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Analysis of the antibacterial properties of polycaprolactone
modified with graphene, bioglass and zinc-doped bioglass
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Purpose: Innovative biomedical filaments for 3D printing in the form of short and biodegradable composite sticks modified with various
additives were used to prepare biomaterials for further nasal implants. As the respiratory tract is considered to be potentially exposed to
contamination during the implantation procedure there is a need to modify the implant with an antibacterial additives. The purpose of this
work was to analyze the effect of biodegradable polymer — polycaprolactone (PCL) modification with various additives on its antibacterial
properties. Methods: PCL filament modified with graphene (0.5, 5, 10% wt.), bioglass (0.4% wt.) and zinc-doped bioglass (0.4% wt.) were
used to print spatial biomaterials using FDM 3D printer. Pure polymer biomaterials without additives were used as reference samples.
The key task was to assess the antimicrobial impact of the prepared biomaterials against the following microorganisms: Staphylococcus
aureus ATCC 25293, Escherichia coli ATCC 25922, Candida albicans ATCC 10231. Results: The research results point to a significant
antibacterial efficacy of the tested materials against S. aureus and C. albicans, which, however, seems to decrease with increasing gra-
phene content in the filaments. A complete lack of antibacterial efficacy against E. coli was determined. Conclusions: The tested bioma-
terials have important antibacterial properties, especially against C. albicans. The obtained results showed that biomaterials made of
modified filaments can be successfully used in implantology, where a need to create temporary tissue scaffolds occurs.
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Abbreviations treatment [13] and often pharmacological treatment, too
[7]. The biomaterials themselves do not have a pharma-
cological effect, only their additives. Polycaprolactone

PCL - polycaprolactone ) ; .
FDA - Food and Drug Administration (PCL) has gained much attention as one of the materi-
GNP - graphene nanopellets . als used in medicine for the production of biodegrad-
FDM technology, Fused Deposition Modelling able implants due to its high flexibility and biodegrad-
CFU - colony forming unit .- ..

ABE - antibacterial efficacy ability (2—4 years), as well as hydrophobicity [26].
AFE — antifungal efficacy. Polymers can be successfully used as intracranial im-

plants and carriers of therapeutic substances and drugs

[24]. Multifunctional polymers with antibacterial prop-

1. Introduction erties can also be used in drug delivery systems [21].

It has been also approved by the Food and Drug Ad-

ministration (FDA). PCL is a semi-crystalline poly-

The use of biomaterials is currently an important mer and some authors report that an increase in mo-
element of modern medicine. It complements surgical lecular weight causes a decrease in its crystallinity
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[25]. Compared to other polymers, PCL has many ad-
vantages such as biodegradability, biocompatibility,
good mechanical strength and it can be also easily
shaped. PCL is also resistant to electromagnetic fields
[23]. However, these properties may not be sufficient
in specific medical cases.

An essential and important feature of implants
used in laryngology, for example, is their bacterio-
static or even bactericidal properties [10]. It is often
impossible to obtain perfect asepsis during a surgery
inside nasal cavities [12]. In order to achieve this, the
implant material can be modified by enriching it with
medications or substances with bacteriostatic or bacte-
ricidal properties.

One of the recognized materials with such proper-
ties is graphene and its derivatives [9], [16]. Graphene
exhibits antibacterial action by direct contact of its
sharp edges with membranes of microbial cells, which
causes destructive extraction of lipid particles from
their inside [1], [11]. In addition, graphene is used as
a carrier for various types of metallic nanomaterials,
metal oxides and polymers. Due to their excellent
antibacterial properties [29] and good biocompatibility,
graphene-based nanocomposites have a wide range of
applications, such as antibacterial packaging, wound
dressings and water disinfection.

Bioglass is another substance with antibacterial
properties [8]. It is used as a top layer for the base
material [22]. It can be also used as an additive during
its production process [5]. Its confirmed antibacterial
efficacy against S. aureus [18] is desirable when there
is an increased risk of perioperative infection with this
microorganism.

Zinc is a well-known element with significant
bactericidal properties. It is mainly used in the form
of oxides. It is used successfully in combination with
polymers, including polycaprolactone [3], and with
graphene [28].

In this paper a comparative analysis of the bacteri-
cidal properties of polycaprolactone filaments with the
addition of graphene, bioglass and zinc-doped bio-
glass is presented. Materials for research were pro-
duced using the 3D printing technique.

2. Materials and methods

2.1. Filaments preparation

This research employed polycaprolactone in granular
form, (PCL, Mn 80 kDa, Sigma Aldrich), bioactive glass

(BG) with the composition (mol %): 40Si0,-54CaO-
-6P,05 (produced with the sol-gel method, AGH,
Poland), bioactive glass doped with zinc BGZn with
the composition (mol %): 49Ca0-5ZnO—6P,0s—40Si0,
(prepared by the sol-gel method, AGH, Poland) [4],
[20]. Flake graphene in powder form (GNP) was also
used to modify the filaments (Sigma Aldrich, USA).
The properties of the PCL used in the study are pre-
sented in Table 1.

Table 1. Properties of the PCL
used in the study (Sigma-Aldrich)

form pellets (~3 mm)
mol wt average M, 80,000
impurities <0.5% water

mp 60 °C (lit.)
density 1.145 g/mL at 25 °C
M,/M, <2

In order to produce filaments for 3D printing, poly-
mer mixtures with additives and pure PCL granulate
were prepared. The polymer granules were dry mixed
with GNP powder to obtain 0.5, 5 and 10% by weight
of graphene content in the mixture. The content of
bioglass and zinc-doped bioglass was 0.4% by weight.
After combining the ingredients, each of the mixtures
was mixed in a mechanical mixer for 20 minutes.
Filaments in the form of modified sticks were manu-
factured in the process of injection moulding using
a BabyPlast 6/10P (Rambaldi Group) injection moulding
machine. The parameters of filament production were
described in [19].

For the production of biomaterials in the form of
a truss, a 3D printer (Anet AS8), working in FDM
technology, was used. Filaments in the form of sticks
with a length of 50 mm and a diameter of 1.75 mm
were used, having been joined together. Samples
measuring 10 x 20 x 2 mm were printed (Figs. 1, 2).
The temperature of the printer nozzle was 170-190 °C
for individual filaments. The material was extruded
through a nozzle, forming a 0.2 mm thick path. The
scaffolds were printed at a speed of 15 mm/s. 12 samples
of each type were made, yielding a total of 72 samples.
Microscopic observations of the prepared biomaterials
were carried out using the OPTA-TECH optical mi-
croscope equipped with a CMOS 3 camera and Opta-
ViewlS software. Digital microscope Keyence VHX-
-6000 was used to analyse the surface profile of tested
samples (Figs. 3, 4). All the samples were plasma-
-sterilised. As can be seen in Figs. 1 and 2, all scaf-
folds possessed the pore size large enough to promote
further ingrowth of tissue and to facilitate better fixa-
tion of the future implant by surgeons.
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Fig. 1. Macroscopic images of prepared biomaterials:
(a) PCL, (b) PCL_BG, (c) PCL_BG_Zn, (D) PCL_Graf 0.5%
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Fig. 2. Microscopic images of prepared biomaterials:
(a) Pure PCL sample, (b) PCL modified with bioglass,
(c) PCL modified with Zink doped bioglass,
(d) PCL modified with 5% of GNP

Fig. 3. Macroscopic evaluation of the surface
— pure PCL
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Fig. 4. Surface profile
—PCL + 0.4% biomaterials Bioglass

2.2. Bacteriological analysis

The aim of the microbiological tests was to assess
the antimicrobial effect of the four biomaterials tested
against the selected three reference microbial strains:
Staphylococcus aureus ATCC 25293, Escherichia coli
ATCC 25922, Candida albicans ATCC 10231.

Microbiological tests in vitro used the following
culture media and reagents:

— Columbia agar (bioMerieux, Marcy 1’Etoile, France),
— Mac Conkey agar (bioMerieux, Marcy 1’Etoile,

France),

— Sabouraud agar (bioMerieux. Marcy I’Etoile, France),
thinners: tryptone water, NaCl solution (0.85%).

All stages of microbiological tests were carried out
in accordance with the principles of asepsis and anti-
septics. Each biomaterial was tested in four replicates
with each of the reference microbial strains. A single
sample of the tested biomaterial was placed in 2 ml of
the reference strain suspension with a final density of
1.5 x 10° CFU/ml in tryptone water (CFU — colony
forming unit, i.e., a single colony forming unit, that is
a single microorganism cell). The positive control was
a suspension of 2 ml volume of a given reference
strain of a microorganism in tryptone water, while the
negative control 2 ml of tryptone water. After 17
hours of incubation in dynamic conditions (Therm-
Shaker PST-60HL-4 from BioSan, Riga, Latvia) at
37 °C (S. aureus and E. coli) or 35 °C (C. albicans)
(Fig. 6) from each test and control sample, 20 pL. of
suspension was inoculated onto a solid microbial cul-
ture medium: Columbia agar with 5% sheep blood
(S. aureus) (Fig. 7), MacConkey agar (E. coli) (Fig. 8)
or Sabouraud agar (C. albicans) (Fig. 5).



134 M.B. HAIDUGA et al.

After 24 hours of incubation at 37 °C (S. aureus
and E. coli) or 48 hours of incubation at 35 °C (C. albi-
cans), the microbial colonies observed were counted
using an automatic colony counting device “aCOLyte”
(Symbios, Cambridge, UK) in order to determine the
ABE (antibacterial efficacy) and the AFE (antifungal
efficacy) of the materials under study. ABE and AFE
were calculated with the use of the following formula
[27]:

VeVt
Ve

ABE [%)] or AFE [%] = 100,

Ve — number of microbial colonies cultured for positive
control,

V't — number of microbial colonies cultured for a given
test sample.

Fig. 6. PCL, PCL_BG, PCL_BG_Zn, PCL_GNP_5%
biomaterials in S. aureus solution

hylococcus aureus ATCC 25923

Fig. 7. Cultivation of S. aureus

cherichia coli ATCC 25

Fig. 8. Cultivation of E. coli

3. Results

Negative controls — normal (no microbial growth).
Positive controls — normal (growth of colonies from
the reference microbial strains). The number of ob-
served microorganisms expressed in the form of the
CFU number after 17 hours of incubation and the
resulting antibacterial efficacy (ABE) are both pre-
sented in Table 2.
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Table 2. Overview of the number of microorganisms in individual preparations [CFU]
and antibacterial efficacy [ABE] for a given samples

Staphylococcus aureus ATTC 25923 Escherichia coli ATTC 25922 Candida albicans ATTC 10231
— initial density 1.5x10° CFU/ml — initial density 1.5x10° CFU/ml — initial density 1.5x10° CFU/ml
The number The number The number
of CFU/ml after Antibacterial of CFU/ml after Antibacterial of CFU/ml after Antibacterial
Preparation 17 hours of efficacy (ABE) 17 hours of efficacy (ABE) 17 hours of efficacy (ABE)
tested incubation with | [%] in individual | incubation with | [%] in individual | incubation with | [%] in individual
the preparation in samples the preparation in samples the preparation in samples
individual samples individual samples individual samples
32 9.57 2.1x 108 0 10250 63.8
PCL 4 26.64 — confluent growth 0 13000 54.1
19 28.93 obtained for each 0 13450 52.6
158 57.43 repeat test 0 13150 53.6
2 99.99 2.1x10° 0 8150 71.2
10 99.98 — confluent growth 0 3350 88.2
PCL_BGZn 23 99.96 obtained for each 0 3650 86.1
9 99.96 repeat test 0 10650 62.4
4 99.99 2.1x 108 0 8600 69.7
3 99.99 — confluent growth 0 6500 77.1
PCL_BG 3 99.99 obtained for each 0 9850 65.2
1 99.99 repeat test 0 8850 68.8
24 82.78 2.1x10° 0 11550 53.61
19 88.50 — confluent growth 0 10150 59.24
0,
PCL_GNP 0.5% 15 93.21 obtained for each 0 5500 77.91
8 98.71 repeat test 0 4300 82.73
7.0 x 10* 0 2.1x10° 0 33950 0
i o, |—confluent growth 0 — confluent growth 0 40500 0
PCL-GNP 5% obtained for each 0 obtained for each 0 16100 432
repeat test 0 repeat test 0 25500 10
7.0 x 10 0 2.1x10° 0 50x10* 0
) o, |—confluent growth 0 — confluent growth 0 — confluent growth 0
PCL-GNP 10% obtained for each 0 obtained for each 0 obtained for each 0
repeat test 0 repeat test 0 repeat test 0

Staphylococcus aureus ATCC 25923 -
average ABE values [%]
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Candida albicans ATTC 10231
average ABE values [%]
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Fig. 11. Average ABE values for C. albicans

In charts presented in Figs. 9-11, the summary of
the antibacterial efficacy in the form of average ABE
values [%] was presented.

4. Discussion

The research results point to a significant antibac-
terial efficacy of the tested materials against S. aureus
and C. albicans, which, however, seems to decrease with
increasing graphene content in the filaments. A com-
plete lack of antibacterial efficacy against E. coli was
determined.

In the case of S. aureus, pure PCL shows only
slight antibacterial activity at the level of 30% ABE.
Its modification with a small amount of bioglass
(0.4% wt.) or zinc-doped bioglass results in a signifi-
cant increase in antibacterial efficacy to more than
99% ABE. Modification with a small amount of gra-
phene (0.5%) causes a significant increase in antibac-
terial efficacy, reaching the level of 90% ABE. Fur-
ther increase of graphene content significantly reduces
and inhibits the antibacterial properties of PCL. Sev-
eral authors emphasise the relevant antibacterial prop-
erties of graphene, but in the form of its oxides [14],
[17]. The structure of graphene may cause damage to
the cell membranes of microbes and thus eliminate
them. During filament preparation, polymer granules
were dry-mixed together with GNP powder. In all
likelihood, the carbon particles that precipitated while
preparing the suspension for the culture became the
feed for the cultured bacteria. Nevertheless, it may be
concluded that the addition of only a small amount of
graphene to PCL filaments (0.5%) leads to a signifi-
cant increase in its antibacterial efficacy, compared to
pure PCL, while further increase of graphene content
effectively reduces the antibacterial efficacy in such
filaments.

None of the tested filaments showed any activity
against E. coli. In all cases, the inoculated suspension

caused a confluent growth of these bacteria. However,
many researchers confirm that PCL shows activity
against E. coli, but only if the polymer is modified, for
example, with silver nanoparticles. It has been con-
firmed that zinc oxide exhibits activity against E. coli
[15]. Adding a small amount of bioglass, as well as
zinc-doped bioglass to the polymer did not lead to
a significant increase in antibacterial properties either.
This fact has been confirmed by the observations of
those authors who claim not to have perceived any
activity of bioglass against gram-negative bacteria [8].
The addition of silver ions enhances the antibacterial
activity of bioglass [2].

Most of the tested materials, with the exception of
PCL-GNP 5% and PCL-GNP 10%, exhibited signifi-
cant antibacterial efficacy against C. albicans. In the case
of PCL, the average ABE was approximately 55%. The
addition of bioglass to PCL increased this value to
70% and the doping bioglass with zinc — to almost
80%. The 0.5% GNP admixture also caused a signifi-
cant increase in the antibacterial efficacy to about
70%, similarly as in the case of bioglass. The increase
of graphene content in the filaments resulted in an
effective reduction of the antibacterial properties of
the biomaterials. It appears that it may have been caused
by the process similar as in the case of S. aureus,
whereby the carbon particles present in the suspension
could become a feed for the bacteria. This is probably
due to the process of carbon particles being released
into the bacterial culture solution, which then wipes
out the medium. The types of these mechanisms are
discussed in detail in other work [29].

5. Conclusions

The use of the PCL polymer is common in modern
medicine. Its appropriate modifications enhance its
basic properties, in this case — antibacterial efficacy.
The addition of small amounts of bioglass, zinc-doped
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bioglass or graphene significantly enhance this prop-
erty.

The selected bacteria constitute a saprophytic flora
in humans, however, in many cases they may cause
serious infections, frequently suffered by people with
weakened immune systems or undergoing immuno-
suppressive therapy. The tested biomaterials can be
successfully used in implantology, where a need to
create temporary tissue scaffolds occurs. It is espe-
cially important in the cases marked by an increased
risk of a perioperative infection, for instance in oto-
laryngology, during intra-nasal surgeries.
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