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ABSTRACT

Biomaterials are widely used in the field of tissue engineering as coatings, scaffolds, or injectables.
Since these materials need to be compatible with the biological conditions of the human body,
improving the sources and methods of production for biomaterials call for continuous innovation. In
this study, fibers were electrospun from cellulose acetate (CA) polymer solution using graphene oxide
(GO) as afiller, for bone tissue engineering applications. The GO was synthesized from spent coffee
grounds, a carbonaceous source that is discarded abundantly. A non-energy-intensive methodology
was used for the production. CA with 5 wt% of GO nanoparticles was dissolved in a dimethylacetamide
and acetone solvent mixture to produce the polymer solution. The nanofibrous scaffolds were tested
for their morphological and mechanical properties as well as their biocompatibility. Scanning electron
microscopy (SEM) results showed that electrospinning produced smooth nanofibers with very few
beads. Fiber diameters decreased with the addition of GO nanoparticles. Mechanical testing showed
that modified CA scaffolds exhibited an improved tensile strength of 115.75 kPa on average compared
to the pristine ones. In addition, a cell culture study revealed that using graphene oxide as a modifier
of the matrix is non-toxic and promoted cell growth. The oxygen-rich and hydrophilic nature of GO
played a role in the biocompatibility of the produced fibers. In general, this study showed that agro-
residual biomass can be used to produce and modify biomaterials. This aspect contributes to research
on sustainable bio-composites and the effort in environmental conservation.
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1. Introduction

Biomaterials that are utilized as basic materials for the construction of scaffolds play a significant role
in bone tissue engineering. Scaffolds mimic the structure and function of the natural bone extracellular
matrix that can provide a three-dimensional (3D) environment to stimulate the adhesion,
proliferation, and differentiation of cells [1-3]. Moreover, a biomaterial, to be used in tissue
engineering, is required to be biocompatible, mechanically durable, and biodegradable [4]. Hence,
source polymers for such materials, need to possess such properties or should be able to be tunable



to those effects. One of these polymers is graphene oxide (GO). GO is one of the derivatives of
graphene and is praised for its excellent properties such as electrical conductivity, mechanical strength,
and optical properties. It also proves to be effective in osteogenesis and promotes cell differentiation
and adhesion, hence has good biocompatibility features [5]. GO is also a remarkable material to
enhance the properties of other biopolymers by forming bio-composite scaffolds [6].

The two widely used methods to synthesize GO are the bottom-up and the top-down approaches [7].
The bottom-up approach involves chemical vapor deposition and epitaxial growth of graphene,
whereas the top-down approach includes methods such as liquid-phase exfoliation and
micromechanical cleavage [8]. The main source of GO, used in the second approach, is graphite.
Nowadays, due to the increasing need for GO in the research and industry sector, the production and
the amount of graphite needed is highly growing. However, both natural and synthetic sources of
graphite pose challenges. Technical and economic hindrances, especially for large-scale applications
are very significant [9]. Effects on the environment during sourcing and production are also a current
concern [10].

Thus, research is being done to synthesize GO from natural sources. For example, agricultural or forest
biomass that contains cellulose, hemicellulose, and lignin are known to be carbonaceous and hence
are now being used to synthesize GO [11]. One of these is ground coffee waste.

Coffee is one of the most widely consumed beverages in the world next to water. In the year
2020/2021 alone, around 11 million tons of coffee were consumed worldwide [12]. This makes it a
product that attracts diversified attention worldwide. Producers earn fortunes, consumers take
caffeine whereas researchers study it further. However, after brewed coffee is used, what remains is
wet spent coffee grounds twice the weight of the powder used [13]. This waste is largely discarded
into landfills or water bodies. Due to the acidic nature of ground coffee, especially that of the most
used arabica coffee, this unmanaged leftover would induce acidity in the soil and endanger aquatic
nature. It also releases methane into the environment [14]. For several years, the portion of the ground
coffee waste that remained from being thrown has been used to produce biofuel, fertilizers, and
recycled utensils [15,16]. This phenomenon inhibited the great potential of a product this big.

Spent coffee grounds are mainly composed of 12.4% cellulose, 39.1% hemicellulose (3.6% arabinose,
19.07% mannose, 16.43% galactose), and 23.9% lignin [17]. This composition makes coffee grounds
rich in carbon, an element that can be extracted through physical and chemical processes, and hence
potential sources of biomaterials or biopolymers due to the advantage of biodegradability [18,19].
Thus, utilizing these sources for GO production is viable in this regard.

Another biomaterial currently being used in tissue engineering is cellulose acetate (CA). CA is a bio-
polymer that has been used extensively for its excellent biocompatible properties. It shows a promising
role in tissue engineering, because of its ability to promote osteoblast proliferation and osteogenic cell
differentiation [20].

Unfortunately, even though CA is easy to produce, can be renewable, and has proven to be non-toxic,
it cannot be used for tissue engineering in its pristine form. This is because it possesses low mechanical
strength [21]. Fibers, films, porous bulks, and asymmetric membranes produced from CA exhibit poor
structural stability [5]. This phenomenon makes it unable to mimic the in-vivo conditions required for
a bone graft in bone tissue engineering.



To utilize the best properties of CA as a biopolymer in tissue engineering, producing bio-composite
materials has proved to be a good technique. By combining CA with synthetic polymers such as
polyvinyl pyrrolidone, and polylactic acid, or natural polymers such as collagen and pullulan, for their
better mechanical properties and adjustable biocompatibilities, studies show that improved 3D
scaffolds were produced [22]. However, innovations for easy-produced and sustainable modifiers
remain challenging. To address this issue, studies are being made by incorporating GO into a CA
polymer mixture to produce scaffolds to mimic bone grafts using the electrospinning technique.

Electrospinning is a technique that is widely used to produce fiber matrices and scaffolds [23]. It gives
an alternative approach to producing micro- and nanofibers. By adjusting the required parameters,
fabricating aligned or non-aligned fiber matrices is also possible. These fiber matrices have several
applications including membrane processing, bio-medical applications, sensors, and electrical system
[24]. They can also be ingeniously used for water filtration [25], water [26], and energy harvesting
[27,28]. The use of electrospinning in producing materials for biomedical applications [29], tissue
engineering [30,31] in specific, is now a widely shared interest.

Electrospinning CA/GO solution not only produced beads-free but also resulted in an impressive boost
in tensile strength compared to pristine CA fibers [32]. A study on cancer cells seeded onto GO/CA
scaffolds resulted in higher viability and better cell adhesion than when CA was used alone [33].

This study focused on the production of electrospun nanofiber scaffolds from CA/GO polymer bio-
composite. The CA was dissolved in a dimethylacetamide/acetone mixture. The GO added to the
polymer solution was produced from spent coffee grounds instead of its conventional source
(graphite), which is the novelty of this research. Using such an alternative means cuts down the
environmental risk contribution of using graphite as a source, utilizing the potential of the abundant
waste at the same time. The GO particles were used as modifiers for the improvement of the
properties of the CA nanofibers. After the production of CA/GO scaffolds, the characterization of the
said biomaterial and cell studies was checked for potential applications in tissue engineering.

2. Materials and methods
2.1. Materials for scaffold preparation

For producing graphene oxide (GO), coffee waste was collected from used Arabica ground coffee; 98%
pure sulfuric acid (H,SO4), sodium nitrate (NaNOs), potassium permanganate (KMnQOj), sodium
hydroxide (NaOH), and 30% pure hydrogen peroxide (H.O), were purchased from Sigma-Aldrich,
Czech Republic. To produce the scaffold fibers, cellulose acetate (CA, average Mn ~ 50,000 by GPC,
Sigma Aldrich, USA) was used, as a supporting polymer matrix. To dissolve the polymer, a mixture of
dimethylacetamide (DM Ac) and acetone was used (purchased from Sigma Aldrich, USA).

2.2. Synthesis of graphene oxide (GO)

The ground coffee waste was put in an oven at 50 °C for 24 h. For carbonization, 5 g of the sample was
heat-treated in a tube furnace at 700 °C for 4 h under argon gas flow. The resulting black char was used
as a precursor to synthesize GO using the Modified Hummer’s method [34]. To conduct the Hummer’s
method, 2 g of the carbonized biochar was mixed with 50 ml of H,SO4 in an ice bath. One gram of
NaNOs was slowly added and the mixture is constantly stirred for 4 h. Then, 6 g of KMnO4 was added
to the solution as an oxidizing agent, keeping the temperature below 20 °C. After 1 h of stirring, the



ice bath was removed, and the stirring continued for another hour at 35 °C. Then, 100 ml of deionized
water was added carefully, and the mixture is stirred at 90 °C for an hour. Afterward, 200 ml of
deionized water was added followed by 10 ml of 30% H,0; to stop the reaction. Then the solution was
centrifuged at 8000 rpm to remove impurities. This was decanted and the remaining sample was
washed with deionized water. Finally, the sample was ultrasonicated for 1 h.

2.3. Characterization of GO

A Scanning electron microscope (SEM, Merlin Gemini Il, Zeiss, Germany) was used to check the
morphological structure of the GO particles after the sample was coated with an 8 nm gold layer using
rotary pump sputter coater (Q150RS, Quorum Technologies, United Kingdom). Raman (Thermo
Scientific, Nicolet DXR, Czech Republic) spectroscopy was used to investigate the chemical structure
of the molecules. Fourier Transform Infrared (FTIR) spectroscopy in an Attenuated Total Reflectance
(ATR) mode (Thermo Scientific, Nicolet iS5, Czech Republic) was utilized to study different functional
groups in the samples. The spectra were measured in wavelengths of 4000-400 cm™.

2.4. Preparation of electrospun (CA/GO) scaffold

Pristine CA polymer solution was prepared by using a 1:1 vol ratio of DM Ac: Acetone solvent mixture.
CA powder was dried overnight at 50 °C and added at a concentration of 19 wt% of the solution. This
was homogenized in an ultrasonic bath (Sonorex Bandelin, Germany) for 30 min and followed by an
overnight stirring in a magnetic steerer (IKA RCT basic, Staufen, Germany) at a speed of 150 rpm. The
solution was ultrasonicated again for 2 h, before electrospinning.

CA/GO polymer solution was prepared using the same solvent mixture. GO was added to the solvent
at a concentration of 5 wt% of the polymer (CA). This was ultrasonicated for 1 h. Afterward, CA was
added at 15 wt% concentration of the total solution. A 30 min ultrasonication followed to better
disperse the particles. Then a similar procedure was used before electrospinning.

Electrospinning was performed in an EC — DIG (IME Technologies, Waalre, The Netherlands)
apparatus. The electrospinning parameters were set for optimal cellulose acetate fibers. The
environmental conditions for electrospinning were set at 25 °C and 65-70% humidity. Flowrate was
maintained at 0.1 mlh, A 13 kV high voltage was applied to the nozzle kept 20 cm away from the
collecting drum. The electrospun fibers were collected on Al foil for SEM images, paper frames for
mechanical testing, and glass slides for cell culture studies.

2.5. Characterization of scaffolds

The morphology of the scaffolds was studied using scanning electron microscopy (SEM, Merlin Gemini
I, Zeiss, Germany). All samples were coated with an 8 nm gold layer using a rotary pump sputter coater
(Q150RS, Quorum Technologies, United Kingdom). Fibers’ diameters were measured from SEM
micrographs by Image) software (ver. 1.53c, USA) by taking 100 measurements for each sample. To
investigate the presence of GO particles in the CA nanofibers, Raman spectroscopy (Thermo Scientific,
Nicolet DXR, Czech Republic) was employed. A wettability test was conducted by placing 3 ul
deionized (DI) water (distilled using Spring 5 UV purification system—Hydrolab, Straszyn, Poland)
droplets on the fiber surfaces. The images were taken by a Canon EOS 700D camera with EF-S 60 mm
/2.8 Macro USM zoom lens. Water contact angle of droplets was measured using Image) software



[35]. Tensile strength measurements took place using a tensile module equipped with a 1 N (load
resolution 1 x 10° N) load cell (B.1708. A, Kammrath & Weiss, Dortmund, Germany). Strips of fibers
(20 x10 mm) were laser-cut from the fibers collected on paper and carefully placed on clamps of the
module. The strain rate on the module was set at 25 |rm/min. This load-elongation data was analyzed
using the results of five measurements for both test samples. The stress-strain graphs were then drawn
using Origin software (ver. 2021, USA). Cross-sections of fibers deposited on paper frames were
imaged by SEM. The average thickness was taken based on 5 measurements of the SEM images [36].

2.6. Biocompatibuity study

Human osteoblast-like cell line MG-63 (Sigma-Aldrich, United Kingdom) was used for cell proliferation
studies. For cell detaching, Trypsin EDTA solution and for preparation of cell culture medium, Fetal
Bovine Serum (FBS), Dulbecco’s Modified Eagle Medium (DMEM), MEM-Eagle solution, a mixture of
Penicillin and Streptomycin and L-Glutamine solution were purchased from Biological Industries, Israel.
Cell viability test was done using Cell Titer-Blue® Assay (Promega, United States). For SEM imaging,
glutaraldehyde (Sigma Aldrich, United Kingdom) was used.

2.7. Cell culture studies

The scaffolds from electrospun fibers were collected on circular glass slides and were first sterilized
under UV light for 30 min. The MG-63 cells were washed with PBS. Trypsin was used to detach the
cells from their plate. Fresh cell culture media was then prepared containing 86% DMEM, 1% MEM-
Eagle (as an amino acid), 10% FBS, 2% mixture of Penicillin & Streptomycin (as an antibiotic), and 1%
L-Glutamine solution. The cells were seeded in this media at a concentration of 2 x 104 cells per 1 ml
of media and placed on the scaffolds. These samples were then incubated under 37 °C, and 90%
humidity in CO; incubator (Memmert, Germany) [31].

Cell viability tests were undertaken after 1, 3, and 7 days using the Cell Titer-Blue® Assay. Glass slides
were used as control. On those days, the samples were carefully transferred to new plates and the
media was replaced with 480 il of fresh media containing 80 il of Cell Titer-Blue® reagent, followed by
incubation for 4 h at 37 °C. The proliferation was checked by fluorescence reading at 520 nm using the
microplate reader GloMax® Discover System (Promega, United States).

For SEM Imaging, cells on the scaffolds were transferred to new plates and washed with PBS after 3,
and 7 days of growth. They were then fixed with 2.5% glutaraldehyde for 1 h at 23 °C. After removing
the glutaraldehyde, they were washed three times with PBS and dehydrated in a series of ethanol
solutions. The samples were attached on Al holders by carbon tape and gold-sputtered with an 8 nm
layer using a rotary pump sputter coater (Q150RS, Quorum Technologies, United Kingdom). Finally,
the samples were analyzed using SEM [37].

Statistical analysis of cell proliferation results was done using oneway analysis of variance (ANOV A)
followed by Tukey’ s post hoc test in Origin Pro (ver. 2021, USA) where the statistical significance was
evaluated at p < 0.01.



3. Results and discussion
3.1. Synthesis of GO

GO particles were successfully synthesized from ground coffee waste using the modified Hummer’s
method [34]. The KMnO, played a role as the oxidizing agent for the carbonized precursor. The
morphology of the particles was checked using SEM images (given in Fig. S1). It was observed that the
particle sizes were lowered to the nanoscale with increased ultrasonication. This can be greatly
attributed to the alteration in the number of GO sheet layers through ultrasonication treatment [38].

Fig. 1a gives the Raman spectra for the GO particles. The D and G bands on the spectra appear at 1339
cm™ and 1598 cm™ respectively. These are typical for GO where the D band indicates the breathing
mode of aromatic rings whereas the G band corresponds to C— C stretching [39,40]. Another peak
appeared at 2770 cm™, indicating a 2D band which verifies that there is a multiple-layer stacking of
graphene sheets [41]. The ultrasonication step utilized in Hummer’s method was crucial to obtain the
exfoliated GO sheets.

FTIR spectroscopy of the particles also confirms the formation of GO. As can be seen in Fig. 1b,
oxygen-containing groups such as hydroxyl groups (-OH stretching vibration) at 3400 cm™, carbonyl
groups (C = O stretching vibration) at 1715 cm™, and epoxy groups (C — 0 — C) at 1065 cm™ were
formed. The peak seen at 1600 cm™ can be assigned to C — C stretching and absorbed hydroxyl groups,
whereas the peak at 1235 cm™ shows the C — 0 bond. An aliphatic bond (C — H) was formed at 2900
cm™. These peaks match with characterizations done by previous studies which synthesized GO using
the modified Hummer’ s method [42-44]. However, variations in the exact wavenumber exist since our
GO is produced from a different precursor and not graphite. The synthesized GO was then used to
modify the CA solution prepared for electrospinning.

The possibility of producing GO from a sustainable source such as coffee grounds is a promising aspect.
The conventional source, graphite, mostly requires mining which exploits the natural environment. In
addition, given that its production involves heavy machinery for mining, milling and graphitization
processes, it proves to be a highly industrialized chain [45]. Compared to this, utilizing the easy-to-use
agro-waste instead, in a manner shown above, eliminates the use of many of the machineries, energy
and additional compounds needed in the former.

The synthesized GO was then used to modify the CA solution prepared for electrospinning.

3.2. Electrospun CA scaffolds with GO

The result of 2 h of electrospinning is shown as a fibers’ mesh in Fig. S2 in the supporting information.
SEM studies revealed the morphology, indicating very minimal beads on nanofibers, see Fig. 2. Other
than the effect of the set environmental parameters in the electrospinning chamber [46], the addition
of GO particles also helped in minimizing the formation of beads. This is mainly due to the higher
viscosity and conductivity induced by the particles [47,48]. The fibers have nearly similar diameters
with a slightly decreasing size with the addition of GO. The average diameter of the pristine CA fibers
as shown in Fig. 2a was measured to be 458 + 158 nm. The decrease in fiber diameter to 329 + 137
nm in Fig. 2b is related to the decomposition of amorphous carbon in the carbonization stage of
synthesizing the GO [49]. The histograms shown in Fig. 2c show the distribution of diameters of the
nanofibers. Additionally, the images reveal that the morphology of the fibers’ surface is smooth with
very minimal defects. Fibers run breakage-free along their lengths. This is also true for the fibers
containing the GO particles. These findings match those reported in other studies as well [50,51].
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Fig. 1. Characterization of the synthesized GO a) Raman spectra and b) FTIR spectra.
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Fig. 2. SEM images of nanofibrous scaffolds produced from (a) pristine CA and (b) CA/GO mixture (c) with their respective
diameter histograms.

SEM images confirmed that GO particles are incorporated in the CA fibers, as indicated in Fig. 3.

In further analysis of the CA/GO interactions using Raman spectroscopy, as seen in Fig. 4, we were
able to depict a peak (G band) in the CA/GO graph, at a wavelength that is a signature for that of GO.
The peak does not appear on the pristine CA graph. This clarifies the GO’s presence in the nanofibers

produced.

Fig. 3. a-b. SEM micrographs of CA nanofibers with embedded GO nanoparticles indicated with the red arrows, where a)
and b) are taken at different locations.
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3.3. Water contact angle

A wettability test was carried out and indicated a decrease in hy-drophobicity of the fibers through the
addition of GO. It was observed that the contact angle decreased from 139.18 + 3.59° to 125.48 +
9.69°. GO is known to be a hydrophilic compound due to its -OH functional groups [52]. This has proven
to be the case in our study (see Fig. $3). Studies show that the wettability behavior of electrospun
fibers improves cell attachment and subsequent cell spreading when used in skin treatment or tissue
engineering purposes [53]. Thus, it can be seen that the GO particles’ effect on reducing the
hydrophobicity of the CA scaffolds could help in the cell proliferation stages.

3.4. Mechanical strength

Prior to the calculation of the tensile strength of the fibers, the thicknesses of the scaffolds were
measured using SEM and the measurements were 19.42 pm for the pristine CA scaffold and 17.04 um
for CA scaffold with 5 wt% GO. The thicknesses of the samples were controlled via electrospinning
time in both cases. In Fig. S4, the samples attached to the tensile module clamps are presented.

The tensile stress-strain curve for the scaffolds with and without GO is given in Fig. 5. As can be seen,
the average tensile strength increased from 101.3 kPa to 115.75 kPa through the addition of GO, at a
concentration of 5 wt% of CA. All the individual stress-strain curves are given in Fig. S5 in the
supporting information. With the increasing application of the load, the fibers gradually aligned
themselves in a regular order. The 14.2% rise in the tensile strength of the nanofibers is largely due to
intermolecular hydrogen bonding formed through hydrogen-containing functional groups (-COOH, -



OH) which the GO particles possess [54,55]. The presence of these functional groups in the GO
particles has been indicated in the FTIR spectra in Fig. 1b of this study.

Through this process, it was observed that there was a sudden loss in strength of the fibers shown by
the vertical drop on the stress curve. This happened at around 25% strain of most of the fibers. This
was probably due to the deformational characteristics of the breaking fibers, as indicated in previous
studies [56] [57]. Upon loading, fibers aligned in the longitudinal axes of the sample contribute the
highest to the strength of the scaffolds. The other fibers that are not in such alignment tend to slip
from their axis as elongation increases. Thus, they would break at a load less than the ultimate tensile
load for the sample [58].

On the other hand, the mechanical measurement revealed that the strain at the break of the CA/GO
fibers is less than that of the pristine CA. This is attributed to the low fracture strength that GO
possesses. The same interactions among functionalized carbon atoms result in crack inhibition [59].
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Fig. 5. The representative stress-strain curve for the tensile tested electrospun random fibers’ mesh with pristine CA and
CA/GO mixture.

3.5. Cell culture studies

The main aspect of electrospinning in tissue engineering is to mimic the extracellular matrix in living
tissues by producing fibrous structures. These structures or scaffolds become complex when they are
made from bio-composites like the subject of this study. Hence the need for cell culture study is
imperative. The biocompatibility test for our study was done after 1, 3, and 7 days. Enough fresh media
for the cells was ensured by replacing the media after every 2 days. The cell proliferation was checked
on the indicated days using the microplate reader. From the cell proliferation result depicted in Fig.
6a, cellulose acetate is found to be conducive to the growth of osteoblast cells. This result matches



previous findings [60]. The main aspect of this biocompatibility test was to check the cytotoxicity of
the fibers modified with GO. The fibers with GO proved to be non-toxic to the MG 63 cells, as the cell
viability is more than 70% compared to the control (glass specimen). This is consistent with previous
studies that show cell viability of GO modified polymers [61,62].

A biomaterial for tissue engineering not only needs to be mechanically strong and non-toxic but also
conducive to cell proliferation. On the cell proliferation assay, it is clear that a significant amount of
cell growth was registered on the 3rd and 7th days of incubation. To further investigate this, SEM
imaging was used to identify the growth of cells on the nanofibrous scaffolds. Fig. 6b-e show the
attachment of cells. As can be seen, the pristine CA scaffolds in Fig. 6b and c experienced a wider
spreading of the cells. CA/GO nanofiber scaffolds also promoted the attachment and spreading of the
MG-63 cells as shown in Fig. 6d and e. The oxygen-rich nature, hydrophilicity, and flexibility of GO
promote cell growth and expansion when used in tissue regeneration [63]. Moreover, GO particles
have an advantage in bone tissue engineering applications since they increase the stem cells located
in the bone which play an important role in bone repair and growth [64]. Thus, it is a vital approach to
use GO as a modifier for the CA fibers. Although, it is important to note that using a higher
concentration of GO might lead to a negative effect on biocompatibility, as has been indicated in a
previous study [65].
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Fig. 6. Cell proliferation result from Cell Titer-Blue® assay (statistical significance calculated with ANOV A followed by
Tukey’s post hock tests; *p < =0.05, *p < =0.01, " p < =0.001) (a); SEM micrographs of cell spreading on pristine CA
scaffolds on day 3 (b) & day 7 (c) and on CA/GO scaffolds on day 3 (d) & day 7 (e).

4. Conclusions

Graphene oxide nanoparticles were produced from agro-residual biomass, i.e., ground coffee waste.
This was achieved through sustainable, non-energy-intensive means, proving that abundant day-to-
day waste can be used to produce biomaterials needed for complex applications. This achievement
provides a means of reducing/eliminating the environmental impact that producing its conventional
source, graphite, has. The synthesized GO particles were dissolved in a CA polymer solution to produce
nanofibrous scaffolds for its use in tissue engineering. Analysis of the electrospun fibers showed that
GO particles were embedded in the CA fibers and helped reduced the fiber diameters by 28%. The
mechanical properties of the scaffolds were improved through the addition of the GO particles,
measuring a 14.2% increase in average tensile strength. This alleviated the strength shortcomings of
the widely used biopolymer, CA. Moreover, the introduction of GO nanoparticles to the CA fiber
matrix proved to be non-cytotoxic and instead promoted the adhesion and proliferation of cells.



This study contributes to the knowledge of modifying biopolymers for tissue engineering purposes by
using modifiers from sustainable sources. The spent coffee grounds used here underline the prospect
of maintaining ecological balance through waste management. On top of that, the synthesized GO
particles and the subsequent fibers performed as expected. Thus, we believe this study creates a
valuable link between the conservation of the environment and the effective production of
biomaterials. We further hope that it opens more ideas for researchers in the quest of improving the
use of biomaterials in the healthcare sector.
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