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ABSTRACT

Polypropylene (PP) scaffolds are the most commonly used biomedical scaffolds despite their disadvan-
tages, which include problems with adhesion, infection, and inflammatory responses. Here, we report
on the successful development of a facile one-step method to fabricate a series of novel triclosan poly-
dopamine polypropylene (TPP) composite scaffolds and thereby effectively improve the biocompatibility
and long-term antibacterial properties of PP scaffolds. The antibacterial triclosan can effectively interact
with dopamine during biocompatible polydopamine formation on the PP scaffold by one-step green fab-
rication. Thanks to the sustained release of triclosan from the biocompatible polydopamine coating, a
5mm x 5 mm sample of TPP-coated scaffold made with a triclosan concentration of 8 mg-mL™" (referred
to herein as TPP-8) exhibited a continuous antibacterial effect against both Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) for more than 15d, at maximum antibacterial volumes of 2 and 5 mL,
respectively. Our study establishes a new direction for facile long-term antibacterial studies for medical

applications.

© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

With the development of modern medicine, an increasing num-
ber of polymeric materials, including polypropylene (PP), polylac-
tic acid, polyurethane, polydopamine (PDA), and more, are being
used in many medical fields [ 1-4]. Among these materials, medical
PP materials have attracted considerable attention due to their
light weight, diverse structure, and diverse physical and chemical
properties, which are beneficial for many surgical applications
[5-7].

Biological polymer scaffolds are a new medical material used to
regenerate damaged and missing tissues in situ. Due to their high
levels of compatibility, safety, and stability, as well as the fast
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recovery that ensues from their use, these scaffolds are attracting
an increasing amount of attention from researchers [8,9]. For
example, polylactic acid is a common biological scaffold material
that has the disadvantage of decomposing into acidic substances
in the human body, leading to local inflammatory reactions. Fur-
thermore, it is difficult to match the degradation cycle of polylactic
acid with the tissue growth cycle, which results in the loss of
mechanical properties before the formation of new tissue,
although this can be partly compensated for by the use of high-
strength PP [10,11].

Traditional PP scaffolds are not very biocompatible and are
therefore likely to cause a rejection of the immune system and
local inflammation [12,13]. However, many studies have reported
that PDA can be used to improve the biocompatibility of materials
[14,15]. A successful coating of biocompatible PDA on top of a PP
scaffold can greatly decrease the contact between PP and the body
and thus greatly improve the biocompatibility of the scaffold.
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Triclosan is the most commonly used antibacterial drug [16-18],
making it useful in the development of new antibacterial scaffolds.

Thus far, few studies have reported the use of a simple one-step
method to achieve a functional coated scaffold. Herein, we develop
a general and simple method for the preparation of an antibacterial
biocompatible scaffold in which a mixture of PDA and triclosan is
uniformly coated onto a medical PP scaffold. Experimental obser-
vations showed that the generated scaffold has a uniform loaded
surface and good antibacterial properties. This approach can be
further developed as a green universal preparation approach for
antibacterial medicinal materials [19-22].

2. Materials and methods
2.1. Preparation of materials

In a typical synthesis, a piece of 2.5cm x 2.5cm PP scaffold
(Jiangsu Sanlian Xinghai Medical Innovation Co. Ltd., China),
25 mL deionized water, 20 mL ethanol, 0.2 g F127 (a copolymer of
epoxy propane and ethylene oxide), 0.2 g dopamine, and 0.2 g tri-
closan (highly hydrophobic) were placed in a flask with magnetic
stirring for reaction under a weakly alkaline (pH 8.5) environment
of tris—HCl solution. The reaction was stirred at room temperature
(25°C) for 24h. Next, the as-obtained triclosan polydopamine
polypropylene (TPP) scaffold was rinsed with deionized water
and ethanol and then dried at 60 °C.

2.2. Characterizations

2.2.1. Material structure characterization

The morphology and composition of the samples were detected
using field emission scanning electron microscopy (FESEM, JSM-
6330F, JEOL Ltd., Japan). Fourier-transform infrared (FTIR) spectra
were recorded using an Equinox 555 (Bruker, German) instrument
from 400 to 4000 cm™~' with a 2 cm™! resolution. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on an
ESCALab250 (Thermo Electron, USA) instrument, and the obtained
results were calibrated by C 1s peak (284.8eV) [23,24].

2.2.2. Antibacterial test

For the antibacterial test, Escherichia coli (E. coli, ATCC 25922)
Gram-negative bacterial strains and Staphylococcus aureus (S. aur-
eus, ATCC 6538) Gram-positive bacterial strains were pre-
cultured in sterilized Luria-Bertani broth (LB) overnight at 37°C
to obtain a concentration of approximately 10’ colony-forming
units (CFU) per milliliter.

2.2.3. Zone of inhibition

To determine the zone of inhibition [25], 200 pL of bacterial sus-
pension was spread uniformly over the agar plates. TPP with a tri-
closan concentration of 4mgmL~! (on a sample size of
5mm x 5mm) was put into every LB agar plate. The inoculated
agars were incubated at 37 °C. The breadth of the inhibition zone
was recorded after 24 h of incubation.

2.2.4. Minimum inhibitory concentration and minimum bactericidal
concentration

To determine the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) [26], a scaffold with a
size of 5mm x 5mm was put into bacterial solution (5mL) with
different triclosan concentrations in the wells of a well plate, and
then cultured at 180r-min~' for 24h in a shaking bed at 37°C.
Next, 200 pL of the bacterial suspension was cultured on LB agar
plates at 37 °C for 24 h. The colonies were counted after incubation
for 24 h in order to investigate the bactericidal activity. The ager
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plates were examined for bactericidal growth; the last well that
was clear indicated the MIC, while the plate containing the lowest
triclosan concentration showing no growth indicated the MBC.

2.2.5. Continuous antibacterial test

For the continuous antibacterial test, different triclosan concen-
trations of TPP-coated scaffolds with a size of 5mm x 5 mm was
placed in a bacterial solution (5mL) in different wells of a well
plate, which was then cultured at 180 r-min~' for 24 h in a shaking
bed at 37°C. The scaffold was taken out and rinsed three times
with deionized water and then added to a new bacterial solution
every 24h of 15d. After that, the optical density (OD) value of
the former residual bacterial liquid was measured at every 24h
of 15d. As triclosan is insoluble in water, washing could not reduce
the triclosan content.

2.2.6. Triclosan sustained release test

For the triclosan sustained release test, a scaffold with a size of
5mm x 5mm was placed in phosphate-buffered saline (PBS) solu-
tion (5mL) at 180r-min~! for 24h in a shaking bed at 37 °C. The
scaffold was removed and then added to new PBS solution every
24h of 17d, and the absorption value of the buffer solution at
281 nm was measured at 1, 3,5,7,9, 11, 13, 15, and 17d.

3. Results and discussion
3.1. Morphology and surface structure

Fig. 1 depicts the preparation procedure for the TPP-coated scaf-
fold. The PP scaffold, dopamine, dispersant, and triclosan were
mixed with water and ethanol in a beaker, and TPP was obtained
by stirring the reaction mixture at room temperature for 24 h in
a weakly alkaline environment adjusted by tris-HCI solution.
Fig. 2 shows the scanning electron microscope (SEM) photos of
the PP and TPP scaffolds and provides an element map of TPP. A
comparison of Figs. 2(a) and (b) shows that the surface of the PP
fiber bundle in the TPP-coated scaffold was coated by the triclosan
PDA and had a rougher surface than the smooth PP fiber bundle
surfaces reported in many published studies [27-29]. As shown
in the Figs. 2(a) and (b), the morphology of the macro scaffold
and the TPP scaffold changed from white to brown, indicating that
the surface was coated with a mixture of PDA and triclosan. As
shown in Figs. 2(d)-(g), the elements carbon (C), oxygen (O), nitro-
gen (N), and chlorine (Cl) were well distributed on the surface of
the PP fiber. Energy dispersive X-ray (EDX) statistical results
showed that the material contained 69.21% carbon, 21.33% oxygen,
1.88% nitrogen, and 7.58% chlorine. In this study, the triclosan con-
tent in the fabric was preliminarily determined by the element
spectrum, as the element chlorine came from triclosan. We supple-
mented our analysis with element mapping and found that, as
shown in Fig. 2(h), the content of Cl on the surface of the PP fibers
increased as the triclosan concentration increased, indicating that
the fabric was successfully modified by the triclosan.

Fig. 3 presents photographs and SEM images of the TPP mesh
prepared with different triclosan concentrations of 1, 2, 4, and
8mg-mL~", respectively. The photographs show that the color of
the TPP obviously turned darker as the concentration of triclosan
increased from 1 to 8 mg-mL~', although the SEM images did not
show remarkable changes in morphology at a triclosan concentra-
tion of 2mg-mL~! or higher.

Based on the element mapping of Cl (Fig. 2(h)) on the surface of
the TPP fiber at different concentrations, it was clear that the coat-
ing content improved as the concentration of triclosan increased
from 1 to 4mg-mL~'. However, after the triclosan concentration
reached 4 mg-mL~!, the coating reaction was basically complete
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Fig. 2. (a, b) SEM images of the (a) PP and (b) TPP scaffold (inserts: photos of (a) PP and (b) TPP scaffold); (c) SEM image of the TPP scaffold which was used for element
analysis; (d)-(g) images of the (d) C, (e) O, (f) N, and (g) Cl element distribution on a TPP scaffold with a triclosan concentration of 4 mg-mL™"; (h) element mapping showing
the Cl element in the TPP mesh for triclosan concentrations of 1, 2, 4, and 8 mg-mL™".

and did not show a marked improvement at higher concentrations. fold prepared with a triclosan concentration of 4mg-mL~" had
The subsequent antibacterial experiments revealed that the scaf- the desired antibacterial and sterilization effect.
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Fig. 3. Photographs and SEM images of TPP samples (a) TPP-1, (b) TPP-2, (c) TPP-4,

4mg-mL~", and 8 mg-mL~}, respectively.

Fig. 4 shows the infrared spectrum curves of PP, triclosan, PDA,
and TPP. Because the PP scaffold was coated with PDA, the PP, PDA,
and TPP curves show four absorption peaks within the range of
2955-2835cm™}, which are the symmetric and asymmetric vibra-
tion absorption peaks of methyl and methylene. For the PP curve,
1376 cm™! is the characteristic peak of the methyl stretching vibra-
tion and 1460 cm™! is the characteristic peak of the carbon-carbon
stretching vibration (this peak appears in all samples) [30]. For the
triclosan curve, 1110cm ™! is the characteristic peak of the stretch-
ing vibration of the ether bond, 750-700cm™" is the characteristic
peak of the stretching vibration of the carbon-chlorine bond in
chlorobenzene, 1280cm™! is the deformation vibration peak of
the hydroxy group, and 1203cm™! is the characteristic peak of
the stretching vibration of the carbon-oxygen bond in phenol
[31]. For the TPP curve, 1105cm™' is the characteristic peak of
the carbon and nitrogen stretching vibration. The characteristic
peaks of triclosan can also be observed, as described above.

The chemical composition of a material surface is an important
piece of data in determining the properties of that material, and
the morphology of triclosan and the distribution of chlorine are
the determinants of antimicrobial activity. In order to further clar-
ify the material surface structure, XPS results were obtained and
calibrated by C 1s peak (284.8eV). Fig. 5(a) shows the XPS spec-
trum. It can be clearly seen that the surface is rich in oxygen, nitro-
gen, chlorine, carbon, and other elements. Figs. 5(b)-(d) show the
XPS spectra of high-resolution C 1s, O 1s, and Cl 2p, respectively.
The high resolution of carbon in Fig. 5(b) is clearly composed of
three peaks, which are electrons from C-C (284.3eV), C-N
(286.5eV), and C-0 (285.3eV), respectively. The high resolution
of oxygen in Fig. 5(c) is mainly composed of two peaks, H-O-C
(534eV) and C-0-C (532eV), indicating that certain hydroxyl
groups and ether groups in the triclosan exist on the surface of
the material. Fig. 5(d) shows that the high-resolution Cl 2p spec-
trum is mainly composed of the two peaks of C-Cl (200.1eV) and
N-CI (201.6eV), indicating that the material has a high triclosan

TLS
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< \ A | L\
Py PP W [ ~~1376 — 1105
2 . 1460 |/ ' 1
= T-2955-2835 =137
PDA (5=
\////\ //\/\ 12801203
. . _ 1376 | .
3600 3000 1800 1200 600

Wavenumber (cm™)

Fig. 4. Attenuated total reflection-infrared (TR-IR) spectra of triclosan (TLS), TPP-4
(the triclosan concentration is 4 mg-mL™'), PP, and PDA.
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and (d) TPP-8 with respective triclosan concentrations of 1 mg-mL~!, 2mg-mL™",

loading capacity. These findings also indicate that triclosan inter-
acts with dopamine during synthesis, which is beneficial for tri-
closan loading.

3.2. Bactericidal and bacteriostatic properties

In order to evaluate the biological value of the materials, the
bacteriostatic and bactericidal properties of the materials were
evaluated using the bacteriostatic ring method. A total of 200 puL
of bacterial suspension was spread uniformly over the agar plates.
A 5mm x 5mm TPP scaffold was then placed in the center of the
petri dish and incubated at 37°C. The breadth of the inhibition
zone was recorded after 24 h, as follows.

Figs. 6(a)-(c) show the bacteriostatic effect of cultivating 200 pLL
S. aureus for 24 h in the presence of TPP-1 (with a triclosan concen-
tration of 1mg-mL™!), TPP-2 (with a triclosan concentration of
2mg-mL~"), and TPP-4 (with a triclosan concentration of
4mg-mL~!), respectively, for samples with a size of
5mm x 5mm. The TPP materials exhibited a good bacteriostatic
effect against S. aureus, with the smallest bacteriostatic ring having
a size of 2.6 cm (TPP-1) and the largest bacteriostatic ring having a
size of 4.1 cm (TPP-4). Figs. 6(d)-(f) depict the bacteriostatic effect
on E. coli, which was cultured for 24 h in the presence of TPP-1,
TPP-2, and TPP-4, respectively, for samples with a size of
5mm x 5mm. The antibacterial effect of the material on E. coli
was not as strong as that on S. aureus, but an obvious antibacterial
effect was still exhibited, with a maximum antibacterial sanitation
of 2.1 cm (TPP-4). This result of high antibacterial activity was con-
sistent with the results from antibacterial commercial nonwoven
fabrics designed by Karaszewska et al. [ 18], whose inhibition zone
ranged from 3 to 6mm after 12 months with antibacterial
triclosan.

Fig. 7 shows the results of the experiment determining the MIC
and MBC of TPP samples with different triclosan concentrations
against E. coli. A TPP scaffold with a size of 5mm x 5 mm was put
into different volumes of bacterial liquid and incubated in a shaker
at 37°C for 24 h. Next, 200 puL was taken out and applied on agar
medium and the culture was conducted at 37 °C for 24 h to observe
the culture results. In Fig. 7, the bacterial liquid inside the red
boxes was transparent, but strains appeared on the agar culture
after 24h. TPP-1 and TPP-2 exhibited a good antibacterial
effect in 2mL of bacterial liquid with a concentration of about
107 CFU-mL"!, but had no obvious antibacterial effect in 5mL of
bacterial liquid with the same concentration. However, with the
increase of triclosan concentration in TPP-4 and TPP-8 (with a
triclosan concentration of 8 mg-mL~'), these samples exhibited a
good antibacterial effect in 5 mL of bacterial liquid with a concen-
tration of about 10’ CFU-mL™'. In the 2 mL bacterial solution, no
bacterial strains were found on TPP-4 and TPP-8 after being cul-
tured for 24 h, indicating that TPP-4 and TPP-8 have a good bacte-
ricidal effect on 2 mL of bacterial liquid with a concentration of
about 107 CFU-mL~".
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Fig. 5. XPS spectra of TPP with a triclosan concentration of 4 mg-mL~". (a) XPS spectrum; (b)-(d) XPS spectra of high-resolution (b) C 1s, (c) O 1s, and (d) Cl 2p. BE: binding

energy.

Fig. 6. Antibacterial performance against (a-c) S. aureus and (d-f) E. coli. with triclosan concentrations of 1, 2, and 4 mg-mL~"' for TPP-1, TPP-2, and TPP-4, respectively.

Fig. 8 shows the results from the experiment to determine the
MIC and MBC of TPP samples with different triclosan concentra-
tions against S. aureus. The bacterial liquids for the TPP-1 to
TPP-4 samples were clear, as shown in the red box. After 200 puL
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of bacterial suspension was cultured on agar, obvious strains were
found for TPP-1, TPP-2, and TPP-4, but no obvious strains were
found for TPP-4 against 2mL of S. aureus or for TPP-8 against
5mL of S. aureus, as shown in the blue box. These findings indicate
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Fig. 7. MIC and MBC for TPP against E. coli. The labels “1 mL,” “2mL,” and “5mL” refer to 1, 2, and 5mL of bacterial solution with a concentration of ~10” CFU-mL~". The
triclosan concentrations are 1, 2, 4, and 8 mg-mL~" for TPP-1, TPP-2, TPP-4, and TPP-8, respectively. Red box: The bacterial suspension was transparent, and the corresponding
agar plates were examined and revealed bacterial growth. Blue box: The bacterial suspension was transparent, and the corresponding agar plates were examined and

revealed no bacteria growth.

2mL

5mL

Fig. 8. MIC and MBC for TPP against S. aureus. The labels “2 mL” and “5 mL” indicate 2 and 5 mL, respectively, of bacterial solution with a concentration of ~107 CFU-mL~'. The
triclosan concentrations were 1, 2, 4, and 8 mg-mL~" for TPP-1, TPP-2, TPP-4, and TPP-8, respectively. Red box: The bacteria suspension was transparent, and the
corresponding agar plates were examined and revealed bacterial growth. Blue box: The bacterial suspension was transparent, and the corresponding agar plates were

examined and revealed no bacteria growth.

that TPP-4 and TPP-8 have an obvious killing effect against 2 mL of
S. aureus and 5 mL of S. aureus, respectively. It is clear that the pre-
pared material has a good antibacterial and bactericidal effect, and
has a better antibacterial effect toward S. aureus than toward E. coli.

3.3. Sustained antimicrobial activity and sustained release of triclosan
by the TPP scaffold

In order to better illustrate the continuous antibacterial perfor-
mance of the prepared materials, the prepared TPP scaffold
(5mm x 5mm) and the comparison samples were cultured in a
shaking bed for 24h with 5mL of bacteria liquid. The OD value
of the bacteria was measured and recorded; the bacteria were then
replaced with fresh bacteria. Fig. 9 shows the antibacterial persis-
tence curves of the TPP scaffolds, PP, and F127. Fig. 9(a) shows the
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continuous antibacterial curve against S. aureus. The OD value of
TPP-4 was still less than 0.2 on the 8th day under the test environ-
ment, indicating that the effective duration of TPP-4’s continuous
antibacterial time was 8 d. The effective duration of TPP-8’s contin-
uous antibacterial time was found to be more than 15 d. Based on a
comparison with the PP and F127 comparison samples, it was clear
that the antibacterial effect came from triclosan. As shown in
Fig. 9(b), the effective antibacterial time against E. coli is 7 d for
TPP-4 and more than 15 d for TPP-8.

In order to better understand the antibacterial mechanism, TPP-
8 samples (5 mm x 5 mm) were placed in a PBS buffer solution and
then placed in a shaker at 37 °C. The ultraviolet (UV) absorption
spectrum of the solution was recorded on a daily basis and the buf-
fer was changed every day. Fig. 10(a) shows the UV spectrum of
TPP-8 and triclosan. The large characteristic peak of 230 nm is from
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Fig. 10. Sustained-emission UV spectrum curve of TPP. (a) UV spectrum of TPP-8 and triclosan (TLS); (b) UV spectrum of TPP-8 at different times.

triclosan. Fig. 10(b) shows the UV spectrum of TPP-8 at different
times. The characteristic absorption peak of triclosan decreases
with the increment of time, but triclosan is still released at around
15d, indicating that the sample has good sustained antibacterial
performance.

4. Conclusion

In summary, we have demonstrated a simple yet efficient strat-
egy for fabricating a medical PP scaffold coated with PDA that has
been loaded with triclosan. The nanostructure and chemical com-
position of the TPP fiber was determined and the surface of the
TPP fiber was found to be uniform and smooth, which indicates
that triclosan PDA can form a good coating on PP fiber. Benefiting
from the surface layer of PDA with triclosan, the functional PP
products exhibited good antibacterial performances against E. coli
and S. aureus. With an increase of triclosan concentration from 1
to 8mg-mL~!, the packing effect of the scaffold became more uni-
form and the antibacterial performance became stronger. The
effective antimicrobial time is as long as 15d in 5mL of bacterial
liquid with a concentration of about 10’ CFU-mL™'. The TPP com-
posite effectively improved the biocompatibility and long-term
antibacterial properties of a PP scaffold. Thus, TPP-coated scaffolds
are promising candidates for future-generation ventral hernia
repair materials, due to their ability to prevent bacteria contamina-
tion. Our findings facilitate the green fabrication of functional scaf-
fold and fiber materials [32-36] for biomedical applications
including wound dressing and catheters.
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