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ABSTRACT ARTICLE HISTORY

Nowadays the development of sustainable technologies for the Received 10 April 2019

effective production of polymeric materials that can be used as Accepted 23 June 2019

biomaterials will be of importance. In this work, cellulose (CEL)

was purified from potato peel waste (PPW) and used to produce KEYWO'.‘DS .

electrospun nanofibers for tissue engineering applications. The Ce"u'mej electrospinning;
- 1R . S scaffolds; BALB-3T3

purified CEL was solubilized in copper ethylenediamine (Cuen)

and the electrospun nanofibers was produced through electro-

spinning technique in diameter range of 250-500 nm at electrical

field strength of 20kV. To confirm the applicability of the electro-

spun CEL scaffolds in tissue engineering, in vitro BALB-3T3 fibro-

blastic cell adhesion and cell proliferation tests were employed in

this study. Cell viability was evaluated by staining with ethidium

bromide (EtBr) and acridine orange (AO) to evaluate the possible

effects of cytotoxicity of the CNF scaffolds. Fluorescence studies

confirmed that BALB-3T3 viable cells attached and spread

throughout the CEL scaffold. The attachment and spreading of

viable cells suggests that electrospun CEL scaffolds support

growth of BALB-3T3 fibroblasts cells and suggests that PPW can

be a useful source of raw material for the production of scaffolds

for tissue engineering.

1. Introduction

Nowadays, cellulosic biomass has gained a lot of attention as a useful source or raw
material for the sustainable production of cellulose-based biomaterials [1-4]. In line
with the current focus on the sustainable economy development and environmental
concerns, the exploitation of the cellulosic biomass from agricultural wastes for bio-
medical applications represents a promising potential as an alternative to fossil
resources [5,6]. Additionally, the use of agricultural wastes in the production of high
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value added biopolymers for use in biomaterials industry may be considered to be an
important step in the agrotechnology development [7-10].

Potatoes (Solanum tuberosum subesp), are one of the most abundant renewable
source of cellulose that could be recovered and properly processed into materials suit-
able for the production of cellulose-based biomaterials [11]. The potatoes industries
generate a large quantity of potato peel waste (PPW) which has been primarily used
as local animal feed. However, PPW has a great potential for the production of cellu-
lose nanofibers (CNF) which can be used for production of scaffolds for tissue engin-
eering [12-16].

After a pretreatment step to isolate cellulose (CEL), the electrospinning technique
can be used to produce scaffolds applicable to tissue engineering. This method
requires a high voltage, which is able to accelerate a polymer solution through a
metal capillary. Considering an intense electrical field, a solution jet reaches a
grounded target (collector) that leads to solvent evaporation and consequently gener-
ation of nanofibers. The quality of the fibers produced, including diameter and
morphology, relies on electrospinning variables, such as solution composition, applied
voltage, collector distance, and collector type [17].

Since CEL is insoluble in most organic solvents, several studies have focused on
the electrospinning not directly from cellulose but in its derivatives. In many of these
studies cellulose acetate (CA), hydroxypropyl cellulose (HPC), hydroxypropylmethyl
cellulose (HPMC) and ethyl-cyanoethyl cellulose (ECC) were used as the starting
material and after electrospinning process were subsequently deacetylated by alkaline
hydrolysis to produce a regenerated based-cellulose scaffold [18,19].

CNF have been intensely explored as biomaterial for tissue engineering scaffolds
due to their mechanical properties and the ideal interconnected porosity for produc-
tion of scaffolds for tissue engineering [20-25]. The several studies on the feasibility
for CNF scaffolds as biomaterials for skins replacements for burnings and wounds,
drugs releasing system, blood vessel growth, nerves, gum and dura-mater reconstruc-
tion, scaffolds for tissue engineering stent covering and bone reconstruction shows
the greater potential of the agrotechnology sector for recovery CEL through the treat-
ment of PPW [26-31].

In spite of the large number of investigations about the electrospinning of biocom-
posites based on CEL nanofillers and the CEL-derivatives from agricultural wastes
[32], no studies were identified on the direct electrospinning of CEL from PPW and,
as far as the authors are aware, the direct electrospinning of CEL from PPW without
the alkaline regeneration step were reported till the moment. In particular, electro-
spinning of CEL derived from PPW has never been reported, probably because the
focus on this material has been concentrated mainly on their uses for the production
of animal feed, fertilizer and biosynthesis industries [33].

Considering the fact that PPW is renewable, abundant and low cost, this work
presents the extraction, purification and electrospinning of CEL from PPW to obtain
scaffolds for tissue engineering. CEL from PPW was characterized through attenuated
total reflection Fourier transform infrared (ATR-FTIR), X-ray diffraction (XRD) and
scanning electron microscopy (SEM) analyses. Copper ethylenediamine (Cuen) was
used as ionic liquid for dissolution of CEL. The primary aim was achieved to develop
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stable and pure scaffolds for biomedical applications. Furthermore, the surface
morphology of the scaffolds were then analysed through SEM analysis and their via-
bility on human fibroblasts was investigated for its suitability for tissue engineering
applications.

2. Materials and methods
2.1. Materials

PPW was obtained from the local industry in south of Minas Gerais (Itajubd), Brazil,
at world geodetic system-1984 (WGS-84) latitude of 22°25'22.7”S and longitude of
45°27'36.9"W, coordinates. The raw material was cut into pieces of approximately
3cm length, washed thoroughly to remove dust and debris and then dried in oven
for 36 hr at 70°C. The dried potato peel was grind to fine powder using in a knife
mill (Didatica-SP) with a 20 mesh screen, to obtain a fine granulometry. The grinded
sample was then homogenized and conditioned in low density polyethylene bags
(Braskem) and stored in the refrigerator (4 °C) before use.

The analytical grade reagents such as sodium hydroxide (NaOH, 97% m/m), etha-
nol, hydrogen peroxide (H,O,, 35% v/v), lactic acid (C3HgO3), glycidol (CsHgO,) and
copper ethylenediamine (Cuen) were obtained from Sigma-Aldrich and were used
as received.

2.2. Isolation of cellulose from potato peel waste

PPW is mainly composed by starch, cellulose, hemicellulose and lignin, and therefore
required an initial chemical treatment step including delignification and bleaching to
isolate pure CEL [31]. In this work, 25.0 grams of dry mass ground of PPW was ini-
tially treated with a 0.5N aqueous sodium hydroxide solution (NaOH) at 80°C for
2.5hours under constant stirring [33]. This delignification step was repeated twice to
the completely elimination of starch, lignin and hemicellulose. After each treatment,
the pulp was filtered and washed with deionized water to pH close to neutrality (7.0).
A sieve of 200 mesh (75um ABNT) stainless steel sieve (Granute ST) was used to
remove the dissolved impurities. The delignification step was followed by cellulose
bleaching treatment with 2.3 wt% hydrogen peroxide at 70 °C for 2 hours under con-
stant stirring. The purified cellulose (CEL) from PPW was thoroughly washed with
deionized water to pH 7.0 and lyophilized (Freeze-dried model Supermodulyo with
refrigerated chamber Edwards).

2.3. ECL nanofibers electrospinning

Purified CEL was dissolved in copper ethylenediamine (Cuen) at concentration of
10% w/w under magnetic stirring at room temperature (25°C) until a clear solution
was obtained (24 hr) [34]. Hyperbranched polyglycerol (HPGL, molecular weight of
1.5kDa) was prepared in our laboratories by a one-step synthesis via ring-opening
multi-branching polymerization of glycidol stitch [35]. HPGL was added to CEL-
Cuen solution at concentration of 4 wt% to regulate the solution viscosity making the
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CEL-Cuen solution electrospinnable. The CEL-Cuen solution was feed into 20 mL
syringe equipped with a 20 gage needle (inner diameter of 0.58mm and 39 mm long).
The flow rate of the solution through the needle was controlled to be on the order of
0.1 mL/min through an infusion pump (Lifemed LF 2001). A copper mesh (Tegape,
100 mm x 100 mm) with aluminum foil (Liondor, thickness of 0.050 mm) on top was
used as the grounded collector being 10cm far from the needle tip. A voltage of
10kV supplied by a high voltage power supply (Phywe) was applied for a time of
3min at room temperature (25°C). The CNF deposited on the collection plate was
weighed and stored in a desiccator under vacuum at room temperature (25 °C).

For the extraction of Cuen the CNF electrospun scaffolds were thoroughly washed
in three steps with a solution of ammonium hydroxide (NH,OH, 2% v/v) and rinsing
with a solution of lactic acid at 5% w/w. The CNF scaffolds were air dried at 25°C
under vacuum desiccator (Laborglass).

2.4. Characterization methods

The purified CEL was characterized by attenuated total reflection Fourier transform
infrared (ATR-FTIR) technique. ATR-FTIR spectroscopy was carried out on the CEL
samples by means of a Perkin Elmer Spectrum 100 spectrometer, equipped with a
Universal ATR diamond crystal sampling accessory. Infrared spectra were recorded
by accumulating up to 32 scans with a resolution of 4cm™’, in the range of
4000-400 cm .

X-ray diffraction (XRD) analyses were done in order to determine the crystallinity
of extracted CEL from PPW. The XRD pattern was obtained using X-ray diffractom-
eter (XRD- D2000 diffractometer, Rigaku) with filtered Cu Ko radiation operated at
40kV and 40 mA. The XRD pattern was recorded from 5 to 50° (20), with a scan-
ning speed of 2°/min. The crystallinity index (IC) of extracted CEL was determined
using the height of the CEL 002 peak (Ing, 20=22.5°) and the minimum intensity
between the 002 200 and 110 peaks (I, 20 =22°) expressed by [36]:

Toon—1
IC(%) = % x 100 (1)
002

where oo, represent the height of the 002 peak (20 = 22°) associated with the crystal-
line region of CEL; I,,,, represent the amorphous regions in the cellulose and corres-
pond to intensity of diffraction pattern at 20 = 22°.

The morphological characterization of extracted CEL was performed using a scan-
ning electron microscopy (SEM) Shimadzu Superscan SSX-550 SEM scanning elec-
tron microscope with an acceleration voltage of 4-10kV. The samples were mounted
onto stubs by means of carbon adhesive tape and coated with a 20nm thick gold
layer by means of a modular high vacuum coating system.

The diameters of the CNF scaffolds were analysed by the free software JImage
from SEM images in according to methodology adapted from literature [37]. To
evaluate the diameters of CNF, every SEM micrograph was divided into 3 regions
horizontally and 4 regions vertically. The diameter of 60 CNF was measured in every
SEM image.
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2.5. Biological assays

2.5.1. Cell adhesion and cell growth assay

3T3 Fibroblasts (BALB/c clone A31, American Type Culture Collection CCL 173)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, LGC, Biotecnologia
Ltda), and supplemented with 10% fetal bovine serum (Laborclin, FBS), 1% (w/w)
glutamine (Gibco) and 1% (w/w) gentamicin (Gibco), to form a subconfluent mono-
layer on the electrospun scaffolds. A 500 uL cell suspension containing 10,000 cells/
cm” was added to the top of electrospun CNF scaffolds with and the aid of a stainless
steel ring 316 NL of 1cm in diameter, thus delimiting the area of application and
grown to near confluency over 2-3days at 37°C and 95% humidity in 5%
CO, atmosphere.

2.5.2. Morphological analysis

The BALB-3T3 cells in scaffold surfaces were fixed with 2% glutaraldehyde (Sigma-
Aldrich) in 0.1 M phosphate-buffered saline (PBS, 8g of NaCl; 0.2g of KCL; 1.44 g of
Na,HPO,; 0.24 g of KH,PO,, Sigma-Aldrich) (pH 7.2) for 10 min and then rinsed in
PBS buffer three times (10 min each). The samples were then osmotically dehydrated
through a graded water-ethanol series (35, 50, 70, 80, 95, and 100%, 20 min each
step) and then lyophilized. Scaffolds were sputter-coated with gold and the morph-
ology of the fibroblast cells were analyzed by SEM.

2.5.3. Apoptotic assay by acridine orange-ethidium bromide staining

To evaluate the presence of apoptotic cells and the possible effects of cytotoxicity of
the CNF scaffolds the seeded BALB-3T3 cells were stained with a mixture of acridine
orange (AO, Sigma-Aldrich) and ethidium bromide (EtBr, Sigma-Aldrich) at concen-
tration of 100 ug.mL~" in PBS for 20s. Samples were observed and photographed
with a Carl Zeiss fluorescence microscope equipped with epifluorescence optics
(Axioskop 40®/Axioskop 40 FL®). The emitted fluorescence for AO was acquired at
500-560 nm, and for EtBr, the emission was acquired at 600-700 nm.

2.6. Statistical analysis

Data represent the mean+standard deviation (SD) of at least four replications.
Statistical significance was tested by one-way ANOVA and Tukey and p-values infer-
ior to 0.05 were considered significant.

3. Results and discussion
3.1. Scaffold preparation and characterization

Figure 1 shows the CEL production from PPW. The method for the production of
scaffolds starts with the treatment of PPW with NaOH at 80°C to accelerate the
delignification with recovery of the CEL fibers (Figure 1A). It can be assumed that in
this step 90-95% of the hemicellulose and lignin are dissolved and degraded during
this process. The deposited lignin confers a dark colour to the pulp and, after the
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Figure 1. Stages of CEL extraction from PPW: potatoes peels during the stage of hemicellulose
and lignin extraction (A), stage of bleaching through the use of hydrogen peroxide (B), aspect of
the cellulose after sodium hydroxide process and H,0, blenching (C), CEL films after blenching (D).

brown mass is thoroughly washed with deionized water, a bleaching was carried out
with H,O, (Figure 1B) for the removal of impurities and the remaining lignin. After
bleaching the pulp attains a very clear colour (Figure 1C) providing the production
of films (Figure 1D) suitable for use in electrospinning process.
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B)

Figure 2. Scanning electron micrographs of PPW (A) and the extracted CEL (B). The arrows indicate
the presence of starch granules before the delignification process (A) and delineated microfibrils
after delignification process (B).The bars indicates 10 um.

Figure 2 shows the scanning electron microscopy (SEM) to obtain qualitative infor-
mation about the efficiency of the alkaline delignification process in the extraction of
CEL from PPW. When examined by SEM PPW exhibit starch granules in spheres or
polygonal shapes with size around 2-30 um (Figure 2A) [38,39]. After the delignifica-
tion it was observed that microfibrils were more clearly delineated indicating the higher
lignin removal from the PPW. These observations are in good agreement with the
results obtained from the cellulose SEM studies of other authors [40,41].

The ATR-FTIR spectra for the PPW and extracted CEL samples are shown in
Figure 3A. Comparing the results, it is observed that PPW presents absorption bands
related to three main peel components (cellulose, hemicellulose and lignin), while
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Figure 3. ATR-FTIR spectra (A) and XRD (B) of purified CEL from PPW.

extracted CEL demonstrates more bands that confirm the presence of cellulose. Both
spectra present hydrogen bond stretching in the hydroxyl at 3300-3400cm ™' [42]
and the aliphatic saturated C-H stretching vibration at 2800-2900 cm™ ! [12]. The
unique fingerprint region for cellulose (800-1500cm™") is also verified for PPW and
extracted CEL, indicating that regardless of alkali or acid treatment, the cellulose
chemical structure stays the same [32].

In the PPW spectrum, the absorption band at 1637 cm ™' is characteristic of the
hemicelluloses and lignin ester groups vibration [43] and the range between
1600-1400cm ™' is related to C=C vibration in lignin aromatic rings [12].
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Furthermore, a band at 1235cm™ ' (C-O-C stretching), related to ether and ester
bonds and responsible for the strong association between hemicellulose and lignin
in the cell wall [44,45], which was only seen with PPW. Thus, these results con-
firm that treatment with NaOH and H,O, was effective in removing hemicellulose
and lignin.

Plots of X ray diffraction intensities from CEL extracted from PPW is shown
in Figure 3B. Diffraction peaks at 20 = 14° (101), 16.8° (101) and 22° (002)
(Figure 3B) confirmed the characteristic structure of cellulose type I [32,46] and
demonstrates that the crystalline structure of the native cellulose in potatoes peels
remained unchanged after the alkaline extraction and blenching with H,O,. The
relative crystallinity calculated in according to Segal method was 70.8%.

The morphology of the electrospun CNF was studied by SEM and the results are
shown in Figure 4A and B. From Figure 4A and B can be noted that the nanofibers
obtained from the CEL-Cuen solution are of poor quality with formation of bead,
bending and flat fibrous structures. It is possible that the viscoelasticity of the Cuen-
CEL solution, charge density in the jet, and the surface tension of the solution leading
to some instability in the electrical forces responsible for the formation of the Taylor
cone thus forming nanofibers of poor quality [47-51]. To overcome the issue of bead
formation and flat fibrous structures, HPGL (M,, = 4kDa) was added to the CEL-
Cuen solution to a slight improvement in conductivity due to the existence of polar
groups in the HPGL molecule. Figure 4C shows SEM images of electrospun CNF
obtained from solutions containing 4 wt % HPGL. As can be seen (Figure 4C) a sig-
nificant improvement in the fibber morphology upon addition of HPGL with a con-
siderable reduction in bead-density was attained. A bimodal distribution of CNF was
observed with average diameters around 100 nm and 700 nm (Figure 4E).

3.2. Biocompatibility of BALB-3T3 cell with CNF scaffolds

The electrospun scaffolds are attractive for tissue engineering because of their inher-
ent advantages of high surface area for cell attachment, controlled porous architec-
ture, and a 3-D microenvironment for cell-cell contact that mimicking the
filamentary structure of the extracellular matrix (ECM) [49,50]. Nowadays, electro-
spinning is an important method for scaffolds preparation with a wide spectrum of
properties (chemical, physical and mechanical) [52,53]. The implanted electrospun
scaffold should act as temporary substitute of the native extracellular matrix, enabling
the ingrowth of a new tissue by attracting cells from surrounding and providing suit-
able physiological conditions for cellular proliferation [54].

Figure 5A and B demonstrates SEM morphologies of fibroblast adhesion onto
CNF scaffolds. SEM micrographs data demonstrate that BALB3-T3 cells efficiently
attached and spread to the CNF scaffolds in the first 24h of cultivation in DMEM
medium. Fibroblasts were grown on CNF scaffolds as well and the formation of a cell
layer type fibroblast-like adhering firmly to CNF scaffolds was observed (Figure 5A
and B).

Fluorescence AO/EtBr images and phase contrast images were taken to see the
attachment of BALB-3T3 fibroblast cells over the CNF scaffold (Figure 6).
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Figure 4. SEM images of electrospun CNF scaffolds produced from solutions of 10wt % CEL-Cuen
both without (A, B) and with addition of HPGL nonionic surfactant (C, D). The diameter distribution
of CNF is shown in (E). Arrows indicates the fiber defects. The bars indicates 5 pum.

Additionally, these tests helped to know whether there was any change in the morph-
ology of cells due to contact with the CNF scaffold and makes it possible to evaluate
whether CNF scaffolds induced morphological alterations that could be attributed to
an apoptotic/necrotic cellular mechanism [55,56]. Fluorescence microscopy after AO/
EtBr staining allows visualizing apoptosis related changes in BALB-3T3 cells and their
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X10.0K 20.0 kV

Figure 5. Scanning electron micrographs of BALB-3T3 cells adhered on CNF scaffolds after 24 hours
of culture. Arrows indicates de BALB-3T3 cells adhered on CNF structure. Scale bar indicates 1 pm.
It was observed that the fibroblasts adhere in the fibers of greater diameter which suggests the
existence of a critical size for the beginning of adhesion.
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Figure 6. Representative fluorescence microscopy images (40X magnification) show AO/EtBr
stained BALB-3T3 seeded cells on control (A) and CNF scaffolds (B, C). In (D) are shown the rela-
tionship between cell seeding concentration and the number of attached cells on the fibers. The
averages of the cells number presenting the numbers of cells attached on the CNF among different
concentrations of cells in the medium (numbers/mL). The experiments were performed independ-
ently five times. Error bars (D) show the standard deviation.

nuclei in order to verify cell viability. Live cells appear green (with acridine orange),
while apoptotic cells appear orange (with ethidium bromide). Initially, BALB-3T3
fibroblast cells adhesion and spreading over the CNF electrospun scaffold would be
considered as essential step for cell growth required for wound healing and restor-
ation of the tissues. All images (Figure 6B and C) clearly proved that normal morph-
ology of spindle-like shapes of live BALB-3T3 cells was maintained even after 3 days
for CNF scaffold. Fluorescence images also proved that BALB-3T3 cells adhering
through CNF nanofibers are viable, represented by the lysosomes stained by AO and
suggest the absence of dead cells since the presence of EtBr positive cells have not
been observed.

The degree of BALB-3T3 cell adhesion onto CNF scaffolds was quantified from
fluorescence microscopy by measuring the number of cells that adhered onto each
fibber as a function of the initial cell seeding density (Figure 6D). There was a
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sigmoidal trend between the number of cells seeded and the number of cells that
were adhered on the CNF nanofiber scaffolds.

4. Conclusions

CEL was extracted and purified from PPW, a biomass resource known as agricultural
waste. ATR-FTIR and XRD of the extracted CEL confirmed their quality and purity.
The electrospinning technique provides an efficient approach to fabricating CNF scaf-
folds with diameters in the nanometer range with bimodal size distribution. In the
present study, CNF scaffold supported the adhesion and growth of BALB-3T3 cells.
The results obtained from the fluorescence and scanning electron microscopy indi-
cates that BALB-3T3 cells were growing onto electrospun CNF scaffold. However,
despite the positive in vitro results, in vivo and clinical trials should be performed to
confirm whether the fibroblast adhesion and proliferation properties of CNF may
lead to a better formation of a collagenous connective tissue in the clinical setting. In
the light of the low cost of PPW, the results of in vitro assays suggest that CNF
extracted from PPW has a significant potential to be a suitable scaffold tissue engin-
eering applications.
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