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Abstract
Several clinical studies have reported the analgesic effect of curcumin (Curc) in various 
situations such as rheumatoid arthritis, osteoarthritis, and postsurgical pain. Therefore, in 
this work, Curc-loaded electrospun nanofibers (NFs) are designed to evaluate their sus-
tained release on analgesic effect duration in rats after epidural placement via repeated for-
malin and tail-flick tests. The Curc-loaded polycaprolactone/gelatin NFs (Curc-PCL/GEL 
NFs) are prepared through an electrospinning technique and introduced to the rat’s epidural 
space after laminectomy. The physicochemical and morphology features of the prepared 
Curc-PCL/GEL NFs were characterized via FE-SEM, FTIR, and degradation assay. The 
in vitro and in vivo concentrations of Curc were measured to evaluate the analgesic effi-
cacy of the drug-loaded NFs. Rat nociceptive responses are investigated through repeated 
formalin and tail-flick tests for 5 weeks after the placement of NFs. Curc had a sustained 
release from the NFs for 5 weeks, and its local pharmaceutical concentrations were much 
greater than plasma concentrations. Rat’s pain scores in both early and late phases of the 
formalin test were remarkably decreased in the experimental period. Rat’s tail-flick latency 
was remarkably enhanced and remained constant for up to 4 weeks. Our findings show that 
the Curc-PCL/GEL NFs can supply controlled release of Curc to induce extended analge-
sia after laminectomy.
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Introduction

Laminectomy is considered a common procedure to decompress the spinal canal in 
cases of narrowing of the canal (spinal stenosis) to different circumstances such as 
degenerative stenosis, fracture, spinal tumors, abscess, and deformity [1]. This sur-
gery generates space through removing bone spurs and tissues related to spine arthritis. 
Laminectomy typically leads to elimination of a small piece of the back part (lamina) in 
the small bones of the spine (vertebrae). It enlarges the spinal canal to mitigate pressure 
on the nerve tissues or spinal cord [2].

The intraoperative injury to the posterior supporting structure of the lumbar spine leads to 
moderate-to-severe postoperative back pain. Providing postoperative analgesia is essential in 
relieving or minimalizing distress and pain. Though opioids or non-narcotics (oral analgesics) 
and intramuscular/intravenous analgesics are the first-line therapies typically applied in these 
conditions, they usually do not provide efficient postoperative analgesia. Epidural injection of 
opioids is also effective in relieving pain after laminectomy and can be administered easily. 
Epidural or peridural narcotics can give a desirable effect immediately after posterior spinal 
surgery for discectomy, decompression, and/or spinal fusion [3–5]. In prior investigations, the 
application of local analgesics such as lidocaine, bupivacaine, morphine, and opioids used 
topically to the dura effectively relieved pain after laminectomy [5]. However, the effective 
duration of these local anesthetics was limited and ranged from a few hours to a few days 
postoperatively. In addition, adverse effects on the gastrointestinal, cardiovascular, hepatic, 
and renal systems commonly occur by applying the current analgesics. Opioids have the extra 
issue of misuse and abuse potential. Therefore, more analgesic choices are required [6].

A better analgesic should be able to provide pain relief and enhance overall life quality 
of patients without causing severe side effects or the potential for abuse. Several reports 
propose that the compounds applied in traditional medicine, such as curcumin (Curc), a 
phenolic compound of turmeric, might be a safe and efficient alternative analgesic. The 
analgesic effect of Curc is reported on various pain types, such as inflammatory, neuro-
pathic, postoperative, burn pain, and wound healing [7, 8]. The evident analgesic features 
of Curc can be ascribed to recognized pain-modulatory mechanisms, particularly its abil-
ity to decrease inflammation through inhibiting pro-inflammatory cytokines. Clinical trial 
reports showed that turmeric can be efficient in relieving spontaneous pain and sensitiza-
tion, providing these analgesic advantages while maintaining a favorable safety profile [6].

On the other hand, incorporating therapeutic molecules in electrospun nanofibers 
(NFs) has been recently applied to make a controlled and sustained release of various 
drugs [7, 9]. NFs are very useful for drug delivery due to their high surface area-to-
volume ratio, high porosity, and 3D open porous structure [10–12]. Using NFs for local-
ized delivery of analgesics provides site specificity and needs a lower overall drug dos-
age with minor adverse side effects. Analgesic-eluting NFs offer further advantages in 
avoiding wound adhesion and scar formation [13]. Tseng and coworkers could fabricate 
lidocaine-embedded poly ([d, l]-lactide-co-glycolide) (PLGA) biodegradable NFs and 
exhibited a sustained delivery of lidocaine into the epidural space in rats after lami-
nectomy [5]. Yosefifard and Hassanpour-Ezatti indicated that the neostigmine-loaded 
polyvinyl alcohol (PVA) NFs could provide sustained release of neostigmine to induce a 
extended analgesia following epidural administration [14].

Therefore, this work was aimed to fabricate the biodegradable electrospun poly (capro-
lactone)/gelatin (PCL/GEL) NFs are loaded with Curc molecules to evaluate the analgesic 
effect duration after laminectomy in rats through repeated formalin and tail-flick tests.
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Materials and Methods

Materials

Polycaprolactone (PCL, MW 80,000), gelatin (type A), acetic acid (99.7%), formic acid 
(88%), curcumin, dimethyl sulfoxide, Tween 80, and (3,4,5-dimethyl thiazol-2-yl)-2,5 
diphenyl tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Fetal bovine serum (FBS), DMEM, penicillin G, streptomycin, and Trypsin–EDTA 
were all provided from Gibco (Invitrogen, Paisley, UK). All other chemicals and reagents 
were mainly of analytic grade from commercial sources and were used without further 
purification.

Fabrication of Curc‑PCL/GEL NFs

In total, 1.0 g of PCL/GEL (70:30, wt/wt%) mix was dissolved into 5.0 ml of a mixed sol-
vent, including acetic acid/formic acid (50:50, v/v%), to produce the PCL/GEL electrospin-
nable solution with 20% (w/v%) concentration. A total of 20% (wt/wt%) Curc-PCL/GEL 
electrospinnable solution was prepared via dissolving 1.0 g of PCL/GEL and 200 mg of 
Curc into the 5.0 ml of the mixed solvent. To homogenize the Curc molecules in the poly-
meric solution, the mixed solution was stirred for 8 h. The mixture was shifted to a 5-ml 
syringe with a 22-gauge stainless-steel needle. A voltage range of 18–21 kV was applied 
for the electrospinning process. The distance between the aluminum foil-wrapped collector 
and needle tip was 200 mm. The solution flow rate was adjusted to 1 ml/h. The prepared 
electrospun NFs were placed in a vacuum oven for 24 h to eliminate the residual solvent 
before further usage [15].

Characterization of NFs

Morphological analysis of electrospun NFs was carried out via FE-SEM (MIRA3 TES-
CAN, Czech Republic). The average thickness of NFs and their distribution were calcu-
lated from the FE-SEM images using an image processing program (ImageJ, National 
Institutes of Health, USA).

A Fourier transform infrared spectroscopy (FTIR; Shimadzu 8400 S, Kyoto, Japan) in 
the range of 400–4000  cm−1 was utilized to reveal the presence of functional groups in 
NFs.

The drug encapsulation efficiency was determined as follows. A piece of the membrane 
(3.0 × 10.0 mm, 2.0 mg) was dissolved in 1 ml of acetic acid/formic acid (50:50, v/v%). 
Then, the solution was added dropwise to 20 ml of methanol, in which the polymer was 
precipitated, and Curc was dissolved. After centrifugation of the methanol solution, the liq-
uid supernatant was detected by a UV–vis spectrometer (PerkinElmer Fremont, CA, USA) 
at λmax = 427 nm. The amount of Curc was obtained from the calibration curve of Curc. 
The following equation calculated the encapsulation efficiency (EE):

EE% =
weight of drug in the sample

theoretical weight of drug loading in the sample
× 100
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The degradation behavior of NFs assessed by placing them in a 24-well plate contain-
ing 1 ml PBS (pH 7.4) in each well and incubating for various time intervals at 37 °C. The 
weight loss percentages were measured from the below equation.

where Wt loss% = the percentage of fiber weight loss after time t, W0 = fiber weight at the 
beginning of the degradation assay, Wt = fiber weight after time t.

In Vitro Cytotoxicity Assay

PCL/GEL NFs and Curc-PCL/GEL NFs (2.0 mg) were sterilized under UV radiation over-
night for both top and bottom surfaces in a laminar flow hood, washed thrice with PBS to 
remove any residual solvent, and subsequently immersed in DMEM overnight before cell 
seeding to facilitate protein adsorption and cell attachment on the fiber surface. A Fischer 
rat fibroblast 3T3-like line RAT-1 was cultured in DMEM supplemented with 10% FBS 
and 1% antibiotics at 37  °C and 5% CO2. When the cells reached 80% confluency, they 
were trypsinized and seeded onto the top of the nanofibrous matrices dropwise at a cell 
density of 106 cells per well and incubated at 37 °C and 5% CO2. The cells’ viability that 
adhered to the surface of nanofibrous mats was assessed using the MTT assay on days 1 
and 3 of culture.

In Vitro Release of Curc

To determine the in  vitro release of Curc from NFs, pieces of Curc-PCL/GEL NFs 
(3.0 × 10.0 mm, 2.0 mg) were cut and immersed in PBS containing 0.5% (w/v) Tween 80 
(2 ml, pH = 7.4), and incubated with shaking at 37 °C. Thereafter, at specified time inter-
vals, 1.0  ml of the PBS solution was substituted with 1.0  ml of fresh release media for 
capacity adjustment. The concentration of Curc was determined through a HPLC Instru-
ment. The HPLC analysis was performed on a Hitachi L-2200® multi solvent delivery 
system. Chromatographic separations were carried out on a reversed-phase C-18 column 
(4.6 cm × 150 mm HPLC column (Waters)). The mobile phase included 0.01 mol ammo-
nium formate and methanol (20/80 v/v) with a flow rate of 1 ml/min. The absorbency of 
column effluent was measured at 210 nm.

Laminectomy and Fiber Implantation

Twenty-four healthy Wistar adult male rats weighing 250 and 300 g were obtained from 
the Razi Institute of Iran. All animal experiments were conducted using protocols approved 
by the Institutional Animal Care and Use Committee of Tabriz University of Medical 
Sciences. The rats were divided randomly into four groups (n = 6), including the control 
group that has not received any surgery or treatment; the rats that received laminectomy 
without treatment; the rats implanted with neat PCL/GEL nanofibrous membranes after 
laminectomy; and the rats implanted with Curc-PCL/GEL nanofibrous membrane after 
laminectomy.

Wt loss% =
W0 −Wt

W0
× 100
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The 6% chloral hydrate was used to anesthetize the rats with an intraperitoneal injection. 
A laminectomy was carried out at the L5–L6 intervertebral space. After local hemostasis, 
biodegradable PCL/GEL NFs containing Curc, with a size of 3.0 × 10.0 mm (2.0 mg), were 
implanted in the epidural region (Fig.  1). Blood and epidural tissue fluid samples were 
taken on days 1, 3, 7, 10, and 14 from the rats.

In Vivo Release of Curc

To determine the in vivo release of Curc, blood samples were obtained from the rats at 1, 
3, 7, 10, and 14 days. Peridural fluid was tapped from tissue fluid in the epidural region 
by micropipe. The plasma was collected after the centrifuge of specimens and stored 
at − 80 °C. The HPLC assay was used to determine Curc concentrations of the tapped fluid. 
The tapped samples were analyzed after dilution with saline and were evaluated with the 
assay standard curve.

Behavioral Tests

Two tail-flick and formalin tests were utilized to assess the analgesic effects of Curc-loaded 
NFs against various pain stimuli after epidural implantation.

Tail‑Flick Test

The analgesic responses of rats to a great strength thermal nociceptive stimulus after epi-
dural treatment with Curc-loaded NFs were estimated by a repeated tail-flick method. The 
alterations in tail-flick latency might be explained with regard to central sensitization. 
Also, repeated tail-flick latency could be assumed as a chronic nociception marker [16]. 
Therefore, the repeated tail-flick test was performed before and on days 0, 14, 21, and 28 
after their epidural treatment with Curc-loaded NFs. Tail-flick latency was defined as the 
time elapsed between initiation of light stimulus and response of tail-flick. Since triplicate 
experiments were needed, the tail was signed in three places: proximal, middle, distal. For 
establishing baseline latencies, the intensity of radiant heat was adjusted for 3–5 s, and it 
was finished after 20 s to elude tissue injuries.

Fig. 1   The placement of the 
Curc-PCL/GEL NFs into the 
epidural region
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Formalin Test

Formalin test is a usual method for assessing analgesic effects of drugs administered 
intrathecally against the great severity of chemical nociceptive stimuli. In this study, the 
formalin test was performed 7 days after the tail-flick test. To avoid the interaction of both 
techniques’ effects on the same animals, it is suggested that the formalin test be evaluated 
at least 7 days after the tail-flick test since the tail-flick test has no impact on the results of 
the formalin test after this period [14, 17]. The formalin was injected subcutaneously into 
the intraplantar surface of rats’ feet treated with NFs. The behavioral response in the ini-
tial 15 min of formalin injection was considered as the early phase, and induced response 
by formalin at 20–60 min after injection was considered as the late phase. A score of 0 to 
3 was considered for the behavioral response rating: 0 = the injected paw is not favored, 
1 = the injected paw has little or no weight on it, 2 = the injected paw is elevated and is not 
in contact with any surface, and 3 = the injected paw is licked, bitten, or shaken. The fol-
lowing formula was used to calculate pain scores:

where T0–T3 are seconds spent in each of the behavioral classes.

Statistical Analyses

The data were expressed as mean ± S.E.M., and statistical data analyses were done using 
the software Graph Pad Prism 7.01. Statistically, differences between groups were deter-
mined utilizing a two-way repeated measure analysis of variance (ANOVA).

Results

Characterization of NFs

Figure  2 shows the FE-SEM graphs of neat PCL/GEL NFs and Curc- PCL/GEL NFs. 
According to the FE-SEM images, both NFs were composed of directional networks with 
a smooth surface morphology and bead-free. The average diameters of PCL/GEL NFs and 
Curc-PCL/GEL NFs were 330 ± 86 and 340 ± 75 nm, respectively, showing the slight effect 
of loaded Curc on the diameter distribution of NFs.

The presence of Curc within the NFs was determined by FTIR (Fig. 3A). The PCL typi-
cal bands were at 2865 and 2937 cm−1, related to the symmetric and asymmetric stretching 
of CH2 bonds. Peaks at 1722  cm−1, 1249  cm−1, and 1156  cm−1 were attributed to C = O 
stretching ester bond, C–O and C–C stretching, and asymmetric and symmetric stretch-
ing of C–O–C bonds, respectively. Peaks at 1545  cm−1 and 1665 cm−1 were characteris-
tic bands of N–H bending of amide II and C = O stretching of amide I of GEL, respec-
tively. With the loading of Curc, new peaks were detected at 3515  cm−1, 1640  cm−1, 
and 1510  cm−1, which related to the phenol, carbonyl, and ethylene groups of Curc, 
respectively.

The drug encapsulation efficiency of PCL/GEL NFs was 92.2% due to the proper misci-
bility of PCL and GEL and the better interaction of Curc with the hybrid polymer matrix.

Pain score = (0T0 + 1T1 + 2T2 + 3T3)∕Time block (s)
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The degradation rate of the prepared NFs was measured for 5  weeks. As shown in 
Fig. 3B, it was found that the mass loss of both PCL/GEL NFs and Curc-PCL/GEL NFs 

Fig. 2   FE-SEM images and corresponding diameter distribution of (A) PCL/GEL NFs and (B) Curc-PCL/
GEL NFs

Fig. 3   A FITR spectra of free Curc, PCL/GEL NFs, and Curc-PCL/GEL NFs, and B degradation rate of 
PCL/GEL NFs and Curc-PCL/GEL NFs as a function of incubation time in PBS with pH 7.4. The data are 
presented as mean ± SD (n = 3)
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raised as a function of time. The results showed that both fiber groups did not show sig-
nificant weight loss during the first 3 days. More than 80% of PCL/GEL NFs and Curc-
PCL/GEL NFs were degraded within 30 days with a relatively constant rate of weight loss. 
Moreover, no discrepancy between the degradation pattern of PCL/GEL NFs and Curc-
PCL/GEL NFs was observed. This result was expected, as the amount of Curc in the NFs 
represents only a small part of their total weight.

Biocompatibility of NFs

Investigations on cell viability are essential to investigate the biocompatibility of the 
nanofibrous membranes for potential use as a drug-eluting implant for in vivo studies. In 
this work, MTT assay was conducted to assess the viability of the Rat-1 fibroblasts cultured 
on the PCL/GEL and Curc-PCL/GEL NFs for 24, 48, and 72 h. As presented in Fig. 4, cell 
proliferation is increased time-dependently in the fibroblasts seeded onto the TCP, PCL/
GEL NFs, and Curc-PCL/GEL NFs. All groups had a negligible difference in cell viability 
after 24 h of culture. After 48 and 72 h, it was detected that cells slightly proliferated on the 
Curc-loaded PCL/GEL NFs as compared with the PCL/GEL. The results suggest that the 
cellular uptake of Curc released in a controlled and slow manner did not significantly affect 
the viability and proliferation of the cells seeded onto the NFs, indicating the nontoxicity 
and good cytocompatibility of the used Curc-PCL/PEG NFs.

In Vitro Release of Curc

The in vitro release profile for Curc is shown in Fig. 5A. The uniform distribution of Curc 
in NFs is shown with a small standard deviation of the curve. When Curc was released 
from NFs, an initial rapid release occurred on day 1, which was pursued by a gradual, sus-
tained drug discharge through 5 weeks. After this period, nearly 90% of Curc was released 
from Curc-PCL/GEL NFs.

Fig. 4   Cytocompatiblity of Curc-
PCL/GEL NFs through culturing 
Rat-1 fibroblasts on the fibers 
for 24, 48, and 72 h using MTT 
assay. Results are mean ± SD 
(n = 3)
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In Vivo Release of Curc

The in vivo Curc levels were calculated for 14 days postprocedure via the HPLC assay. The 
measured concentrations of Curc are indicated in Fig. 5B. The Curc concentration in the 
plasma on the first day of postprocedure was 9.5 μg/ml, while the concentration in the peri-
dural tissue fluid was 43.2 μg/ml. As shown in Fig. 4B, local concentrations of Curc in the 
epidural region were all greater than plasma concentrations. No initial rapid drug discharge 
occurred. Curc concentration reduced slowly in the 7th to 14th days of postprocedure. The 
average local concentration of Curc was 65 μg/ml at the end of the 14th day, whereas its 
concentration in plasma remained low (3.5 μg/ml).

Formalin Test

The pain score in early (Fig. 6A) and late (Fig. 6B) phases of formalin test was reduced 
remarkably in rats for 4 weeks after placement of Curc-loaded NFs.

Tail‑Flick Test

Figure  7 showed the analgesia duration in rats for 4  weeks after epidural placement of 
Curc-loaded NFs. According to the results, rats’ tail-flick latency was remarkably enhanced 
after placement of Curc-loaded NFs and then remained stable for 4 weeks.

Discussion

Various preclinical and clinical trials have reported the beneficial effects of Curc on pain 
relief, such as neuropathic pain, intervertebral disc herniation, burn pain, cancer pain, vis-
ceral pain, arthritis, osteoarthritis, delayed onset muscle soreness, and musculoskeletal 
pain [6, 18]. A number of investigations propose that the apparent analgesic effects of Curc 
can be attributed to recognized pain-modulatory mechanisms, and especially to its capabil-
ity to decrease inflammation through inhibiting pro-inflammatory mediators: leukotrienes, 

Fig. 5   Release profile of Curc. In vitro release of Curc from Curc-PCL/GEL NFs in PBS containing 0.5% 
(w/v) Tween 80 at pH 7.4 A. In vivo release of Curc from Curc-PCL/GEL NFs B. The data are presented as 
mean ± SD (n = 3)
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thromboxane, cyclooxygenase, prostaglandins, lipoxygenase, hyaluronidase elastase, col-
lagenase, MCP-1, tumor necrosis factor, IL-12, and nitric oxide [18]. All of which are 
recognized components of pain-attenuating or pain-transmitting pathways. Despite the 
promising therapeutic effects of Curc to relieve pain in different illnesses, these effects are 
hindered through its weak solubility, susceptibility to photodegradation and hydrolysis, 
weak absorption, fast metabolism, and rapid systemic removal, eventually leading to low 
bioavailability (< 1%) of Curc at the target site [19, 20]. To overcome these limitations, 

Fig. 6   The efficacy of epidural placement of Curc-PCL/GEL NFs on pain scores of rats in A early B late 
phases of formalin test. *P < 0.05 and **P < 0.001 vs. other groups was considered significant. Results are 
mean ± SD (n = 3)

Fig. 7   Efficacy of epidural 
Curc-PCL/GEL NFs place-
ment on rats’ tail-flick latencies. 
**P < 0.001 vs. other groups was 
considered significant. Results 
are mean ± SD (n = 3)

6566 Applied Biochemistry and Biotechnology (2023) 195:6557–6571



1 3

a number of various drug delivery vehicle including phospholipids, liposomes, niosomes, 
dendrimers, nanoparticles, and NFs have been utilized to improve the bioavailability of 
Curc [21–23]. Therefore, in the present work, as a proper localized drug delivery system, 
electrospun PCL/GEL NFs were used for extended delivery of Curc molecules into the 
epidural region of rats to increase its analgesic effect after laminectomy. The successful 
loading of Curc into the NFs was confirmed by FE-SEM micrographs. According to Fig. 2, 
no Curc crystals were observed on the surface of loaded NFs. The electrospinning method 
is an effective approach to preparing drug-loaded NFs [24, 25]. The two biomaterials of 
PCL and GEL used in this study have been FDA approved and are widely used for fabrica-
tion of drug-containing NFs [26]. PCL is a suitable choice for biomedicine applications 
because of its great mechanical features, and excellent biodegradability and biocompat-
ibility, as well as relatively low cost [27]. Electrospun PCL NFs were designed to simulate 
the structure of extracellular matrix, but lack of cell recognition sites, hydrophobicity, and 
slow degradation limit their biomedical applications [28]. Numerous in vitro and in vivo 
examinations have been perfomed based on the state-of-the-art standards to demonstrate 
the safety and nontoxicity of PCL and GEL when located in contact with human fluids 
and tissues so that little to no negative effect was detected for medical implants made of 
PCL and PCL/GEL on local tissues. However, it has been found that the acidic degradation 
products of PCL have been a negative effect on cell culture systems because in these closed 
systems, the clearance of these products is prevented [29].

It has been well-demonstrated that blending GEL with PCL can increase the biomimetic 
and bioactivity properties of PCL [30, 31].

The therapeutic efficiency of Curc is related to its release from the carrier system. The 
initial burst release is related to Curc molecules distributed on the surface of the NFs with a 
high tendency for diffusion. It is because of the weak physiochemical interactions between 
polymeric matrix and Curc molecules at the surface areas. The release of the drug in this 
form is an effective approach for the fast alleviation of signs that improves the treatment 
and removes the need for repeated administration of the drug. Moreover, using the drug-
loaded NFs for delivery of the drug to the spinal cord can expand the duration of drug 
efficacy [14].

The embedded Curc can be released to the epidural region of rats with the hydrolysis 
of NFs. The local concentration of Curc within the epidural region reached therapeutic 
concentration at 1-day postprocedure. The Curc concentration was much greater toward its 
therapeutic concentration throughout 14 days, while this concentration remained low in the 
plasma.

Moreover, the in vivo concentrations of Curc were greater toward its in vitro concen-
trations, which is because of less volume of tissue fluid inside the epidural region toward 
saline volume utilized in the in vitro experiment. Also, the metabolic rate is slower in the 
in vivo environment than that in the in vitro environment. Therefore, collected in vivo elu-
ents indicated greater drug concentrations.

As mentioned, the thermal pain threshold in rats was enhanced after epidural placement 
of Curc-loaded NFs and continued for as long as 28 days. Reduction of rats’ pain scores in 
both early and late phases was shown by consecutive formalin testing, and the results also 
showed that this reduction remained constant for up to 35 days after placement. The early-
phase response of the formalin test is hypothesized to be due to formalin’s direct effect 
on nociceptors, which can be moderated through cholinergic spinal inhibitory interneurons 
[32]. The response of late phase is related to inflammation and subsequent tissue damage 
after formalin injection that reflects a situation of central sensitization.
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The high efficiency and sensitivity of the tail-flick test for the evaluation of pain 
threshold after spinal cholinergic manipulation has been confirmed [33]. Moreover, 
consecutive measurement of tail-flick latency can be assumed as a chronic nociception 
marker. Comparing the antinociceptive impact of Curc-PCL/GEL NFs in both two pain 
models indicated that efficient analgesic doses of Curc were selected for alleviation of 
pain in our studies.

It should be noted that the loading of drugs in NFs enhanced their power for penetration 
into tissue. Therefore, drugs can activate more inhibitory interneurons in deeper layers of 
the dorsal horn of the spinal cord. This feature is another benefit of using Curc-laden NFs 
for pain relief.

In this work, 1000 mg PCL/GEL and 200 mg of Curc were used to fabricate electro-
spun Curc-PCL/PEG nanofibrous scaffolds. For the in vivo study, only a small part of 
the scaffold (a size of 3.0 × 10.0 mm, 2 mg) was implanted to the epidural region of rats. 
According to the encapsulation efficacy of Curc loaded into the fibers (92.2%), 313.5 μg 
of Curc was finally released from the fiber into the epidural region of Wistar adult male 
rats weighing between 250 and 300 g, in which this amount of Curc per weight of an 
adult rat cannot have toxic and adverse effects, and it can be considered as the safe and 
therapeutic dose. The dosing of turmeric depends on its formulation. Various animal and 
human studies have shown that Curc is safe and could be tolerated even at very high 
doses without any toxic effects [34, 35]. In an acute toxicity study, there was no mortal-
ity or gross effects 72 h after oral doses of Curc up to 5 g/kg body wight of rats [36]. 
In another work, no mortality or clinical sign of toxicity was found after 250, 500, and 
1000 mg/kg Curc administertion for 90 days (34). Hormone blood, urine and hemato-
logical, pathological, and histopathological analyses along with neurological and ocu-
lar investigation showed no evidence of toxicity due to the Curc treatment in rats. The 
no-observed adverse effect level was detected to be 1000 mg/kg body weight in albino 
Wistar rats according to this study’s observations.

Conclusion

In this investigation, PCL/GEL NFs were applied as a scaffold for the controlled release 
of loaded Curc. The results of FE-SEM and FTIR demonstrated the successful loading of 
Curc in NFs. Both chronic and acute chemical and thermal pains in rats can decrease by 
the lumbar epidural placement of the NFs for 5 weeks. Generally, the findings suggest that 
Curc-PCL/GEL NFs can supply a safe, practical, and easy way of reaching efficient post-
laminectomy analgesia.
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