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A B S T R A C T

The polymer scaffolds surfaces are inherently hydrophobic what limits its performance as implants and com-
patibility with human tissue essential for such applications as tissue engineering, nerve regeneration, drug de-
livery, etc. The plasma treatment was demonstrated to change the wetting properties of scaffolds making them
hydrophilic. However, that is not a lasting effect. In this work, we aim at addressing this problem with systematic
time-stability investigation of scaffolds functionalized with graphene oxide (GO) layers. To this end, we used
several polymers including polycaprolactone (PCL), poly-L-lactic acid (PLLA), L-lactide-co-glycolide copolymer
(PLGA) and L-lactide-co-caprolactone copolymer (PLC) functionalized with GO, evaluating also control samples
without any treatment and treated by plasma. Our results demonstrate that the GO coating provides a successful
and stable hydrophilic functionality to all polymer scaffolds here investigated. Contrary to plasma treatment
used as a reference for the surface-wettability provider, only the GO effects remain stable for extended periods of
up to 30 days. This work contributes to the robust application of graphene-functionalized polymer scaffolds with
long lifetime hydrophilicity.

1. Introduction

Tissue engineering is an alternative to transplantation for the re-
covery of the damaged organs and tissues gave rise to the development
of artificial structures called scaffolds. Scaffolds are 3D porous fiber
matrices that serve as the mechanical framework for cells. To form a
full-fledged tissue with time stability, scaffolds have to satisfy serious
requirements: biocompatibility and lack of immunological rejection,
the adhesive surface to promote cell proliferation, porosity, and non-
toxicity. These materials include bioresorbable aligned aliphatic poly-
ether nanofibers such as polycaprolactone (PCL), polylactic acid (PLA),
polyglycolic acid (PGA), and their copolymers formed by electrospin-
ning [1–3]. The reasons these synthetic polymers are commonly used in
tissue engineering are: firstly - their multiple properties and advantages
such as good mechanical strength, low immunogenicity, and bio-
compatibility that allow them to be implanted to human's body. Sec-
ondly, these polymers have tunable full degradation to H2O, CO2, and
other by-products after performing their function in the body during a
reasonable time (relative to natural polymers) ranging from several

weeks to years [4].
Electrospinning allows bringing out polymer nanofibers with dia-

meters varying from nano to micrometers using a simple single pro-
cessing step. The other manufacturing advantages, which made elec-
trospinning attractive are the scalability and opportunity to adapt the
parameters/process and composition including adding bioactive mate-
rials to tailor the polymer for a particular application [5].

However, the main inevitable limitation of all synthetic electrospun
scaffolds used in biomedicine is their poor hydrophilicity and low
surface energy [6]. Low wettability, surface energy are critical factors
that affect the ability to initiate cell adhesion, proliferation, and dif-
ferentiation required for biomedical and drug delivery applications,
also contributing to lengthening the degradation period [7,8]. There is
several treatment approaches proposed to influence surface hydro-
philicity while introducing additional functional groups to the surface.
These surface treatments include modification of synthetic polymers
with natural materials like chitosan [9] or silk fibroin [10], chemical
treatment using organic solvents [11], aminolysis [12] and hydrolysis
[13]. However, the most widespread, diversified and developed method
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is plasma treatment [14,15].
Given the structural features and physicochemical properties of the

scaffolds, reactive magnetron sputtering was demonstrated to be an
efficient way to improve the wettability of polymer scaffolds by pro-
ducing thin coatings on the surface of complex implants without vio-
lating the structural integrity of the medical device [16]. This method
allows to vary the properties of the resulting coating by changing such
parameters as the working gas composition, target material, power at
the power source [17]. The wettability changes occur due to the change
of the surface chemical structure and the formation of a thin coating of
complex composites like titanium oxides, titanium oxynitrides, and ti-
tanium nitrides [18]. After plasma treatment, scaffolds show impressive
surface modifications. These improvements include enhanced wett-
ability, high surface energy values, and better adhesion while main-
taining the same crystallinity and mechanical properties of the bulk
material. These effects are a consequence of the polymer surface
cleaning from the impurities and changing of chemical composition by
the incorporation of polar functional groups on the treated side, typi-
cally carboxyl or amine depending on the working gas [19].

Despite the significant changes in the surface characteristics of
polymer scaffolds by plasma treatment, it is well-known that the hy-
groscopic effect is not stable over time. Plasma-treated polymers return
to hydrophobic day by day, what is also called the aging process. This
process depends on various parameters starting from the polymer type
and crystallinity to the environmental conditions [14,20].

On the other hand, carbon nanomaterials such as graphene, carbon
nanotubes, and their derivatives are getting more attention for the
enhancement of mechanical, thermal, electrical, and other properties
including wettability of different surfaces in such applications as bone,
dental and tissue engineering, nerve regeneration, and drug delivery
systems [21,22]. Graphene oxide (GO) is a promising candidate to
prolong the plasma effect as its flakes are highly hydrophilic and stable
due to the presence of carboxylic acid groups that provide negative
surface charge and, therefore, stability in polar solutions [23]. GO re-
presents the oxidized form of graphene with a layered structure, but
containing randomly-distributed epoxy, hydroxyl, carbonyl, phenol,
and carboxyl functional groups [24]. These oxygen-containing groups
drastically enhance cell-adhesion of different surfaces functionalized
with GO as shown in previous work [25]. In terms of scaffolds surface
treatment, GO has already served as a platform to bind proteins to stem
cells [26]. It was also reported that GO promoted adhesion and dif-
ferentiation of certain stem cells [27]. Moreover, in a recent work, GO
on PLGA surface was used for applications in gene delivery, forming a
substrate for stem cells growth and differentiation [28].

Despite these recent applications, it is not yet clear if GO can fasten
the plasma hydrophilic effect providing time stability, and if so, we do
not know yet for how long this hydrophilicity lasts. Knowing this would
be highly helpful especially for long-term applications involving
binding drugs or cells to implants. Therefore, through this work, we aim
to investigate if the problem of limited time-stability of wettability in
biodegradable polymers can be solved by simple surface functionali-
zation with graphene oxide, without adding polymer manufacturing
complications. This is the first systematic investigation of the time de-
pendence stability of GO-functionalized polymer scaffolds that could
make an impact in future optimization and developments of graphene/
polymer heterostructures for biomedical applications.

2. Experimental

2.1. GO preparation

The coating material is GO water dispersion (“Graphenea”) pre-
pared by the conventional modified Hummers method [31] with the
flake lateral size of less than 10 μm, 2.2–2.5 pH, and 0.4 wt% con-
centration. Before the deposition on polymers' surfaces, GO was soni-
cated for 30 min to break up possible aggregates and restore the

dispersion homogeneity.

2.2. Scaffolds preparation

Preparation of scaffolds was performed by electrospinning using a
NANON-01A unit (MECC Co., Japan). A 200 mm length metal cylinder
with a diameter of 100 mm rotating at 200 rpm was used as the col-
lector. For the fabrication, the following parameters were used: 4 ml/h
spinning solution consumption, 25 kV voltage, 18G needle, the distance
kept between needle and collector was 19 cm.

To prepare the PCL (Sigma Aldrich, UK Mn ~ 80.000) spinning
solutions, hexofluoroisopropanol (C3H2F6O) (Sigma Aldrich, UK) was
used. The polymer concentration in the spinning solution was equal to 5
mass %.

The other polymers used for the present work were (with the
polymer concentration, mass %): L-lactide-co-caprolactone copolymer
(PLC) Purasorb® PLC 7015 (Corbion, Netherlands) - 8%, poly-L-lactide
(PLLA) Purasorb® PL 38 (Corbion, Netherlands) - 4%, and L-lactide-co-
glycolide copolymer (PLGA) Purasorb® PLG (Corbion, Netherlands) -
2.5%.

2.3. Plasma treatment

For plasma treatment, we used the magnetron sputtering system
described earlier [16]. Plasma treatment of biodegradable scaffolds was
carried out by DC reactive magnetron sputtering of a titanium
(99.999%) target in a nitrogen atmosphere (99.999%). The treatment
was performed for 60 s at a discharge power of 40 W.

2.4. GO deposition

The GO functionalization was performed at room conditions by drop
coating 100 μl of the GO dispersion over 3 cm2 of the scaffolds' surface.
Before the study, the samples were dried for 12 h under normal con-
ditions.

2.5. Contact angle (CA) measurements

The wettability experiments were done using a Krüss Drop Shape
analyzer unit in a laboratory conditions. For the CA measurements we
investigated four polymer types divided to the following groups for
each: control sample (1 piece), plasma treated sample (5), plasma
treated GO functionalized (5), GO functionalized (5). Each sample has a
lateral size about 5 × 1.5 cm. For each sample, 3 different points were
examined using 3 μl drop of one polar liquid – water. The drop was
allowed to sit for 1 min before recording the contact angle. The same
procedures were repeated for the monitoring purposes after 1, 4, 8, 15,
and 30 days after GO deposition.

2.6. Scanning electron microscopy

The samples morphology was examined through the SEM image
analysis using a Quanta 200 3D, FEI, Hillsboro, ORUSA system.
Scaffolds were first covered with a thin gold layer by the magnetron
sputtering system (SC7640, Quorum Technologies Ltd., UK) to mini-
mize surface charging. The images were obtained under high vacuum,
U = 10 kV, and x500, x5000, and x15000 magnification.

2.7. Raman spectroscopy

Raman spectra were obtained using the DXR2Xi Raman Imaging
Microscope from Thermo Fisher Scientific U.S. with x100 objective. The
samples were irradiated using an infrared laser with the wavelength
λ = 785 nm using powers of 0.5 mW as higher power could lead to the
surface modification of polymers and especially the GO films reduction.

A. Lipovka, et al. Surface & Coatings Technology 388 (2020) 125560

2



2.8. Fourier-transform infrared spectroscopy (FTIR)

Infrared transmission spectra were recorded using Nicolet 5700
(Thermo Electron Corporation, USA) spectrometer within
4000–400 cm−1 spectral range. Both GO covered plasma-treated and
non-covered plasma-treated samples were investigated.

3. Results and discussion

3.1. PCL

For the investigation of scaffolds wetting behavior, we chose one of
the most commonly used synthetic polymers - polycaprolactone (PCL)
as it is elastic, proved to be non-toxic, and successfully integrated into
biomedical applications. Compared to other polymers, PCL has a longer
degradation rate and therefore, is often used as an implant or for long-
term drug delivery systems [29].

We performed month-long monitoring of PCL scaffolds wettability
behavior separating the polymer samples into several control groups
using all possible combinations of preparation methods:

• Pure electrospun PCL scaffolds with no surface modifications;

• Plasma-treated PCL scaffolds;

• Pure PCL scaffolds covered with GO (no plasma treatment);

• Plasma-treated PCL scaffolds covered with GO.

During the whole contact angle monitoring period, we observed the
following tendency. Pure PCL was taken as the reference, which re-
mained highly hydrophobic during the 30 days period since no surface
modifications were applied. The plasma-treated samples showed re-
markable surface changes illustrated by contact angle values close to
zero. However, the contact angle started to increase rapidly after seven
days from the deposition keeping the same tendency until the end of the
monitoring period. By the end of the month, the contact angle rose to
87 ± 9°, a significant change compared to the 0° contact angle value
observed right after plasma treatment.

Both GO-covered sample groups exhibited initial contact angle va-
lues of about 30°. Considering that the polar groups contribute the most
to the surface hydrophilicity, then the contact angles suggest that GO
provides fewer polar groups than plasma treatment. Noticeably, both
GO-coated sample groups kept the initial values roughly constant
during the whole month (Fig. 1). This result illustrates the good stabi-
lity of GO hydrophilic properties in time, that added to GO mechanical
stability [23], make GO-functionalization beneficial for future practical
applications of polymer scaffolds.

The contact angle values difference between plasma-treated, GO-
coated, and non-coated PCL at the end of the month is 49° ± 2°. The
more efficient way to prolong and stabilize the surface hydrophilicity
involves functionalization of the preliminary plasma-treated surface;
otherwise, the untreated polymer hydrophobicity limits the homo-
geneous GO distribution compromising the final wettability.

Considering the results of CA measurements for all polymer scaffold
types that is clear that GO is responsible for the wettability changes,
thus it might seem that preliminary plasma treatment is not necessary
to get the effect. However, the covering of the untreated scaffolds with
GO water dispersion was trapped because of the high initial hydro-
phobicity of the materials. That instigated inhomogeneous dispersion
distribution, and therefore the formation of heterogeneous covering
containing “islands” after drying. At the “islands” where the GO in-
corporation was performed successfully, the CA values were close to the
ones of the treated polymers (Fig. 1). Contrary to untreated surfaces,
scaffolds treated with a magnetron discharge plasma could be easily
soaked with the aqueous dispersions, therefore the homogeneous GO
layer is formed.

Morphology of all samples was investigated by SEM (Fig. 2). The
images demonstrate that highly porous PCL scaffolds contain randomly

oriented fibers with a diameter varying from 0.5 to 3 μm (Fig. 2a). After
plasma treatment, the fiber diameter slightly changes locally due to
plasma etching (Fig. 2b), and no more structural changes take place.
Multiple layers of GO on the top of the scaffolds form a hydrophilic
coating on the fibers looking like a veil (Fig. 2c). Scaffolds have oxygen-
containing groups on the surface and charge positively in acidic en-
vironment, therefore in the case of GO deposition electrostatic sorption
of components on the fibers takes place. It could be noticed that the
dispersion does not penetrate inside providing only surface properties
changes protecting the unmodified bulk material.

For the investigation of surface changes, we exploit FTIR and Raman
spectroscopy (Fig. 3). FTIR allows identifying the chemical composition
changes after functionalizing the scaffolds with GO. The FTIR spectra in
Fig. 3a is dominated by the signal from the whole scaffold making the
minimal contribution from the plasma-treated surface insignificant
with respect to the pristine sample. Therefore, we focus on the spectral
differences between plasma-treated and GO-treated samples. In both
cases, the PCL distinctive stretching modes can be identified in the FTIR
spectra in Fig. 3a. PCL polymers demonstrate noticeable peaks at
2933 cm−1 and 2861 cm−1 responsible for asymmetric and symmetric
CH2 stretching, respectively. The strong peak at 1720 cm−1 originates
from carbonyl stretching C]O. Bands at 1240 cm−1 and 1186 cm−1

are related to asymmetric and symmetric OC-O vibrations, respectively.
The peak at 1293 cm−1 corresponds to CeO and CeC stretching in the
crystalline phase, while the peak at 1157 сm−1 originates from CeO
and CeC stretching in the amorphous phase [30,31].

GO introduces a broad peak from 3000 cm−1 to 3670 cm−1 cor-
responding to typical OeH vibration. The hydroxyl groups may appear
from absorbed water molecules or OH from phenol or carboxylic
groups. Another smaller peak appearing at 1619 cm−1 corresponds to
OeH vibrations of water [32]. The other GO-related typical peaks at-
tributed to C]O stretching vibrations (1720 cm−1), CeO from alkoxy
group (~1050 cm−1) [33,34] are also present in the scaffold itself.

The proportion between crystalline and amorphous phases in PCL
scaffolds before and after GO film deposition shows a change from 0.46
to 0.75 indicating the increase in crystallinity for the functionalized
material. GO introduces only additional OeH functional groups to
scaffolds. At the same time, there is a significant influence on the long-
term wetting properties of the material. This implies that the high
scaffolds hydrophilicity is due to these hydroxyl functional groups that
allow to efficiently attract water molecules. Simultaneously to the en-
hanced hydrophilicity, the functionalized material profits from the
mechanical properties of GO making the ensemble system much more
robust.

Raman spectroscopy (RS) complements FTIR spectroscopy in terms
of functional groups vibrations identification as shown in Fig. 3b. The
observed PCL peaks correspond to the following vibrations: 911 cm−1 -
C-COO stretching, 1000–1110 cm−1 skeletal stretching,
1270–1320 cm−1 CH2 rocking vibrations, 1405–1470 cm−1 symmetric
bending CH2. The peak at 2800 cm−1 indicates the crystalline phase,
while the one at 866 cm−1 is attributed to the amorphous phase. The
strong peak at 1720 cm−1 corresponds to carbonyl stretching [35].

RS has also been widely exploited for the characterization of gra-
phitic materials. Introducing GO demonstrated the overlap of PCL-re-
lated bands and the appearance of two characteristic peaks, D
(1332 cm−1) and G (1595 cm−1) bands. D band is related to the dis-
order in graphitic sp2 material (distortions, vacancies, etc.) and in-
dicates the conversion of sp2 hybridized carbon atoms to sp3, while the
G band corresponds to E2g symmetry mode from sp2-hybridized carbon
[36]. The ID/IG ratio for PCL is equal to 1.26; the higher D peak in-
tensity indicates the structural disorder due to the intensive oxidation
during the GO synthesis using the modified Hummer's method [27].

To demonstrate the generality of our findings, we investigated other
widely-used polymer scaffold materials. Poly-L-lactic acid (PLLA), L-
lactide-co-glycolide copolymer (PLGA) and L-lactide-co-caprolactone
copolymer (PLC) were divided into the same four control groups.
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3.2. PLLA

PLLA attracted attention in tissue engineering for regenerating
cartilage more than other synthetic polymers because the scaffolds
degrade to natural metabolites, have mechanical properties similar to
cartilage, and good interaction with body cells. Despite that PLLA de-
gradation period corresponds well with healing time, its hydrophobic
nature imposes limitations that compromise cell differentiation [37].

The contact angle values using water as a test liquid (Fig. 1b), re-
gistered following the same procedure as for PCL, are in agreement with
contact angle results obtained on the PCL described above. For the non-
functionalized PLLA, the difference is that plasma-treated samples
started to recover their intrinsic hydrophobic behavior much sooner
than for the case of PCL. This recovery started already from the third
day after plasma treatment. At the end of the monitoring period, the
difference between GO-coated plasma-treated scaffolds and scaffolds
with only plasma treatment was 60° ± 7°.

FTIR spectrum of PLLA (Fig. 4a) demonstrates that the main peaks
represent the same functional groups as for PCL, even though some of
the peak positions are shifted. Here the significant band at 1743 cm−1

corresponds to C]O group stretching vibration, 1182 cm−1 and
1081 cm−1 are responsible for C-O-C asymmetric and symmetric vi-
brations respectively. Peaks at 2992 cm−1 and 2942 cm−1 originate
from CH3 stretching vibrations. Symmetric bending methyl vibrations
appear in another spectral range giving rise to the peaks at 1446 cm−1

and 1378 cm−1. The described peaks evidence the presence of ester
end-capped PLLA scaffold [38].

RS (Fig. 4b) provides the following characteristic bands: 1764 cm−1

- carbonyl group stretching vibrations, 1450 cm−1 CH3 asymmetric
bending, 1379 cm−1, 1355 cm−1, 1300 cm−1 - symmetric CeH. Peaks
at 1131 cm−1 and 1092 cm−1 correspond to out-of-plane bending,
739 cm−1 - out-of-plane C]O bending [39]. The strong peak at
871 cm−1 assigned to C-COO stretching, 394 cm−1 to C-CO bending,
and 299 cm−1 to C-O-C and C-CH bending [40,41]. GO incorporation
influence the same way as for PCL, overlapping the scaffold bands,
showing D and G peaks at 1328 cm−1 and 1588 cm−1 respectively with
an ID/IG ratio of 1.17.

3.3. PLGA & PLC

PLGA and PLC are polymer materials that are also widely used in
drug delivery systems and implant applications. As these polymers re-
present the same as PLLA family of homo and co-polymers originated
from lactic and glycolic acid monomers - the obtained IR and RS vi-
bration modes are very similar to PLLA, varying only in terms of in-
tensity values. The most important characteristic bands, which allow
identifying these polymers are represented by carbonyl stretching and
CeH stretching vibrations for both cases [42]. The GO hydrophilicity
“activation” of all the scaffolds surfaces is experimentally proved to be
caused by the OeH group incorporation. Our systematic study de-
monstrates that the difference between contact angle values for plasma-
treated and GO-functionalized plasma-treated scaffolds by the end of
the monitoring month turned to be 58° ± 2° and 67° ± 4° for PLGA
and PLC scaffolds, respectively (Figs. 1(c) and (d)). Notice that for all
three GO-coated polymer types there is a contact angle difference for
polymers with and without plasma treatment, which shows that the

Fig. 1. The dependence of scaffolds wettability from time (in days) for the (a) - PCL, (b) - PLLA, (c) - PLGA, (d) - PLC scaffolds. The testing liquid was distilled water.
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GO/scaffold interaction plays a role in scaffold hydrophilicity. This is
especially noticeable in the case of PLLA with lower values for plasma-
treated samples than for untreated ones. This observation further con-
firms the efficiency of combining plasma treatment with GO functio-
nalization.

The time-dependent evolution of contact angle results in Fig. 1 show
an increase within the first week. This increase in contact angle can be
attributed to a partial reduction of GO in room conditions. This ex-
planation is in agreement with a preliminary report showing the partial
reduction of multilayer GO already at 75 °C due to the presence of water
[43]. At room temperature condition this process could take several
days. We could quench the low contact angle observed right after GO
deposition by treating the GO film with ethanol as shown by Acik et al.
[43]. Nevertheless, the most significant observation is that all GO-
functionalized scaffolds here investigated remained hydrophilic during
the whole duration of this study. The slight changes of initial contact

angle among PLLA, PLGA, and PLC shown in Fig. 1 could be related to
small morphology and size variations among different polymer films
[44]. The 1.33 ID/IG Raman intensity ratio of PLGA changes slightly
from the other polymers studied above. However, for PLC the ID/IG
ratio shifts to 0.96, at the same time showing a sharp G peak indicating
the high graphitization of the sample. ID/IG Raman intensity ratio de-
crease indicates higher quality of the crystalline sp2 structure after re-
duction [45]. In this regard, change for the GO-coated PLC scaffold
suggests a possible reduction during the Raman spectroscopy analysis.
Even if the laser power was the same for all samples, the heat dis-
sipation could vary from sample to sample explaining the differences in
GO reduction reflected by the different D/G intensity ratios [46].

Another important finding from the Raman spectroscopy results
regards the GO thickness. We observe that for all samples the Raman
signal from the polymer is not visible in the GO-coated suggesting a
screening by the GO film. Given the low energy of the NIR laser used in

Fig. 2. SEM images of the PCL scaffolds performed with different magnification. (a) represents untreated scaffolds, (b) - scaffolds after plasma treatment only, (c)
demonstrates the effect of both - plasma treatment and GO coating.

Fig. 3. Spectra of plasma-treated PCL scaffolds and GO-covered plasma-treated scaffolds, (a) FTIR and (b) Raman spectra.
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Raman, and the long penetration depth in GO at that energy [47], we
can conclude that the GO functionalization resulted in the formation of
a thick film.

4. Conclusions

Through this study a promising approach to overcome the hydro-
phobicity limitations of synthetic electrospun scaffolds by surface
functionalization with GO was demonstrated. During the systematic

study of four polymer types in the 30 days period, the long-term hy-
drophilic nature of GO-functionalized scaffolds was observed. This was
contrary to the conventionally plasma-treated surfaces that already
started to turn back hydrophobic within the first days. The GO-func-
tionalized scaffolds display contact angle values after one month that
did not exceed 41° among all samples (four polymer scaffolds types)
indicating universality of the effect. The enhanced long-term wett-
ability can be attributed to the hydroxyl groups from GO, resulting in a
significant increase of polar groups. Characterization methods such as

Fig. 4. Spectra of plasma-treated PLLA, PLGA, and PLC scaffolds and GO-covered plasma-treated scaffolds: (a) - PLLA Raman spectra (b) - PLLA FTIR spectra; (c) -
PLGA Raman spectra (d) - PLGA FTIR spectra; (e) - PLC Raman spectra (f) - PLC FTIR spectra.
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FTIR and Raman helped to evaluate the changes taking place while
functionalization and confirm the contribution of hydroxyl groups to
the hydrophilic behavior. These results are promising for in vitro in-
vestigations to elucidate the long-term effects of GO-functionalized
scaffolds in cell adhesion and proliferation which is now the subject of
ongoing work.
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