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3D printing of mechanically competent polycaprolactone-reduced
polycaprolactone scaffolds made from graphene oxides

Aamer Sohaill, Meer Mustafa Ali2, Touseef Ahmed3,

ABSTRACT:

Scaffold manufacturing has benefited from 3D printing's capacity to manufacture structures with fine control over bulk geometry and
interior design. Engineers are always looking for new ways to create scaffolds for various tissues. During this study, we developed 3D-printed
parts.polycaprolactone (PCL) with varying quantities of reduced graphene (RG) composite scaffoldsRGO at 0.5, 1, and 3 wt%.%. A two-step
manufacturing procedure was used to provide an evenThe PCL matrix is mixed and distributed with rGO sheets. Preparation of the inks was
done by generatingconcoctions of PCL and rGO evaporation castings that were then put into the reactorExtrusion 3D printing. The resulting
scaffolds were 3D printed with excellent resolution and flawlessly incorporated.consistency and fidelity in all groupings. This, along with the
rGO's uniform distribution, provides compelling evidence.compressive strength and stiffness of the polymer matrix were greatly enhanced
byAt 0.5 wt. % rGO incorporation, 185 percent and 150 percent, respectively, were achieved. The scaffolds’ in vitro reaction wasstem cells
generated from human adipose tissue. Cellular compatibility and support were found in all scaffolds.growth and viability of the cell.
Biologically compatible, mechanically strengthened, and 3D manufactured PCLrGOs.In the field of regenerative engineering, scaffolds hold
great promise.

INTRODUCTION
These three-dimensional constructions, known as network of linked pores that aids in cell development
scaffolds, are temporary templates that let cells grow and metabolic waste transfer Scaffolds may be made
and regenerate tissue in the correct environment. using a wide range of processes, including solvent
There are a number of considerations that need to be castingb.castings are frozen6. freezedrying7,electro
taken into account while designing these temporary spinning8,foam9, gas in the form of melt molding11,
templates. Physical abuse should not be a problem for particulate-leaching10 phase changel2and the ability
them.in order to carry out their primary function of to assemble one self 13 approaches, such as sol-gel
supporting the structure of the building.To allow for However, inadequate scaffold control is a major
tissue renewal. They need to be safe and drawback for most approaches. design, architecture,
biocompatible. They should be able to sustain pore network, and pore size are all aspects of pore
themselvesis the process through which cells attach network design. In addition, the scope of these
to one another and spread outward. They are methods is limited. make scaffolds with the same
expected to deteriorate with time. design characteristics consistent and
repeatable15,16.1t is a cutting-edge technique that
In addition, they produce byproducts that are may be used to create complicated objects, such as
completely safe for the human body. Additionally, automobiles, using 3D printing.high-precision,
they must be very permeable and breathable.feature a precisely controlled geometries.
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Layer-by-layer deposition is used to build
structures.successive layers are fused together to
form the final structure. The constraints of 3D
printing are no longer an issue.scaffold fabrication
approaches typical in that they can generate well
specified and controlled designsas well as in terms of
their outside shape and interior architecture, strand
size, and pore size and location.Inkjet printing, laser-
assisted printing, and extrusion printing are the three
most common 3D printing production processes, each
with distinct benefits. 17.3D printing based on
extrusiona large range of materials may be printed
using the printing process, which is the most
adaptable.

Polymers, ceramic pastes, hydrogels, and bioinks
infused with living cells are all examples of this class
of materials. It has a high degree of accuracy and
fidelity20.that both areBased on the substance being
used and the procedure used to solidify it17,20.PLGA
(poly(lactic-co-glycolic acid)), PLA, and other
biodegradable synthetic polymers, such asDue to its
biocompatibility, polycaprolactone (PCL) is one of
the most often utilised polymers for scaffold
production.biodegradability, ease of processing, and
a wide range of mechanical qualities21.Particularly
PCL is FDA-approved.synthetic polyolefin that may
be cheaply synthesised and processed to be used in an
array ofapplications22.

This material's extended breakdown time may be
utilised to make biodegradable gadgets for long-term
usage.may also be adjusted to control the pace at
which the polymer degrades23.PCL is highly soluble
and easily processed.many organic solvents, making
it ideal for a wide range of manufacturing methods.
[page needed]include a variety of
tissues21.Furthermore, it has a melting temperature
of 60 °C and a glass transition temperature of 60
°C.Extrusion-based 3D printing uses this polymer
because of its high melting point (55-60
°C).DespiteBut the hydrophobicity and absence of
functional groups in PCL pose significant barriers to
its potential. Applied to biomedical researchCarbon
atoms are densely packed into a two-dimensional
honeycomb pattern to form graphene, a single atomic
layer.Its large specific surface area and exceptional
mechanical, electrical, thermal, and optical qualities
make it a must-have for every engineer or
scientist.It's one of the most adaptable materials when
it comes to a variety of industries and uses. Awe-
inspiring featuresgraphene and the graphene family
of materials (GFMs) are a growing area of study and
research in the scientific community.among the
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world's scientists25-There are two types of graphene
oxide (GO): oxidised graphene and unoxidized
graphene.the process of graphite oxidation and
exfoliation. Despite the fact that oxygen functional
groups are introduced during the oxidation
process,Defects in graphene's planar structure due to
its hydrophilicity and ease of processing reduce its
properties.properties28,29.Graphene was decreased
in order to eliminate oxygen functional groups that
interfere with the structure.

When GO is reduced, an oxide (rGO) is formed. rGO
is a structure that lies somewhere in betweenthe ideal
graphene sheet and the oxidised GO structure with
some of its characteristics partially restoredthat were
oxidized30 and hence lost.In most cases, the physical
and chemical properties of rGO-polymer composites
are improved.as well as biological characteristics31-
Filling up PCL-based scaffolds with rGO enhances
the structural properties, such as stiffness and
strength.constructions that are more capable and
suited mechanically because of the strength and
toughness of the scaffoldsas a means of supporting
weight32,33.When it comes to hydrophilicity, the
rGO's physical and chemical features helpproteins
and growth factors that can be absorbed by
scaffolds33,34.Aside from that, the inclusion of
rGOboostscell adhesion, spread, and proliferation
substrates. Notice the rGOThe inclusion of progenitor
and stem cells into specific lineages may aid in their
differentiation, which is particularly
important.Biomaterials for tissue regeneration are
critical32,34,35.

This study examined the impact of rGO on 3D
printed PCL-rGO composite scaffolds.altering the
composite scaffolds' characteristics Extrusion-based
additives were used to create the scaffolds.It allowed
us to create complex, high-resolution structures. We
integrated a variety ofassess their printability and
their rGO content inside the 3D printed
scaffoldsBiological, mechanical, and structural
characteristics. We show that the inclusion of rGO
may improve3D printed scaffolds may be physically
reinforced and the mechanical characteristics of PCL
can be improved at the same time.The printing
technique and the biocompatibility of the final
composite structures are unaffected.Results and
discussion3D printing and ink preparation. Figure 1
depicts a simplified flowchart of the different
scaffolding preparation procedures. A two-step
approach was used to achieve a uniform distribution
of the rGO filler in the 3D printing inks and scaffolds
created by the process of 3D printing The inks for 3D



printing were made using this method.film casting
using solvent evaporation. It was possible to produce
homogeneous composites in the laboratory using this
method.avoid the need to raise temperature before to
3D printing by reducing the temperature. PCL-
rGOCompoundsin advance, we created and then cut
into films with varying concentrations of rGO (0, 0.5,
1, and 3 weight percent).

The 3D printer's high-temperature cartridge was
loaded with smaller pellets.The prepared inks were
first 3D printed to provide an exact and uniform
pattern between the scaffolds.Smaller cylindrical
scaffolds were then cut from the bigger constructions.
a 60-degree change between the next twolayering
resulted in a structure with linked pores. The
0/60/120 lay-down pattern has a 60° angle.has been
shown to have an excellent adhesion support in the
form of a patterncellular proliferation and
viabilityMoreover, we havemechanical qualities that
are superior4lthat are not affected by the loading
direction and are anisotropic42.The 3D printed
scaffolds are characterised in terms of their shape.
Figure 2 shows the SEM and
photomicrographs.photographs showing several rGO-
loaded 3D printed scaffolds. Figure 2a and video S1
(more information)how composite inks are deposited
and 3D printed things are built layer-by-layerthat had
been shaped into cylindrical scaffolds. Fig. 2b and ¢
show the top and side views of the same
object.consistency of the printing process and strand
homogeneity across scaffolds The view from the
summit is 50 degrees.A 60° change in the pattern is
visible, as are the resulting linked pores, which all
have the same size and form.An interlocking polymer
matrix covers the rGO molecules and is smooth,
dense and continuous. There's aat the juncture
between the next two strands, the neighbouring layers
merge seamlesslyas well as 50-degree side-view
views), assuring the scaffolds' ability to adequately
support and transfer loads.The high-magnification
images also show no clumping or aggregation of the
polymer or rGO.
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FIG 1: To make the PCL-rGO 3D printed scaffolds, follow the
steps in Figure 1. A homogeneous dispersion of PCL/rGO was
first produced using vortexing. The solution was allowed to
evaporate before the suspension was cast into films. They were
then lyophilized and chopped into smaller pieces.additive
manufacturing 3D printer cartridge pellets. High-temperature
3D printing produced structures with varying wall
thicknesses.followed by being punched into scaffolds for further
testing. The finished 3D model as seen via a lens. The
construction of a printed PCL-rGO printer is shown.

SEM photos of the rGO sheets dispersed in the PCL
matrix as a result of the solvent evaporation casting
procedure.New tissue formation is guided by the
interior structure of scaffolds, which are vital for cell
activities.formation. As a result, the porosity of a
specific scaffold influences seeding and penetration
as well as distribution and penetration.the
development of cellsFor each scaffold, we calculated
average strand diameter and pore diameter (Fig. 3).
Theoreticalln the CAD programme SolidWorks,
values signify those that have been specified prior to
printing. The results of the testsSEM pictures of the
printed scaffolds were processed using an Imagel
macro code. AsStrand diameter and pore size are
identical across all scaffold groups, as illustrated in
Figure 3c, suggesting.

The varied amounts of rGO do not influence the
printed structures. The capacity to alter the design of
a buildingBy just altering the printing settings, it is
essential to create composite 3D  printed
scaffoldsHigh-quality, repeatable and consistent
fabrication of structures.The theoretical values and
the observed values for the strand diameter were
somewhat different.as well as the size of the pore. A
total of 324.95 1.95 m was found to be the average
diameter of the strands in all groups.More than 24.95
m bigger than the theoretical value. The inks' die-
swelling causes a rise in strand diameter.A



characteristic of viscoelastic polymer inks is their
tendency to expand upon extrusion from the
nozzles44,45. TheWe found that the observed average
pore size was roughly 24.83 m less than its estimated
theoretical average size (395.17% 84.11%).value.
Secondary to and almost equivalent to strand
diameter growth, the pore size reduction indicates
that the strands are becoming longer.precision
(resolution less than one micrometre) in printing. It's
crucial that the pores in the network be linked.Tissue
in growth and vascularization, particularly in bone,
benefit from a range of 400 m.tissue of cartilage46,
47.The 3D printed scaffolds' material properties.
Analysis of the thermogravimetric data was
performed.Make sure to look at the 3D printed
scaffolds for rGO content and their composition. This
was the first time I'd ever heard ofBecause PCL and
rGO degrade at different temperatures, this is a
possibility.

All scaffolds' TGA curves areExamples of this may
be seen in figure 4. Between 300 and 450 °C, PCL's
mass begins to decline sharply, indicating a structural
change.The polymer breaks down. All composite
PCL-rGO samples showed a significant mass
decrease. It reflects the fact that PCL is a significant
component of the composites. The remaining mass
after 450 degrees Celsiusconstant and directly
proportional to the concentration of reverse
transcriptase (rGO) in samples (Fig. 4b).We utilised
X-ray powder diffraction to examine the scaffolds in
more detail (Fig. 4d).As seen in Figure 1, the PCL
has two distinct peaks, which may be found at 2 =
21.9° (plane 1) and 2 = 235° (plane
2)respectively48.The existence of these two peaks
was found in all of the 3D printed scaffolds.Samples
all included semi-crystalline polymers. The typical
rGO peak is located at 2 = 26.16°, which is
equivalent to49-degree angle of attackln spite of the
fact that rGO was used at a lower concentration in the

composites, it still had a significant impact.
Layer t Layer2 Layerd Layerd Layer§
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Figure 2 demonstrates this concept. Scaffolds’ morphological
assessment. (a) 3D printer CCD camera images of the each layer
that is deposited during printing. picture acquired using a
scanning electron microscope (SEM) of 3D printed scaffolds
(b)view from above (a) with varying magnifications (b) and view
from the cross-section (c)However, even in PCL3rGO,

where rGO had a lower peak intensity than PCL, a
clear peak could be seen.The wettability and
hydrophilic/hydrophobic ~ properties of  many
materials have been studied using static contact angle
measurements.samples' characteristics (Fig. 5a and
Supplementary video S2). It was found that PCL's
water contact angle wasHydrophobicity is indicated
by a reading of 87.4°. The water contact angle was
lowered by the addition of rGO. ThererGO increased
in tandem with a reduction in water contact angle,
which was measured at 82.7°.

A significant difference in PCL0.5rGO's molar mass
from  PCL1rGO's and PCL3rGO's molar
massthroughout all the study groups. The capacity of
rGO and GFMs to promote substrate hydrophilicity is
a unique property of both
compounds.biocompatibility — of  graphene-based
materials has been shown to be affected by this well-
established and well accepted property.and their
effects on cells38,50-54.The PCL-rGO scaffolds may
be used in regenerative engineering applications if
more testing is done.Their ability to decompose was



examined. Simulated bodily fluid (SBF) was used to
incubate the scaffolds.a 14-day period in which their
swelling percentage and weight loss were monitored
under physiological settingsThe percentages that
were calculated were noted (Fig. 5b,c). As with
contact angle measurements, there has been an
upward tendency inThe swelling rate of the PCL-rGO
scaffolds increased when rGO was added at all
concentrations.Scaffolding made of bare PCL The
percentage increase in swelling rate was directly
related to the amount of rGO in the product.As a
function of time, the PCL3rGO scaffolds exhibited
the largest water absorption (Fig. 5b). TheScaffold
weight loss % correlated with the findings of contact
angle measurements, as welland the pace at which the
scaffolds swell. The PCLrGO saw a rise in the
proportion of weight reduction.the incubation
duration and rGO concentration of the scaffolds were
inversely proportional (Fig. 5c).

(a)

(b)

4

Strand Diameter Pore Size
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Fig 3 : From two perspectives, printed structures depicting the
structural pattern, the strand diameter, and pore size (b) An
illustration of the ImageJ macro code's measuring method. The
yellow lines indicate the strands' boundaries, whereas the green
lines denote the pore regions' boundaries. The red dashed
lineeach strand or pore area's average angle Representational:
The yellow or green perpendicular lineThe strand diameter or
pore size may be determined by measuring the line's breadth. In
(c), the results of the measurementswith relation to their
respective theoretical values, strand and pore diameters. The
following are the findings:the average is less than the standard
deviation.

Tosummarise, the incorporation of rGO enhanced
hydrophilicity, increased water absorption and
swelling, and sped up degradation of the PCL-rGO
composite scaffolds.

Mechanical evaluation of the 3D printed

scaffolds: Mechanical testing of the 3D-printed
scaffolds is performed.. Measurement of a machine's
performance mechanicallyusingrGO-incorporation in
4 mm thick, 4-millimeter diameter scaffolds to study
the impact of rGOA single-compression test was
carried out. There are several stress—strain curves for
the  different scaffolds shown in  Figure
6.Compressive moduli and strengths have been
computed. Stiffness-strain curves were comparable
across scaffolds under the same stress-strain
conditions.loading. A linear elastic or Hookean area
precedes a plateau, which is followed by a second
plateau.densely populated zone. The deformation
behaviour of did not change when rGO was added at
a concentration of 0.5-3 weight
percent. Theframeworks.

Mechanical properties improved the most when rGO
at 0.5 weight percent was added, as seen in Fig.
6b,c.properties. The compressive modulus and
compressive strength of  the improved
significantly.Scaffolds made of PCLO.5rGO. The
compressive modulus and tensile strength of the
PCLO0.5rGO scaffolds are superior to those of the
PCL scaffoldsStructural integrity was improved by
150% and 185%. It's possible to increase the rGO



content from 0.5% to 1%.or 3% of the scaffolds'
weight decreased their mechanical characteristics,
resulting in decreased mechanical performance.The
processes behind the scaffolds’ enhanced mechanical
characteristics at 0.5 weight percent rGO were
examined.structure at the subnanometer level using
wide-angle x-ray scattering (WAXS) (Fig. 7). PCL
has two of them on exhibit.Its crystalline structure is
thought to be responsible for the substantial peaks at
2 = 225° and 2 = 25° The defining featureAn
interlayer distance (0 0 2) peak in graphite or
aggregated graphenic layers (d-spacing)between the
sheets lies at a distance of about 2 = 27°55,56. this
peak in PCLO.5rGO and its lack in PCLO.5RGO
sheets are being re-stacking in PCL1rGO and
PCL3rGO, and this is shown by their existenceOnly
at the higher rGO loading doses in these samples is
this seen, while at lower loading values of 0.5.
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FIG 4 : A characterisation of the 3D-printed scaffolds'
composition is shown in Figure 4. Thermal images of the 3D-
printed scaffolds created using TGA. (b) TGA thermograms
showing the residual mass of each sample in the expanded area.
First derivative TGA curves of the 3D printed scaffolds. Non-
porous 3D XRD patterns rGO and printed scaffolds.TherGO
sheets are exfoliated and disseminated in the polymeric matrix at
a wt. percent level.

Interfacial contacts between rGO sheets and polymer
chains are strengthened by their inherent strength,
high specific surface area and homogeneous
dispersion within the polymer matrix.so that stress
may be transferred efficiently between the two of
them, leading to behaviours that reinforce one
another.

In the PCLO.5rGO composites, this may be seen.
Excessive use of the rGO filler in PCL1rGO and
PCL2rGOrGO sheets re-stack under the influence of
PCL3rGO, resulting in irreversible aggregates that
obstruct the effective flow of information.of weight
and degrade the scaffolds' mechanical
properties57,58..High-modulus  GFMs in  low-
modulus polymer matrices may have a considerable
impact on the mechanical properties.in composite
constructions' mechanical characteristics. GFMs'



polymer-reinforcing  effectsMatrix  structure s
determined by the graphene, the polymer matrix, and
the composite material.how the graphene filler
disperses inside and interacts with the matrix, as well
as the technique of preparationinAdditionally, the
structural and physicochemical features of the
composite may be found in 3D printed scaffoldsPore
size, surface area, and strand diameter all have an
essential  impact in the composition  of
materials50,60.WhileAccording to the majority of
research, scaffolds and other constructions using
GFMs have improved mechanical
properties.performance51,61-65, a few research have
showed that adding rGO to the mix has no effect on
the outcomes.detrimental impact on the mechanical
performance of the constructions35,66..Between
research, there are a lot of differences.

Variations in all the components of our 3D printed
structures are likely to be responsible for the
mechanical improvements we have noticed.both the
aforementioned criteria and the various geometrical
characteristics. Consistency in strand length is
critical.across distinct PCL-rGO scaffolds (Fig. 3), no
matter how much or how little rGO is presentBecause
of the presence of PCLO.5rGO in the scaffolds, the
mechanical performance of the PCL0.5rGO scaffolds
is increasednot because of any geometrical
properties, but because of rGO Beyond the two-stage
manufacturing procedure,bigger strand diameters and
smaller pore sizes were used to create seamless
scaffolds.increase mechanical performance as well.
Finally, the exfoliated rGO was uniformly
dispersed.in the polymer matrix are crucial to the
effective passage of loads and the reinforcing effects
that areThis was most clearly shown in
PCLO.5rGO.Finally, to see whether treating PCL by
film casting influenced its mechanical characteristics,
the experiment was conducted.

A comparison was made between the elastic moduli
of 3D printed scaffolds created using film-casted
PCL pellets and thoseraw PCL pellets were used in
the production of these products. The scaffolds
differed little from one another.showed that the ink-
processing procedures (Supplementary Fig. S1) could
be used for either printing techniqueThe mechanical
characteristics of the PCL printed structures were
unaffected by pretreatment.
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FIG 5 : In vitro biodegradation behaviour and hydrophilicity
of the scaffolds are shown in Figure 5. Scaffolds with varied
concentrations of rGO are shown in (a) contact angle photos and
measurements. n = 5 gives us a mean standard deviation. 3D-
printed scaffolds (b,c) following in vitro degradationA 14-day
incubation of SBF under physiological conditions. (b) the rate of
growth and (c) (c)Scaffold weight loss reported in percent and



provided as mean and standard deviation (n=3)A 0.0001-percent
chance of this finding being correct was used.
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Figure 6. Mechanical analysis of the 3D printed scaffolds. (a)
The representative stress—strain curves of the 3Dprinted scaffolds
under uniaxial compression loading. (b) The compressive moduli
and (c) compressive strengthof the 3D printed scaffolds. Results
are presented as mean + SD (n = 4) (****p < 0.0001).
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Figure 8. Cytocompatibility of the 3D printed scaffolds. (a)
Representative confocal micrographs of hADSCsgrown on the
3D printed scaffolds and stained with the fluorescent live/dead
assay (green, calcein AM; red,ethidium homodimer-1). The
strand borders are identified using dashed lines (scale bar 200
wum). (b) Cellviability of hADSCs on the 3D printed scaffolds,
measured by the MTS assay. Results are expressed as %
viabilitywith respect to the PCL control at each time point and
are presented as mean = SD (n = 3) (*p < 0.05, **p < 0.01).

In vitro evaluation of the 3D printed

scaffolds: The 3D printed scaffolds were tested in
a lab environment. For tissue and regenerative
engineering, the biocompatibility of the scaffolds and
their ability to promote cell adhesion and growth are
critical. These scaffolds were tested for their
cytocompatibility, as well as the effect of rGO
inclusion, on cell viability.stem cells generated from
human adipose tissue (hADSCs). The scaffolds were
seeded with cells, and cells were seeded at
predetermined intervals.MTS cellular proliferation
test and live/dead assay dye were used to examine
time points.There are confocal pictures for days 3, 7,
and 14 of the cell-seeded scaffolds shown in Figure
8a. Therescaffolds of all compositions have good cell
viability with little to no cell death. The use of all
scaffolds contributed to the success of the
project. HADSC adhesion and growth, no matter what
rGO content. To my surprise, including rGO proved
to boostAt a larger degree than the PCL scaffolds,
cell development and proliferation The PCL0.5rGO
and the PCL1rGO are two such variants.cell coverage
was larger on the scaffolds, as well as the 3D printed
strands and pores between them.Supplementary Fig.
S2 is shown in Figure 8a. In addition, the strands had
more cellular bridging between them, resulting in a
stronger connection.Indicating their higher ability to
support cell growth.The number of hADSCs and their
rate of proliferation on the 3D printed scaffolds could
also be measured utilisingControls include the MTS
proliferation test and PCL scaffolds (Fig. 8b). There
was a notable reduction inconcentration-dependent
number of cells on composite scaffolds at day 3 after
seeding. This is just what | was looking for.Due to
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the PCL-rGO scaffolds' increased hydrophilicity
compared to PCL scaffolds, which on the other hand
are less hydrophilic.Initial cell seeding allows the cell
droplets to pass through the scaffolds and onto the
well plates once they have been injected.unlike the
more hydrophobic PCL scaffolds, which keep
droplets clinging to their surface,making sure that the
cells have enough time to connect to the substrates At
day 7, however, the PCL-rGO cells showed signs of
ageing.The proliferation of composite scaffolds had
made up for the original cell shortage. There was a
small increase in the number of people in
attendance.days 7 and 14, there was a trend in the
proportion of viable cells, but no significant
difference was seen at any of these pointstime
interval between any two research teams.The
physicochemical properties (size, shape, surface) of
GFMs influence their biocompatibility.chemistry),
medium, dosage, and duration of exposure, as well as
the kind of cell involved25,27.According to the
majority of research, this is true.The biological
performance of scaffolds may be improved by
including modest quantities of GFMs.67-69.An
increase in protein absorption and wettability are all
made possible by the GFMs.Certain lineages are
formed via  adhesion, proliferation,  and
differentiation. The - stacking and the non-
covalentThe large specific surface area and presence
of oxygen functional groups in rGO allow for the
highcellular adhesion, spreading, and proliferation
are all made easier by protein density loading and
adsorption70.0n the PCL-rGO scaffold, cell adhesion
and viability and growth of hADSCs were
maintained.gives  proof of the  substrates'
biocompatibility. All of the measured concentrations
of rGO had a positive effect.did not have any
negative impact on human tissues or cells when
administered.

Conclusion

Our 3D printed PCL-rGO scaffolds have been
physically improved while being physiologically
compatible. Due to our two-step manufacturing
technique, we avoided the requirement to raise the
PCL matrix temperature prior to printing, while still
ensuring a homogenous distribution of rGO.
TheUltimately,  high-fidelity, repeatable, and
consistent 3D-printed scaffolds were the end product.
A uniformly distributed sampleconsiderable gains in
mechanical competency as a result of the PCL matrix
rGO sheets and the build design. Re-stacking and
aggregation of the rGO sheets inside the matrix led to
the loss of mechanical characteristics when the rGO
filler concentration was increased above 0.5 percent.



The inclusion of rGO had no negative cellular effects,
and all scaffolds were shown to sustain stem cell
growth and viability in vitro. Our 3D printed
composite  scaffolds are  both  structurally
strengthened and physiologically friendly since we
employed rGO as a filler in PCL, which is one of the
most commonly used polymers in the production of
scaffolds. Regenerative engineering of diverse tissues
and organs may be facilitated by the PCL-rGO
scaffolds proposed in this work.in the scaffolds'
mechanical characteristics. Significantly improved
the performance of the rGO, even in modest doses of
0.5 Wt.%.

Materials and methods

Preparation of the ink. Solvent evaporation film
casting was used to make the 3D printing inks.At 0.5,
1 or 3 wt. % of reduced graphene oxide (rGO),
Polysciences, Warrington, Pa., dissolved
polycaprolactone in dichloromethane (DCM) and
characterised.a suburb of St. Louis PCL or PCL +
rGO had a weight of 1 g to 5 mL in DCM, depending
on the formulation. While the mixes were being
vortexed, they were kept atTemperature for three
hours to achieve full PCL dissolution and
homogeneous rGO dispersion. Preliminary Candidate
List (PCL)To make the PCL-rGO composite films,
solutions in 100 mm petri dishes were cast and then
dried underovernight in the open air. After another 24
hours of lyophilization, the films were ready to be
used. Finally, the movieswere sliced up into smaller
pieces so that they could be fed into the 3D printer's
cartridge (Fig. 1).

Scaffold 3D printing.

SolidWorks Version 2018, Dassault Systémes,
Vélizy-Villacoublay, France, was used to design
structures of various thicknesses and exported as STL
files into the Perfactory RP software Version 3.0.
(EnvisionTEC GmbH, Germany). Slices were made
from the designs.a layer thickness of 300 m was used,
with a 60° angle between each layer. The length of
the strand and the diameter of the poreThey were set
at 300 m for the first and 420 m for the second (the
distance between two adjacent strands) (Fig. 3a).An
extrusion-based 3D printer (4th Generation 3D
Bioplotter, Manufacturer) was used to create the
structures.A series from the German EnvisionTEC
GmbH. The high-temperature stainless-steel cartridge
was filled with this solution.using pellets, either pure
PCL or a PCL-rGO hybrid. The temperature was then
increased to 100 °C and maintained for a few
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minutes.during the length of the printing process.
Prior to printing, the cartridge was heated to at least
100 °C for at least 20 minutes.check that the pellets
are completely melted and that there are no air
bubbles. The platform's temperature was carefully
monitored and maintained.the whole operation was
carried out at 10 °C. At 0.6 MPa, the pressure was
applied, and the speed of the head's movement was
increased toUse the G24 metallic nozzle to extrude
the inks out of the cartridge. Set a 20-second delay
between printing successive pages.layers to give the
preceding ones enough time to solidify. After
printing, the structures were easily
accessiblecollected. Disposable punches were used to
make cylindrical scaffolds from the structures.use.
Scaffolds of 4 mm thickness x 4 mm diameter were
used for mechanical testing and SEM
imaging.Scaffolds with a thickness of 1 millimetre
and diameter of 3 millimetres were used in all
subsequent tests (Fig. 1). All the samplesafter
printing, they were kept dry in vacuum desiccators.

Morphological characterization.

As well as taking pictures of each layer of the
structure using the Bioplotter CCD camera, SEM was
utilised to examine its morphological aspects..
Stainless-steel plates were used to attach the samples
(n = 3 per group).A FEI Nova NanoSEM 450 was
used to image the stubs, which were coated with
gold—palladium and sputter-coated.5 mm in diameter
and a 15 kV acceleration voltage are the
specifications.The code inside each scaffold was used
to quantify average diameter and average pore size of
the individual strands.ImageJ71This is the 1.53c
version (https://imagej.nh.goVv/ij/). The first step in
using this code is to choose a specific area of
interest.A certain strand was chosen. The code was
used to locate the boundaries of that strand. Lines
that are perpendicular toTheprogramme estimated the
distance from one side of the boundary to the other.
For every strand, the average of these metricsthe
strand's average length in inches (strand diameter).
Until the average width was reached, this procedure
was repeated several times.The average strand
diameter of all strands across all SEM pictures was
calculated (Fig. 3c). Values for the pore sizes were
obtainedSimilarly, the area of interest is the breadth
between each pair of neighbouringstrands.

Thermogravimetric analysis
(TGA):Thermal analysis by use of a thermograph
(TGA). Evaluation of the incorporation was done
with the use of a TA Instruments TGA (TGA
Q500).the scaffolds contain rGO. Using nitrogen as a



gas, TGA was carried out at temperatures ranging
from ambient toto 600 °C in 10 minutes.

Xray powder diffraction (XRD): Powder
diffraction using X-rays (XRD). the presence of rGO
was determined by XRD (Bruker D2 Phaser)inside
the framework of the scaffolds. X-ray diffraction was
used to analyse the samples after they were placed on
the corundum plates.2 = 10-60° range with a 0.01°
step size.Evaluation of wettability For each sample,
we measured the contact angle between water and air
using the Dataphysicsinstrument.

Wettability assessment: The sessile drop
technique and the OCAZ20 contact angle analyzer are
both used at room temperature. Structural samples
with a low densityA drop of deionized water was
automatically applied to each one (n = 5) after they
were 3D printed. Absorptive capacitycamera, and
measurements were made using a high-speed framing
camera.

Degradation behavior: As a result of
degradation. Percentages were used to gauge how
quickly the scaffolds degraded.When submerged in
SBF for 14 days, the weight loss and swelling rates of
the study groups were compared.SBF solution was
created as previously published methods72 were
followed.Simply, there are 7.996 g (NaHCO3), 0.350
g (NaChA total of 0.224 grammes of KCI, 0.22
grammes K2HPO4.3H20 and 0.228 grammes of
KH20.0.305 g of MgCI2.6H20 in waterln 40
millilitres of 1 M-HCI, 0.27 gramme of CaCl2,0.071
grammes of sodium sulphateas well as 6.057 ¢
of(Sigma) CH20OH)3CNH2 was dissolved in 1 litre
of water in a stepwise fashion.of 36.5°C-controlled
distilled water was used. 1-2 minutes after the
addition of and the complete dissolution of the
salts,In order to achieve a pH of 7.4, the final salt
solution was acidified. The scaffolds' initial weights
(n = 3 groups/time point)They were able to keep
track of it. A 15 mL solution of 1 SBF was used to
incubate the scaffolds, and they were maintained at
room temperature throughout this time.Heating to 37
degrees Celsius. Every week, a new batch of the SBF
solution was made. After three, seven, and fourteen
days, the scaffolds were harvestedFor more
evaluations.Structuralbehaviour was evaluated by
putting the harvestable structures on filter paper
under high pressure.vacuum for one minute before
weighing them moist to get an idea of their mass.
After 48 hours of freeze-drying, the scaffolds were
ready to use.Dry weights were tallied and entered
into a database. The percentage of growth was
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calculated using the following

i . Wi — Wy

Swelling rate — —
. Wy

equation:

100

There is a difference between the wet weight (Ww)
and dry weight (Wd).The percentage of weight
reduction was calculated using the following
equation:

Wi — Wy
wW;

Weight loss —= x 100

where Wi is the initial weight, and Wd is the dry
weight.Mechanics education.

Mechanical  studies:The  Instron 5544
mechanical tester (Norwood, MA) with a 2 kN load
cell was used to examine the scaffolds' mechanical
characteristics. Scaffolds (n = 4) were exposed to 30
percent strain limit uniaxial compressive loading at
crosshead speed of 2 mm/min.TheBluehillUniversal
programme Version 3.61 was used to compute the
results. The modulus of elasticity wasCompressive
strength values were calculated using the 0.2 percent
strain offset linear slope technique.based on a 20
percent strain

Wideangle Xray scattering

(WAXS):Compressive stressX-ray scattering with
a large field of view (WAXS). Oxford Diffraction
was used to get the WAXS patternsOnyx CCD area
detector with Cu-K radiation for the XCalibur PX
Ultra (Concord, MA) The scavenging crates
wereMeasurement was done across the range of zero
to fifty utilising custom-built sample holders.At room
temperature, a step size of 0.03 2 is used.
CrysAlisPro software Version was used to gather and
analyse the data.171.40.67a. The scattering vector's
magnitude was determined using the following

47 )
q= ( ’— ) Si”z
equation: where 0 is the scattering

angle and A = 1.5418 A is the X-ray wavelength for
Cu-Kao.

In vitro studies: All cell culture reagents and
human adipose-derived stem cells (hADSCs) were
bought from Invitrogen (Carlsbad, CA). It was
bought from Promega’'s CellTiter 96 Aqueous One
Solution Cell Proliferation Assay (MTS) (Madison,
WI). Grown on MesenPRO RS base medium with
0.5% glucose, the human ADSCsL-glutamine,
penicillin/streptomycin, and a growth supplement of



MesenPRO RS were used in regular media changesA
few times a week. TrypLE Express without phenol
was used to remove the cells from the culture flasks
at P2.centrifuged at 210g for 5 minutes and seeded
onto sterile scaffolds that had been put in ultra-low
attachmentPlates with 96 wells.

Following a 20-minute soak in 70 percent ethanol,
the scaffolds were sterilised.30 minutes of UV
exposure At a density of 50,000 cells/scaffold, the
cells were planted in 5 L of medium and left to
grow.should be attached to the scaffolds for one hour
before the wells are filled with growth material;Assay
that may be performed on either a living or deceased
subject.

The LIVE/DEAD assay was used to determine if
cells growing on 3D-printed scaffolds were still
alive.During days 3, 7 and 14 of the experiment After
being moved to fresh wells and rinsing twice with
DPBS, the scaffolds were thenincubated for 15
minutes in a staining solution consisting of 10 mL
DPBS, 5 L calcine AM, and 20 L ethidium
homodimer-1.We used the Zeiss LSM Confocor?2 at
10x magnification for our imaging.

AfterwardsFor all of the images, a 3D Median filter
was applied to them using the ImageJ programme
(version 1.53c)in order to limit the amount of noise
generated by the pictures during the z-projection
methodThe polymerization of PCL.Viability. The
MTS was used to test the cell viability and
proliferation on the 3D printed scaffolds.days 3, 7
and 14 are the days for testing. Transferred to fresh
wells, rinsed once with DPBS, and resuspendedthen
incubated for two hours at 37 °C with 30 L of MTS
solution and 200 L of growth medium. TheA plate
reader (BioTek, Inc.) was used to measure the
samples' absorbance at 490 nm in triplicate.The
Synergy H1 in Winooski, VVermont.

Statistical analysis: The use of scaffolds devoid
of MTS reagent is necessary to avoid scaffold
interference during the analysis.They employed cells
and subtracted them from the absorbance values of
cell-seeded structures. Each piece of
informationMean absorbance values of the control
PCL scaffolds were used to standardise the time
point.cellular viability is the term used to describe
this ( percent of control).Analytical statistics. The
mean and standard deviation are used to summarise
all of the research findings (SD). StatisticalThe
Holm-Sidak post hoc test and the Bonferroni post hoc
test were used for one-way analysis of variance (one-
way ANOVA) and two-way analysis of variance
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(two-way ANOVA). *p 0.05, **p 0.01; ***p 0.001;
and ****p 0.0001 are considered significant.

Author contributions: SEM imaging and
contact angle measurements; mechanical testing; cell
assays; and help in all other experiments were carried
out by A.S., and he prepared the text. L.D. planned
the work, developed the experiments, and carried out
the study, including scaffolding, as well.support with
all additional investigations, including
manufacturing, WAXS tests, and cellular assays, as
well as writing and editingthe text that has been
written down. SEM imaging, TGA, XRD, and other
techniques were devised by M.B., and he carried out
the study.the biodegradation research, cellular tests,
and the support in all other experiments. J.R.aided in
the mechanical testing and analysis. C.T.L. oversaw
all aspects of the study. All writers made a
contribution.to the debates over scientific theories.
The final paper was approved by all of the writers.
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