine/human EGF (hEGF)-

loaded anti-adhesive poly[(d,l)-lactide-co-glycolide] (PLGA) nanofibrous films for surgical

wounds via a co-axial electrospinning technique.

Materials and methods: After spinning, the properties of the co-axially spun membranes

were characterized by scanning electron microscopy, laser-scanning confocal microscopy,

Fourier Transform Infrared spectrometry, water contact angle measurements, and tensile

tests. Furthermore, a HPLC analysis and an ELISA evaluated the in vitro and in vivo release

curves of lidocaine and hEGF from the films.

Results: PLGA anti-adhesion nanofibers eluted high levels of lidocaine and hEGF for over

32 and 27 days, respectively, in vitro. The in vivo evaluation of post-surgery recovery in a rat

model demonstrated that no adhesion was noticed in tissues at 2 weeks after surgery

illustrating the anti-adhesive performance of the sheath-core-structured nanofibers.

Nanofibrous films effectively released lidocaine and hEGF for >2 weeks in vivo. In addition,

rats implanted with the lidocaine/hEGF nanofibrous membranes exhibited greater activities

than the control demonstrating the pain relief efficacy of the films.

Conclusion: The empirical outcomes suggested that the anti-adhesive nanofibrous films

with extended release of lidocaine and hEGF offer post-operative pain relief and wound

healing.
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Introduction
Postsurgical adhesion formation is a significant clinical issue for most surgeons—it

is a practically unavoidable outcome in abdominal and/or pelvic operations.

Adhesions can incur major post-operation morbidity, bowel obstruction, infertility,

and chronic pelvic pain or abdominal pain.1 The occurrence of postoperative intra-

abdominal adhesions accounts for 50–95% of females experiencing gynecological

operation.2 Various treatments to forestall the formation or reformation of adhesions

have been proposed.

Adhesion barriers are a promising therapy. They are implantable materials that

decrease abnormal internal adhesions after operation by physically segregating the

internal tissues and organs during healing.3 Adhesion barriers can be films, gels,

or other materials that are employed between layers of tissue before the incision
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site is sutured. When implanted, the adhesion barrier acts

as a physical shelter to segregate traumatized tissues to

prevent coherence during healing. The barrier degrades

and is resorbed by the body after the tissue surface cures

(3–7 days).

Pain that arises after surgery is another important

concern. Proper pain management—particularly post-

operative pain management—is a primary apprehension

for clinicians as well as for patients undergoing

operation.4 Despite the advances in the field of pain

management, some patients still cannot achieve complete

ease from postoperative pain. Postoperative pain not only

influences a patient’s surgical outcome, welfare, and con-

tentment from medical care, but also directly affects the

evolution of tachycardia, hyperventilation, reduction in

alveolar ventilation, transition to chronic pain, poor

wound healing, and insomnia—this can improve surgical

outcomes.5 The rapidly increasing number of complex

surgical procedures that are performed in an outpatient

setting has made perioperative and postoperative pain

management very essential.6

Many different materials7–13 have been explored as

potential anti-adhesive barriers—each with their own

unique composition and limitations and advantages.

The progress of drug/growth factor-embedded anti-adhe-

sive barriers has been limited. Chen et al.14 proposed

silver nanoparticles/ibuprofen-incorporated poly(L-lac-

tide) fibrous films and evaluated their anti-infection/

anti-adhesion efficacies. Kao et al.15 developed lidocaine

and ketorolac loaded poly[(d,l)-lactide-co-glycolide]

(PLGA) anti-adhesive membranes to provide sustained

release of analgesics for pain relief. An ideal barrier

should possess the following characteristics: anti-adhe-

sive, biocompatible, biodegradable, easily adherent to

the injured surface, potent on the seeping surface, and

able to relieve pain and promote healing. Unfortunately,

such a barrier has not yet been described.

This study exploited lidocaine and human EGF-

incorporated PLGA nanofibers as an anti-adhesive mem-

brane for surgical wound healing. Lidocaine hydrochlor-

ide is a local anesthetic,16 and hEGF17,18 promotes

dermal wound curing via stimulation, proliferation, and

migration of keratinocytes, endothelial cells, and fibro-

blasts; it facilitates dermal regeneration.19 After the

electrospinning process, the properties of co-axially

spun membranes were characterized. The in vitro/in

vivo release patterns of the anesthetics and EGF from

the fabricated nanofibrous films were explored. In

addition, the biocompatibility and efficacy of the anes-

thetics/growth factor-embedded anti-adhesive films were

assessed in rats receiving abdominal operations. Animal

activities post-operation and histological analysis at the

wound sites were also assessed.

Materials and methods
Making of anesthetics/growth factor-

eluting nanofibers
Sheath-core-structured PLGA nanofibers were prepared using

a co-axial electrospinning device built in our lab as shown in

Figure 1. Adopted PLGA (50:50) possesses a molecular

weight of 33 kDa (Resomer RG 503; Sigma-Aldrich, St

Louis, MO, USA). To prepare the anesthetics/growth factor

loaded nanofibers, PLGA/lidocaine (720 mg: 180 mg)

(Sigma-Aldrich), and hEGF (0.2 mg, hEGF-E9644; Sigma-

Aldrich) were pre-mixed with 3 mL of hexafluoroisopropanol

Figure 1 (A) Schematic of the experimental setup to co-axially electrospin the

sheath-core-structured nanofibers; (B) photo of the co-axial nozzle and needles

used for the experiments.
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(Sigma-Aldrich) and 1 mL of distilled water, respectively. The

PLGA/lidocaine and hEGF solutions were then conveyed to

the syringes for the sheath and the core layers, respectively, for

co-axially electrospinning into nonwoven nanofibrous mem-

branes. The delivery rate for the sheath layer was 0.6 mL/hr,

and the transport rate for the core was 0.2 mL/hr. The voltage

applied to the syringe tip was 8 kV, and the distance from the

tip to the collection plates was 15 cm.

Evaluation of co-axially electrospun

sheath-core films
To evaluate the nanofiber size distribution, the morphology

of co-axially spun nanofibers was observed on a scanning

electron microscope (SEM) (JEOL Model JSM-7500F;

JEOL, Tokyo, Japan) after they were coated with gold.

The diameter distribution was acquired by analyzing SEM

images of 50 randomly selected fibers for each test speci-

men (N=3) utilizing a commercial Image J image software

(National Institutes of Health, Bethesda, MD, USA).

The mechanical characteristics of the co-axially elec-

trospun nanofibrous films were assessed by a Lloyd tensile

tester (Ametek, USA). The sessile drop contact angle was

measured on a contact angle goniometer (First Ten

Angstroms, USA).

A laser-scanning confocal microscope (LSCM) (Leica

TS SP8X, Japan) confirmed the existence of proteins in the

co-axially electrospun nanofibers. PLGA was employed as

the sheath layer while recombinant enhanced green fluor-

escent protein (reGFP) was utilized for the core. Co-elec-

trospun nanofibers were observed at an excitation

wavelength of 487 nm.

To inspect the spectra of pure PLGA nanofibers and lido-

caine/hEGF embedded PLGA nanofibers, the Fourier trans-

form infrared (FTIR) analysis was completed on a Bruker

Tensor 27 spectrophotometer at a resolution of 4 cm−1 and

32 scans. Nanofibrous film specimens were depressed as KBr

discs and analyzed from 400 to 4,000 cm−1.

In vitro release studies
Nanofibrous specimens with an area of 1 cm by 1 cm were

cut from the co-axially electrospun films and were put in

test tubes (N=3) containing 1 mL of buffered solution at

37°C for 1 day. The eluents were gathered and assayed.

The fresh buffered solution was replenished daily, and the

process was duplicated for 40 days.

The release pattern of lidocaine from the anesthetics/

growth factor-loaded nanofibers was evaluated by an HPLC

assay. The mobile phase contained ammonium formate and

methanol (20/80 [v/v]). The absorbency wavelength was set

at 254 nm, and the flow rate was 1.0 mL/min. An hEGF

ELISA kit (Cusabio Biotech., USA) measured hEGF in the

eluent via absorbance at 450 nm.

Cell culture
The cytotoxicity of anesthetics/hEGF-loaded PLGA nano-

fibers was examined by Cell Counting Kit-8 (CCK-8)

assay (Sigma–Aldrich) of cell viability. Collected eluents

at days 1–4 were put onto 96-well culture plates.

Commercially available human foreskin fibroblasts (3T3,

Food Industry Research and Development Institute,

Hsinchu, Taiwan) were seeded (1x104 cells/well) in

Dulbecco’s Modified Eagle’s Medium at 37°C under the

incubating condition that consists of 5% CO2 and 95%

ambient air for 48 hrs. Cell viability was monitored by

CCK-8 assays and quantified using an ELISA reader.

In vivo animal tests
The study in vivo with animal used a rat incisional pain

model.15 All animal-related processes gained approval from

Institutional Animal Care and Use Committee of Chang

Gung University. All of the studied animals were cared for

in a manner consistent with the regulations of the Ministry of

Health and Welfare, Taiwan under the supervision of a

licensed veterinarian. Forty adult Wistar rats (~250 g each)

were enrolled for the in vivo examinations: 20 rats were

administered for the in vivo anesthetics/growth factor level

studies, and the other 20 rats were used for the animal activity

tests. For the anesthetics/growth factor level experiments, the

rats were anesthetized via isoflurane.

A 4-cm incision was placed in the lower abdomen of

each animal. After the implantation of the lidocaine/hEGF

nanofibrous films (40 mm×20 mm in size), the wound was

closed with 3-0 Vicryl sutures. The 20 animals were sacri-

ficed for local tissue sampling at post-operative days 1, 3, 7,

and 14 (five animals at each time point, N=5) via anesthesia

overdose. The blood samples were collected via cardiac

puncture. Lidocaine and hEGF concentrations in the speci-

mens were measured with an HPLC assay and an ELISA

kit, respectively. Tissue from the wounds treated with the

drug/growth factor-loaded nanofibers was sampled for his-

tological examination of epithelialization and granulation.

Post-surgery activity
A second cohort of 20 rats was partitioned into four groups

(five animals per group, N=5) for activity testing. Group A
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had no surgery as a control. Group B had the operation only,

Group C had surgery plus pure PLGA nanofibers, Group D

received surgery and lidocaine/hEGF-loaded PLGA nanofi-

bers. The post-surgery activity of each animal was assessed

utilizing a 50 cm×50 cm×50 cm cage fitted with nine diffu-

sion-scan type sensors.15 The sensors detected the move-

ments of animal in the cage. As the animal migrated, the

sensor in the “arriving” area was triggered. A micro-proces-

sing unit equipped with an acquisition interface monitored

the total movement counts. The activity of every animal was

inspected and recorded over 7 days.

Statistical analysis
A least significance difference evaluated the between-group

differences for continuous variables, and the Chi-squared test

was employed to assess the activity performance. Acquired

data were analyzed utilizing SPSS software (Version 12.0;

SPSS Inc., Chicago, IL, USA). Probabilities of 0.05 or less

were considered to be significant.

Results
Evaluation of anesthetics/growth factor

embedded nanofibers
Lidocaine/growth factor-embedded nanofibrous films were

satisfactorily fabricated using a co-axial spinning process.

Figure 2 shows the SEM images of the spun fibers and

fiber size distributions. The estimated diameters were

780.0±552.1 nm. LSCM examined the distribution of pro-

tein in the co-axially spun nanofibers. Figure 3 displays the

image of string-like green signals of reGFP demonstrating

the protein’s bioactivity in the sheath-core-structured

nanofibers after co-axial electrospinning. A homogeneous

protein distribution was confirmed in the nanofibers.

An FTIR spectrometer simultaneously collects high-

spectral-resolution data over a wide spectral range. It is

a technique widely employed to obtain the infrared

spectrum of absorption or emission of a solid, liquid

or gas. Figure 4 shows the FTIR spectra of pure PLGA

films and lidocaine/hEGF-loaded PLGA films. A new

vibration peak at 3,400 cm−1 was detected due to the

N–H bonds of lidocaine.20 The peak at 1,725 cm−1

(C=O bond) was promoted with the incorporation of

anesthetics. In addition, the vibration near 1,300 cm−1

might be attributable to the C–O bond increase in

lidocaine. The FTIR spectra assay confirmed that the

lidocaine was sufficiently embedded in the PLGA film.

Figure 5 shows that the water contact angles of pure

PLGA, lidocaine loaded PLGA, and lidocaine/hEGF-

loaded PLGA nanofibers were 127.8, 52.3, and 60.1,

respectively. The anesthetics made the PLGA nanofibrous

films more hydrophilic.

The tensile test results in Figure 6 suggest that the

ultimate strength (maximum strain) of the pure PLGA,

lidocaine loaded PLGA, and lidocaine/hEGF embedded

nanofibrous films were 4.62 MPa (140.7%), 2.7 MPa

(57.2%), and 2.33 MPa (23.3%), respectively. The tensile

strength decreased upon addition of lidocaine and hEGF.

Release patterns of lidocaine and hEGF

from the nanofibers
Figure 7 shows the daily and accumulated in vitro release

patterns of lidocaine from nanofibrous films. The anesthetics

displayed a triphasic release behavior, ie, a burst elution at 1–2

days, a steady and gradually diminishing drug elution at days

3–10, and a second peak release at days 12–13 after which the

Figure 2 SEM image and fiber size distribution of lidocaine/hEGF-loaded nanofibers.

Abbreviations: SEM, scanning electron microscope; hEGF, human epidermal

growth factor.
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release of drugs diminished. The curve has only a tiny SD

indicating that the incorporated anesthetics were evenly allo-

cated in the PLGA nanofibers. In addition, the electrospun

nanofibrous films liberated lidocaine for over 30 days in vitro.

Figure 8 displays the in vivo release curves of lidocaine in

tissue and blood. The levels of anesthetics remained high at the

target area for over 2 weeks, but they were low systemically.

Figure 9 shows that the sheath-core-structured nanofi-

bers provide sustained release of high levels of hEGF for

over than 27 days. Meanwhile, the result in Figure 10

indicates that the nanofibrous films release high levels of

hEGF in vivo for over 14 days. The effectiveness of eluted

hEGF was determined by the cell viability assay. The

results in Figure 11 illustrated that all nanofibers show

Figure 3 Laser scanning confocal microscopy images of reGFP in co-axial electro-

spun nanofibers.

Abbreviation: reGFP, recombinant enhanced green fluorescent protein.

Figure 4 FTIR spectra of electrospun pure PLGA and lidocaine/hEGF-loaded PLGA

nanofibers.

Abbreviations: FTIR- fourier-transform infrared spectroscopy; hEGF, human epi-

dermal growth factor; PLGA, poly[(d,l)-lactide-co-glycolide]; FTIR, fourier-trans-

form infrared spectroscopy.

Angle = 127.77 degrees
Base width = 1.3672mm

Angle = 52.27 degrees
Base width = 3.5585mm

Angle = 60.12 degrees
Base width = 2.4209mm

Figure 5 Measured contact angles. (A) Pure PLGA nanofibers, 127.8, (B) lidocaine-
incorporated nanofibers, 52.3, and (C) lidocaine/hEGF-loaded nanofibers, 60.1.

Abbreviations: hEGF, human epidermal growth factor; PLGA, poly[(d,l)-lactide-co-

glycolide].
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no signs of cytotoxicity. In addition, the hEGF promoted

the proliferation of human fibroblasts during the first 3

days demonstrating that hEGF was not deactivated during

electrospinning.

Efficacy of liberated anesthetics
The total counts of animal activities for the four groups over

the seven post-operative days are displayed in Figure 12. The

number of triggered counts in group D (surgery followed by

the deployment of lidocaine/hEGF loaded PLGAmembrane)

was significantly greater than that in group B (surgery only)

at Sensor No. 1 (P<0.05) and Sensor No. 3 (P<0.01) despite

the fact that the recorded total counts did not show significant

activity level differences among the various groups (P>0.05).

Post-surgery anti-adhesion and

histological examination
The films in rats could not be observed at 2 weeks post-

implantation. No tissue adhesion was noted (Figure 13)

Figure 8 In vivo release of lidocaine from the nanofibrous films.

Figure 9 In vitro elution profiles of hEGF from the nanofibrous films.

Abbreviation: hEGF, human epidermal growth factor.

Figure 6 Stress–strain curve of pure PLGA, lidocaine-incorporated, and lidocaine/

hEGF-loaded sheath-core-structured nanofibers.

Abbreviations: hEGF, human epidermal growth factor; PLGA, poly[(d,l)-lactide-

co-glycolide].

Figure 7 In vitro release patterns of anesthetics from the nanofibrous films.

Notes: (A) Daily release, (B) accumulated release.
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confirming the anti-adhesive capacity of the anesthetics/

growth factor-loaded nanofiber film.

Figure 14 shows the hematoxylin & eosin (H&E)

stained sections at wounds implanted with drug-eluting

membranes. A foreign body reaction was noted at day 1

and was characterized by disruption of epidermal and der-

mal layers with mixed infiltrates of neutrophils and lym-

phocytes. On day 3, fibroblastic proliferation and mixed

infiltrates of lymphocytes and plasma cells were observed

in the subcutis and muscular layer.

Discussion
This study developed lidocaine/hEGF-incorporated sheath-

core-structured anti-adhesive nanofibrous PLGA

membranes. PLGA is an extensively explored biodegrad-

able polymers that is approved for use in drug formula-

tions and medical devices by the Food and Drug

Administration. It is versatile in terms of molecular

weights, compositions, and degradation rates for drug

delivery.21,22 PLGA has excellent biocompatibility, a

long-standing track record, and is suitable for continuous

drug release; thus, it has been widely used in biomedicine.

Co-axial electrospinning is a cost-effective and efficient

technique for preparing core-sheath-structured nanofibers.

Spun nanofibers with pharmaceuticals encapsulated in the

core can offer controlled yet sustained release. Furthermore,

their possessed high surface area and three-dimensional

nanofiber networks permit the electrospun fibers to mimic

native extracellular matrices. These features of the nanofi-

bers give them great potential in applications such as drug

delivery and tissue engineering. Proteins, growth factors,

antibiotics, and many other agents can be successfully

embedded into coaxial fibers for drug delivery. The biggest

advantage of the core-sheath design is that these agents

remain bioactive after the electrospinning process due to

the protection of the sheath layer.

Surgical pain is a disagreeable sensation that originates

from a physical intervention. The pain is from the incision,

the procedure itself, the closing of the wound, and any force

that is applied during the procedure. Pain control following

surgery is a priority for both the patients and doctors.

Inadequately administered post-surgery pain can elicit com-

plications and prolonged rehabilitation. Unconstrained

acute pain can result in the development of chronic pain

with compromised life quality. Proper pain relief gives rise

to curtailed hospital stays, subsided treatment costs, and

improved patient satisfaction. Furthermore, good pain con-

trol helps accelerate the healing and lessen the risk of

evolving some post-operative complications such as pneu-

monia and blood clots. Patients may receive a nerve block

to manage the pain after treatment. While an epidural gov-

erns pain over a broad region of the body, a nerve block only

manages pain within a smaller area of the body. The main

advantage of a nerve block is that it uses smaller amounts of

narcotic medication. This will lead to fewer side effects

such as nausea, vomiting, itching, and drowsiness. The

nanofibrous films developed here could provide an

extended release of anesthetics at the wound site as a topical

anesthetic patch; they facilitated prolonged relief of post-

operative pain.

Wound healing is a complex and dynamic process of

replacing devitalized and missing cellular structures and

Figure 10 In vivo release of hEGF from the nanofibrous films.

Abbreviation: hEGF, human epidermal growth factor.

Figure 11 Cell viability of electrospun lidocaine/hEGF nanofibers (##P<0.01, **P<0.01).
Abbreviations: hEGF, human epidermal growth factor; EGF, epidermal growth factor.
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tissue layers. It is a series of biologic events that begin as

hemostasis but then comprise an inflammatory response.

This includes the formation of connective tissue, the covering

of the wound with epithelium, and wound remodeling.

Efficient wound healing relies on growth factor and cytokine

signals that enhance keratinocyte dedifferentiation and

migration for re-epithelialization.18 EGF takes part in dermal

wound healing via stimulation, proliferation, and migration

of keratinocytes, endothelial cells, and fibroblasts; it facil-

itates dermal regeneration. EGF is a dominant signaling

molecules that stimulates epithelial cell motility for re-

epithelialization.19 It also is a major stimulator of fibroblast

migration and wound contraction. The hEGF-loaded nanofi-

brous membranes could act as ideal EGF-eluting scaffolds

for promoting surgical wounds.

Drug release from biodegradable vehicles can be gen-

erally composed of three stages: a burst, a diffusion-domi-

nated stage, and a degradation-governed stage. During co-

axial electrospinning, most pharmaceuticals are distributed

in the volume of the PLGA mat. Nevertheless, a few drugs

may be dispersed on the surfaces of the nanofibers thus

leading to the initial burst. After the burst, the drug–

release curve is both governed by the diffusion effect and

the polymer degradation. A comparatively constant

decline in the release of lidocaine was thus noticed. A

gentler and steadier elution of hEGF at the core was also

observed due to the shelter of the sheath layer. The out-

comes confirm that the co-axially spun PLGA drug-eluting

films liberate high levels of lidocaine and hEGF for over

27 and 14 days, respectively, which is advantageous for

pain control and wound healing.

Figure 12 Activities in the rats.

Abbreviation: EGF, epidermal growth factor; PLGA, poly[(d,l)-lactide-co-glycolide].

Figure 13 No tissue adhesion was observed for the wounds implanted with the

sheath-core membranes.
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Our previous work has demonstrated that both lido-

caine and ketorolac-incorporated nanofibers can offer

extended pain relief for surgical wounds.15 One major

limitation of local anesthetics is systemic blood toxicity.

The results illustrate that the concentration of lidocaine

remains low in the plasma and is much lower than that in

the local area. This offers high concentrations at the target

area with minimal systemic side effects. While rats given

lidocaine/ketorolac nanofibers exhibited effective pain

relief,15 the rats implanted with lidocaine-only nanofibers

here had no significant pain relief compared to the control.

This suggests that multiple-analgesics should be used for

the preparation of anti-adhesive membranes for sustained

relief of surgical pain.

Despite these preliminary findings, there are limita-

tions associated with this study. The first is the com-

paratively low number of animals used. The second

limitation is that the relationship of the discoveries in

this work to humans with operational pain remains

unanswered. These will be the topic of future studies.

Conclusion
In this study, we exploited biodegradable sheath-core-

structured anesthetics and growth factor-loaded nanofi-

bers and evaluated their effectiveness for pain relief and

healing promotion. These results suggest that the co-

axially electrospun nanofibers can offer adequately sus-

tainable lidocaine and hEGF at the target site for over 2

weeks post-operation. The nanofibrous films also have

anti-adhesion features. Nanofibers with sustainable

anesthesia and growth factor release can be used as

anti-adhesion films. This would lead to extensive pain

relief and accelerated wound healing.
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