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Novel Approach for Efficient Recovery for
Spinal Cord Injury Repair via Biofabricated
Nano-Cerium Oxide Loaded PCL
With Resveratrol to Improve in Vitro
Biocompatibility and Autorecovery Abilities

Liang Dong1, Xin Kang2, Qiang Ma2, Zhengwei Xu1, Honghui Sun1,
Dingjun Hao1, and Xiujin Chen2

Abstract
It is more difficult to develop the low-cost spinal cord injury repair materials with high stability and biocompatibility for the
biomedical applications. Herein, for the first time, we demonstrated the functional restoration of an injured spinal cord by
the nano CeO2 particles assembled onto poly (e-caprolactone) (PCL)/resveratrol (RVL) were synthesized using the bio-
compatible ionic liquid. The as-prepared biocompatible nanomaterials were characterized and confirmed by using different
instruments such as Fourier transform infra-red spectroscopy for functional groups identification, X-ray diffraction for
crystalline nature, Scanning electron microscopy, transmission electron microscopy for morphological structure, Dynamic
light scattering for size distribution of the nanoparticles and thermogravimetric analysis for thermal properties. The
synergetic effect between the uniform distributions of nano-sized CeO2 particles onto the PCL polymer with RVL can
remarkably enhance the catalytic performance. Biofabricated nano-cerium oxide loaded PCL with RVL revealed that
treatment significantly preserved hydrogen peroxide and also good catalytic performance. This study presents a nano-sized
cerium oxide particles loaded PCL with RVL biocompatible materials have been providing highly efficient regenerative
activity and biocompatibility in spinal card regeneration.
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Introduction

Inorganic metal or metal oxide nanoparticles embedded with

synthetic and natural polymers are well acknowledged for the

antimicrobial activity, antioxidant, autocatalytic, anti-

inflammatory, and biocompatibility, these properties are nec-

essary for the biomedical and environmental applications.

Nanoparticles are used as the wound healing, anticancer activ-

ity, spinal cord injury repair, autoimmune, and cardiac disease

treatment. Cerium oxide (CeO2) has one of the most significant

catalytic materials in the field of nanotechnology and biome-

dical tissue engineering applications.1 Advantages of the nano

CeO2 materials are used such as the biocompatibility, autoca-

talytic, and antioxidant properties and it is helpful for the spinal

cord injury,2-4 and it is acting for an excellent protector against

cellular breakdown system due to unnecessary free radicals,

neurological disorders, pathological, and against radiations.

In addition, less solubility of CeO2 conquered by the biocom-

patible cerium oxide embedded with biopolymers such as dex-

trin, folic acid, cyclodextrin, glucose unit, chitosan, and so on.
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Nowadays, researchers have been focused on increasing the

solubility and biocompatibility behavior.5,6

Poly (e-caprolactone) (PCL) polymer has chosen as the

basal scaffold because of its good mechanical strength, non-

toxic, odorless, and biocompatibility.7 Poly (e-caprolactone)

has demonstrated that easily produced to the (negative) charge

vessels of tubular scaffolds and attached to the other polymeric

compounds. Furthermore, it has been broadly applied to the

drug delivery system in the many aspects. Recently, many

researchers have been listening carefully on the many dietary

and botanical usual materials, which contain antioxidant and

antibacterial behavior that can be easily reduced the spinal cord

repair from ischemic reperfusion injury.8

Resveratrol (RVL) (3, 4, 5-trihydroxystilbene), a polyphone

compounds are founded in peanuts, plums, grapes, and various

plants. The RVL is as well the attendance in red wines and it is

too much lower content in white wines. It is used biological

events such as cardioprotective, antioxidant, anti-

inflammatory, and anticancer properties.9 It is showed to inhi-

bit membrane lipid peroxidation, hydrogen peroxide scavenger

free radicals through increased the antioxidant levels and inhi-

bit platelet aggregation form and numerous organs are pro-

tected from ischemia reperfusion injury.10 However, many

studies focused onto the RVL as an antioxidant inducer in

different diseases, the important role of RVL is the defense

of spinal cord reperfusion injury remnants unexplored.

Currently, many researchers’ have been growing various

nanoparticles and polymer loaded bionanomaterials with

highly efficient biological applications. In general, the mix-

ture combines’ materials are acting as the physicochemical

properties for synthetic polymers with metal oxide nanopar-

ticles and biological properties for the natural polymers.11,12

The spinal cord injury applications used the biocompatible

polymeric materials such as chitosan, dextran, cyclodextrin,

folic acid, and so on. Specifically, the mixture of natural,

synthetic and metal oxide bionanomaterials such as the

PCL-collagen, poly (l-lactic acid)-b-poly (e-caprolactone)-

gelatin, polyurethane-gelatin, poly (lactic-co-glycolic acid)-

collagen, PCL-gelatin, chitosan-CeO2, and PCL-CeO2 were

broadly explored for the tissue engineering and spinal cord

injury repair applications.13-21 According to our best knowl-

edge, no one has reported on the “Novel approach for efficient

recovery for spinal cord injury repair via Biofabricated nano-

cerium oxide loaded PCL with RVL to improve in vitro bio-

compatibility and auto-recovery abilities.”

Herein, we demonstrate that a new biofabricate nano-cerium

oxide loaded PCL polymer with RVL. The as-synthesized bio-

compatible nanomaterials have been characterized and con-

firmed by various analytical techniques including by Fourier

transform infra-red spectroscopy (FT-IR), X-ray diffraction

(XRD), scanning electron microscopy (SEM), High Resolu-

tion-transmission electron microscopy (HR-TEM), and ther-

mogravimetric (TG) analysis. Consequently, we have focused

and established onto the fabrication of biocompatible nano-

sized cerium oxide particles onto PCL matrix with RVL to

increase their solubility, avoid the toxicity and

biocompatibility for biomedical applications, it is like an anti-

oxidant and autocatalytic performance for spinal cord injury

repair.

Experimental Details

Materials

Poly (caprolactone) (PCL) polymer (Mn average 80 kDa) and

cerium nitrate (Ce (NO3)3.6H2O) hexa hydrate (99.5%) were

purchased from Sigma Aldrich. Resveratrol (99.8%) from Bra-

zil and 1-Butyl-3-methylimidazolium tetrafluoroborate were

purchased from Shanghai Chemical Reagent Corporation,

China. Sodium hydroxide (98%), hydrogen peroxide (99.8%),

and potassium dihydrogen phosphate (98%) were purchased

from Sigma Aldrich. The chemicals and reagents were used

as the analytical reagents grade.

Preparation of Nano Cerium Oxide (nano CeO2) Particles

Typical procedure, about 0.5 M of Ce (NO3)3.6H2O was dis-

persed in 100 mL of Millipore water with constant stirring for

half an hour and then 2 mL of 1-Butyl-3-methylimidazolium

tetrafluoroborate solution was added into the above reaction

bath. And also, 100 mL of freshly prepared; (1 M) sodium

hydroxide solution was added in dropwise, till the precipitation

was completely formed. The obtained precipitate was continu-

ously stirred for 4 hours and after completion; the precipitate

was allowed to settle for one day. The remaining product was

washed with water and ethanol, then filtered and dried in a hot

air oven at 80 �C for 3 hours and annealed at 500 �C for 5 hours.

The obtained final product was grounded well with a mortar

and designated as nano CeO2.

Biofabrication of Cerium Oxide-POLY (Caprolactone)
(CeO2-PCL/RVL) Nanomaterials

Take 1.2 g of nano cerium oxide and 1 g of PCL polymer

powder were uniformly mixed cautiously 100 mL of Millipore

water and using magnetic stir for 30 minutes. Subsequently,

0.01 g of RVL added into the above mixture. This hybrid blend

was continuously stirred for 60 minutes and centrifuge at

8000 rpm for 5 minutes. Centrifuged nanoparticles were rinsing

with Millipore water and dried in an oven at 80 �C for 3 hours.

Finally, the obtained bionanomaterials CeO2-PCL/RVL for

further study the spinal cord injury repair. Similar way, pre-

pared to the nano CeO2-PCL bionanomaterials without RVL.

Characterizations

Functional groups identifications of as-synthesized nano CeO2,

PCL polymer, and RVL bionanomaterials were confirmed by

FT-IR spectra (Nicolet 380 FT-IR microscope). X-ray diffrac-

tion patterns were obtained from the crystalline behavior of

biocompatible materials recorded using (Rigaku D/MAX-rA

diffractometer). The morphological structure, shape, and dis-

tribution of nano CeO2 loaded onto the PCL polymer matrix
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and RVL drug molecules were evidenced by scanning electron

microscope (JSM-7000F) and transmission electron micro-

scope (Tecnai F20 at 200 kV). Thermal properties of bionano-

materials were recorded TG analysis (room temperature to

800 �C) using TG instrument SDT Q600 (10 �C per minutes

and N2 gas). Dynamic light scattering (DLS) of nanomaterials

was performed on a Zetasizer Nano instruments.

In Vitro Drug Release

In vitro release was carried out for the nano CeO2 embedded

with PCL bionanomaterials and pure drug molecules. The dis-

solution assessment was measured in a Nova Ética tester

equipped with paddles in 1 L of concerned buffer solution

(pH range ¼ 6.8, 22.5 mol�L�1 of sodium hydroxide and

50 mmol�L�1 of potassium dihydrogen phosphate) for 10 hours

in triplicate.22,23 The whole schematic program was kept at a

thermostatically controlled at 37 �C and magnetically stir for

75 rer�min�1. The whole process was detained under dark envi-

ronment. At appropriate time intervals, processed materials

were collected, filtered, and it was measured using ultraviolet

(UV)-Vis spectrometer. The dissolution values were obtained

from the amount of drug-released molecules.

In Vitro Cell Survival and Autocatalytic Study

In vitro cell and autocatalytic study of the nanoceria oxide

particles were further established in a hydrogen peroxide–

induced oxidative injury model utilizes the spinal cord model

system. Firstly, 100 mM of hydrogen peroxide (H2O2) solution

was added for 60 minutes to both a nano-Ceria oxide nanopar-

ticles treated culture and a control culture at 15 days. Subse-

quent to 60 minutes of H2O2 treatment, the cell viability was

assay using a live-dead kit.

Result and Discussions

Fourier Transform Infra-Red Spectroscopy

Fourier transform infra-red spectroscopy spectrum of nano

CeO2, PCL, RVL, nano CeO2-PCL, and CeO2-PCL/RVL bio-

compatible nanomaterials are shown in Figure 1. The FT-IR

spectrum shows the cerium oxide main functional groups of

CeO2 strong peak obtained at 652 cm�1 which is ascribed txo

the Ce-O-Ce stretching vibration confirms the CeO2 nanoparti-

cles and introduction of ionic liquid, some characteristic func-

tional groups peaks are observed.1 The PCL polymer showed the

main characteristic peak at 1722 cm�1 for carbonyl (C-O)

groups of stretching vibration and small intense characteristic

peaks at 2865 cm�1 for symmetric and 2944 cm�1 for asym-

metric CH2 stretching vibrations, respectively.20 The FT-IR

spectra of RVL show a typical OH stretching peak at 3259 cm�1

and 3 small strong peaks at 1383 cm�1 for C–O stretching vibra-

tions, 1587 cm�1 for C–C olefinic stretching and 1612 cm�1 for

C–C aromatic double-bond stretching vibrations. And also, the

typical peak was obtained at 962 cm�1 for Tran’s olefinic form.

The nano CeO2-PCL composite shows the PCL polymer

characteristic peaks are observed at the same region, but CeO2

peaks are the shift to higher wavenumbers at 658 cm�1, these

confirm the CeO2 connection of PCL polymer matrix.7 It is

interesting to note that FT-IR spectra of CeO2-PCL/RVL bio-

compatible nanomaterials, the characteristic peaks of RVL and

PCL polymer matrix are observed at the same region and nano-

sized CeO2 are slight shifts to the wavenumbers at 659 cm�1.

This result confirms the presence of RVL, PCL polymer with

nano-sized particles of cerium oxide. However, the occurrence

of carbonyl and hydroxyl functional groups on nanomaterials

surface is beneficial to the injury repair.

X-ray Diffraction Analysis

X-ray diffraction patterns of nano CeO2, PCL, RVL, nano

CeO2-PCL, and CeO2-PCL/RVL biocompatible nanomaterials

are shown in Figure 2. X-ray diffraction spectra of nano cerium

oxide are well matched with the JCPDS card no. 75-0076.24

Figure 1. FT-IR spectrum of (A) nano CeO2, (B) PCL, (C) RVL, (D)
nano CeO2-PCL, and (E) CeO2-PCL/RVL. FT-IR indicates Fourier
transform infra-red spectroscopy; PCL, poly (e-caprolactone); RVL,
resveratrol.

Figure 2. XRD patterns of prepared samples of (A) nano CeO2, (B)
nano CeO2-PCL, and (C) CeO2-PCL/RVL. PCL indicates poly
(e-caprolactone); RVL, resveratrol; XRD, X-ray diffraction.

Dong et al 3



And the all information reveals that the as-fabricated bionano-

materials have the cubic phase arrangement confirmed. The

nano CeO2 particles exhibited that the crystalline diffraction

(111), (200, (220), (311), (222), (400), (331), (240), and (422),

lattice planes, respectively. The PCL polymer matrix, 2 major

sharp peaks are observed in the diffraction peaks at 21.2� and

23.6� that represent the planes of (110) and (200), which is a

polyethylene such as semicrystalline structure, respectively.20

X-ray diffraction patterns of RVL represent the different

characteristic peaks connected to a crystalline structure, and

major diffraction angle was observed at 2y ¼ 6.63�, 16.32�,
19.27�, 22.33�, 23.05�, and 28.57�, respectively.25 The XRD

patterns of nano CeO2 loaded PCL matrix reveals that the

similar to CeO2 crystalline lattice and small intense peaks are

observed, these samples are well matched with (JCPDS card

no. 75-0076) the CeO2 nanoparticles. The crystalline diffrac-

tion peaks of CeO2-PCL/RVL biocompatible nanomaterials are

well matched to CeO2, PCL polymer, and RVL peaks. Thus,

the results suggest that the biocompatible nanomaterials pro-

vide a significantly reduce the crystalline peaks of RVL leading

to nano CeO2 loaded PCL polymer matrix.

Scanning Electron Microscope Analysis

The morphological facial appearance of nano CeO2, PCL, nano

CeO2-PCL, and CeO2-PCL/RVL bionanomaterials is shown

in Figure 3. It can be clearly seen from the scanning electron

microscope of nano CeO2 is the spherical shape,26 and PCL has

porous structure revealed that the amorphous nature which is

attribute the polymeric chain of PCL.20,27 The SEM images of

nano CeO2-PCL polymer and CeO2-PCL/RVL bionanomater-

ials display the homogeneously distribution of spherical parti-

cles of nano CeO2 onto the PCL polymer and RVL surface,

without any aggregation and the formed nanoparticles due to

the capping or reducing behavior of PCL polymer and RVL,

which is main role in the formation of bionanomaterials. These

results are more in accordance with the XRD results.

Transmission Electron Microscope Analysis

To demonstrate the effect on distribution of particle size mor-

phological shape of the nano CeO2, PCL, nano CeO2-PCL, and

CeO2-PCL/RVL bionanomaterials were analyzed by TEM

images as shown in Figure 4. The observation TEM image of

nano cerium oxide exhibits the particle size at 10 to 60 nm and

the good contribution of sphere nanoparticles.28,29 The PCL

polymer matrix reveals the porous nature of polymeric units.

As clearly seen, TEM image of CeO2-PCL nanomaterials

reveal that the porous nature of PCL polymer and their doping

of nano cerium oxide particles visualized. It is interesting to

note that the TEM image of CeO2-PCL/RVL bionanomaterials

is similar morphological structure observed from the

Figure 3. Scanning electron microscope images of (A) nano CeO2, (B) PCL, (C) nano CeO2-PCL, and (D) CeO2-PCL/RVL. PCL indicates poly
(e-caprolactone); RVL, resveratrol.
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CeO2-PCL polymer matrix and surface slightly moderated.

Hence, the result confirmed the construction of CeO2 nanoparti-

cles loading PCL polymer and RVL. These nanostructure mate-

rials are beneficial to the injury repair biomedical applications.

Size Distribution and Zeta Potential

As shown in Figure 5A, the CeO2-PCL/RVL had average dia-

meters of 50 + 3 nm observed by DLS and particle size ranges

from 10 to 60 nm which is in agreement with the TEM analysis

data. The zeta potential result of the CeO2-PCL/RVL nanocom-

posite is shown in Figure 5B, which indicates the stability of

the colloidal dispersions. The magnitude of zeta potential val-

ues (�10.3 mV) indicates that the CeO2-PCL/RVL nanomater-

ials show incipient instability with a low rate of flocculation or

coagulation. The negative value obtained for the zeta potential

indicates that the CeO2-PCL/RVL nanomaterials surface is

negatively charged.

Figure 4. Transmission electron microscope images of (A and B) nano CeO2 and SAED pattern of nano CeO2, (C) nano CeO2-PCL, and (D)
CeO2-PCL/RVL. PCL indicates poly (e-caprolactone); RVL, resveratrol.

Figure 5. (A) Zeta potential value of CeO2-PCL/RVL and (B) size distribution. PCL indicates poly (e-caprolactone); RVL, resveratrol.

Dong et al 5



Thermogravimetric Analysis

The thermal properties of nano CeO2, PCL, nano CeO2-PCL,

and CeO2-PCL/RVL were analyzed by the thermal gravimetric

analysis (TGA). Figure 6 shows the weight loss and weight loss

rate curves recorded with heating rate at 10 �C per minutes in

nitrogen atmosphere between 27 �C and 800 �C. The first-stage

weight loss obtained at 27 �C to 130 �C, which could be

ascribed to the water dehydration from the entire polymeric

structure unit.30 The second-stage weight decrease was

observed the PCL polymer chain surrounded by the tempera-

ture range from 120 �C to 650 �C is the elimination of dopant

decomposition from the biopolymeric structure, but the intro-

duction of CeO2 nanoparticles does not decrease the thermal

stability of PCL polymer chain at 250 �C.20 However, the

CeO2-PCL/RVL was observed the 3 stages of weight loss,

assigned to the 27 �C to 120 �C for dehydration polymeric

chains, 120 �C to 650 �C for depolymerization and 650 �C to

800 �C for the polymer units decomposition. Thus, the thermal

performance of CeO2-PCL/RVL composite is improved, when

compared with CeO2-PCL and PCL polymer.

It is well recognized that the weight derivative of bionano-

materials weight loss (%; 5.5%, 9.4%, 10.8%, and 80.8%) of

the relevant materials is arranged in the order of CeO2 > CeO2-

PCL/RVL > CeO2-PCL > PCL, respectively. Thus, resulting

that the presence of nano CeO2 particles incorporated in the

PCL and RVL has been improved the crystalline phase as well

as thermal stability of the PCL-RVL polymer chain, which had

been confirmed by XRD analysis.

Biological Evaluation

To study the in vitro drug-releasing profile, dissolution rates of

nano CeO2 loaded onto the PCL bionanomaterials and pure

drug molecules are shown in Figure 7. Shows the dissolution

test, drug molecules free (RVL) contain simply released from

the drug molecules within 10 hours. The molecule size is

extremely low comparable to the drug carriers, so it may be

certain amount of drug molecules unrestricted earlier in the

drug delivery organization.

However, in such a case, our container drug molecules were

exhibit that continually released from the nano CeO2 particles

loaded PCL matrix at 10 hours.1,31 The drug molecules releasing

system rate of nano cerium oxide loaded PCL polymer materials

was about (29%) comparable to CeO2 (48%). An arithmetical

rate was designed among the CeO2 nanoparticles and CeO2

loaded PCL nanomaterials exhibit an arithmetical distinction

value (*P < .05) by using the Student t test for first 10 hours.

This drug release examination has been confirmed the main role

of PCL polymer as efficient carriers in the current study.

In addition, catalytic performance of nano cerium oxide

loaded RVL and nano cerium oxide loaded PCL polymer with

RVL was verified using UV-visible spectroscopy and con-

ducted the H2O2 medium. In the activity measurement, the

nano CeO2 particles loaded PCL polymer with RVL was used

as a control solution, shown in Figure 8. After addition of the

H2O2 as the standard solution, the intensity peak was shifts to

lesser energy level. These shifts the spectrum hypothesizes

value can be changed into the CeO2 oxidation state from Ce3þ

to Ce4þ ions.32,33 Subsequently, the spectra of hydrogen per-

oxide solution were influence and shifted to the higher energy,

following 14 days of duration kept in light off environmental

conditions. This type of shifting demonstrates on a higher

energy level that the reproduction of nano CeO2 particles from

Ce4þ to Ce3þ ions is dependent on the size of nanomaterials.

Consequently, UV-Vis spectra was recognized that adding

together of CeO2 onto the PCL with RVL has enhance the

catalytic oxidative revival from the UV-Vis spectra shifted

from the lower energy level to higher energy level and higher

energy level to lower energy level using the H2O2 solution.1

These specify that CeO2 nanoparticles are providing enhanced

the catalytic activity in spinal card regeneration.

Figure 6. Thermal Gravimetric Analysis curves of (A) nano CeO2, (B)
PCL, (C) nano CeO2-PCL, and (D) CeO2-PCL/RVL. PCL indicates
poly (e-caprolactone); RVL, resveratrol.

Figure 7. In vitro drug release of nano CeO2 particles loaded PCL at
37 �C (pH 6.8 in Phosphate Buffer Solution (PBS) buffer). PCL indi-
cates poly (e-caprolactone).

6 Dose-Response: An International Journal



In cell viability, assessments were tested by using spinal

card cells, being isolated from euthanize adult rats shown

in Figure 9. The live-dead assays of RVL molecules loading

with CeO2-PCL polymer have got large cell viability at

(62 + 2) for 5 days, (59 + 2) for 10 days, and (57 + 2) for

15 days as compared to drug molecules loaded nano CeO2.

And the death cell also suggestively lower intensity level of

RVL molecules connected nano cerium oxide and PCL poly-

mer compared to the RVL molecules loaded nano CeO2.34

The valance states of cerium oxide (Ce3þ and Ce4þ) ions on

the surface of as-prepared nanomaterials are successfully

involved in the antioxidant function, which had been the sca-

venger of the free radicals on the culture medium operation

(hydrogen peroxide role act as the scavenger and autocatalytic

agent). Subsequently, another chemical reaction seems

involved that the nano cerium oxide and ions of culture

medium possible to the reverse oxidation state from Ce4þ to

Ce3þ ions. Thus, the results support to be a regenerative

reaction and catalytic activity of drug molecules loaded nano

CeO2-PCL polymer matrix.

Conclusion

In summary, we have developed to a biofabricated nano-

cerium oxide loaded PCL polymer with RVL. The as-

prepared biocompatible nanomaterials were characterized and

confirmed by FT-IR spectroscopy, XRD, SEM, TEM, DLS,

Zeta potential, and Thermogravimetric analysis. The CeO2-

PCL/RVL bionanomaterials were evaluated and established

with its comparative studies on in vitro and in vivo viability

analysis. The results of CeO2-PCL/RVL bionanomaterials

were found to be excellent biocompatible without any harmful

effect of neighboring implantation. Therefore, the CeO2-PCL/

RVL bionanomaterials can be a feasible medical application

material, functional recovery for spinal cord injury repair.
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