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Abstract

In this paper, low-electron beam dispersion (EBD) method is used to prepare a kind
of double-layer films on different substratés. Thesbottom layer is a mechanically
stirred mixture of the degradable polycaprolactone (PCL) and ciprofloxacin (CIP),
and the top layer is polyurethane (PU), film. The molecular structure, chemical
composition and morphology of the double-layer films were investigated by FTIR,
XPS and SEM. The results showed that the surfaces of the double-layer films are
uniform and the thicknesses.¢an reach micron level. In addition, the two layers are
well bonded. Then the films'\wereé sliced and immersed in PBS solution, and the
time-dependent variable waswused to analyze the kinetic slow-release behavior of
CIP in the double-layer'films by agar diffusion antibacterial experiments. It can
be seen that sustained release time of CIP in the double-layer films can be up to
7 days, which is,due to fact that the upper PU film working as a sealing layer helps
to realize the drug slow-release. Based on the above research, the comprehensive
performance of the films with the composition of PCL:CIP/PU=1:1/1 is the best.

Drug release

1. Introduction

Nowadays, most artificial implants used in hos-
pitals are facing various problems such as inflam-
mation, rejections, allergic reactions and biofilms
produced from{varying degrees of pathogen adhe-
sion [1]. Withithe purpose of ensuring that implant
materials likethip and knee joints can continuously
and stably, Work in the human environment, it is
esséntial.to achieve biofilm inhibition and reduce
baeterial infections. In this paper, we are commit-
ted to depositing biodegradable drug-loaded poly-
mer films on titanium (Ti) substrates to regulate
drug delivery and endow long-term antibacterial
properties [2—3]. Ciprofloxacin, whose antibacteri-
al ability is proved to be 2—4 times that of norflox-
acin and enoxacin [4], is an effective broad-spec-
trum antibiotic applied in the medical industry
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now. What’s more, Ciprofloxacin can restrain the
colonization of multiple bacterium, such as Esche-
richia coli, Pseudomonas aeruginosa, Haemophi-
lus influenzae, Neisseria gonorrhoeae, Streptococ-
cus, Legionella and Staphylococcus aureus [5].

In the past ten years, synthetic polyester PCL
has received special attention. Poly-g-caprolac-
tone (PCL) is a biodegradable and biocompatible
semi-crystalline polymer with a low glass transi-
tion temperature (-60 °C) [6]. When in the human’s
body, the cells can grow normally on their base
frame and can be degraded into CO, and H,0O. In
addition, it also can be well compatible with poly-
ethylene (PE), polypropylene (PP), styrene res-
in (ABS), polyurethane (PU), natural rubber, etc.
[7-9]. PU is anontoxic polymer with prominent bio-
compatibility, biodegradation, antibacterial ability
and mechanical properties including wear resis-
tance and easy processing, which possesses prom-
ising application prospect in a variety of biomed-
ical fields especially controlled drug release [10].
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According to the above-mentioned, we expect
to construct biodegradable films by low-electron
beam dispersion and CIP machinery mixed with
PCL or coated by PU is chosen as the target materi-
als for the deposition. Since the nature of the poly-
mers used, target composition and laser intensity
generated by the deposition device will probably
affect the structure and performance of the films re-
quired, regulation of relevant influence factors can
help to achieve the optimum preparation process-
ing by evaluation of bioactivity and cytotoxicity.

Nowadays, the most widely used preparation
methods are mainly divided into physical vapor
deposition (PVD) and chemical vapor deposition
(CVD). EBD is a PVD method carrying out rapid
deposition and simple operation and the dispersion
of electron beam is beneficial to obtain uniform
high-purity and high-density films [11]. Vacuum
evaporation is conducive to avoid the contamina-
tion and oxidation of the target materials and form
an antibacterial layer which can prolong the drug
release time [12].

2. Materials and methods
2.1. Methodology of forming coatings

EBD is one of the vapor deposition methods.
A low-energy electron beam of 800—-1600 eV and
0.01-0.03 A/cm? was used to excite the target.to
a highly active state with the purpose of deposi-
tion on Ti substrates. This whole process was pet-
formed in a high vacuum (5x10 Pa) and\the cham-
ber temperature was close to the room\temperature
which is normally about 25 °C.

2.2. Materials and preparation, of double-layer
films

In this article, wed choese polycaprolactone
(PCL, Mw~5000) powder, ciprofloxacin hydro-
chloride (CIP) powder and polyurethane (PU, Des-
mopan 385) as target materials to deposit the dou-
ble-layer films. In~addition, the substrate is made
of titanium, (Ti)swith 0.1 mm thickness (microbio-
logical analysis, XPS), silicon (Si) (SEM analysis)
and‘KBr plates (FTIR analysis).

Thewltrasonic cleaning of Ti sheets with 0.1 mm
thickness was performed in deionized water and al-
cohol for 15 min each, cycling three times. For the
first layer deposition, targets containing PCL and
ciprofloxacin (1:1, mass ratio), whose composi-
tion was based on our previous research, were used
[13]. PU was deposited on the underlying layer and
the mass ratios are PCL:CIP/PU=1:1/0.5, PCL:CIP/
PU=1:1/1, PCL:CIP/PU=1:1/2 respectively).

2.3. Study on antibacterial and sustained release
properties

The film-coated titanium sheet was cut into
6 mm diameter discs as a sample to study its anti-
bacterial properties and drug release durability. Put
the sample into 5 ml phosphate buffer saline (PBS)
and keep the temperature at 36.6 °C for different
times (1d, 3d, 7d). The next step was taking out the
sample and solution separately. The soaked sample
was used in the antibacterial experiment of the sel-
1d agar diffusion method.

As it was shown that the antibacterial activity
of CIP was tested against E. coli ATCC 25922 and
S. aureus ATCC 12600 using thevagar diffusion
method on the solid LB agar-meditm [11]. It had
proved that CIP has stronger antibacterial activity
against S. aureus than E. coli, so in this article, we
choose S. aureus to test.

2.4. Structure and.morphology studies

On one,_hand, the films were deposited on Ti
sheets, and the surface structure and morphologies
weretobserwed from SEM images. On the other
hand, ‘the silicon wafers deposited with films of
different compositions were quenched by liquid
nitrogen, and then the cross-section morphologies
were also investigated by SEM to conduct film
thickness measurements.

3. Results and discussion
3.1. The results of FTIR spectroscopic analysis

As shown in Fig. 1/1, characteristic peaks of
CIP powder are evident at 1702 cm™ and 1616
cm', corresponding to the stretching vibration of
C=0 of the carboxylic acid and the C=C stretch-
ing vibration in the quinoline ring [14]. While at
1270 ecm!, the coupling of C-O stretching vibra-
tion in the carboxylic acid and the O-H deforma-
tion vibration is observed. The IR spectrum of PCL
powder in Fig. 1/2 has its characteristic absorption
peak of NHCOO- at 1725 cm! [15]. In Fig. 1/3, af-
ter mechanical mixing and EBD deposition, the IR
spectrum of the single-layer film (PCL:CIP=1:1,
mass ratio) is characterized by the presence of a
broad absorption band at 1100—1300 cm™ caused
by the stretching vibration of C-O-C bond, which
exists in both PCL and CIP [16]. Apart from this
peak, the stretching vibration of carboxylic acid
and ketone C=O stretching vibration is located at
1725 ecm™ and 1620 cm', respectively. It confirms
that PCL and CIP are integrated and are relatively
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Fig. 1. FTIR spectra of films and powders: 1 — ciproflox-
acin powders; 2 — PCL powders; 3 — PCL:CIP=1:1 film.

tightly and uniformly mechanically mixed togeth-
er. These results indicate that the CIP powder did
not degrade significantly under the activation of
low-electron beams, which is attributed to the fact
that the tendency of ciprofloxacin evaporation is
accessible without strong heating and radiation ex-
posure [11].

Figure 2/1 is the IR spectrum of PU powders.
The most pronounced characteristic peak of PU is
N-H vibration which forms at 3340 cm™'. Besides,
the peaks at 2864 cm™ and 2952 cm™' are attributed
to symmetric and asymmetric stretching vibrations
of CH, bond, respectively [17]. The ma@derate in-
tensity peak located at 1528 cm™ is{the ‘in-plane
bending vibration of N-H bondg[18]5 However,
with regard to the newly deposited,double-layer
films (PCL:CIP/PU=1:1/0.5) (Eig. 2/3), the rel-
ative intensity of the charaeteristic peak of the
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Fig. 2. FTIR spectra of films and powders 1 — PU pow-
ders; 2 — PCL:CIP=1:1 film; 3 — PCL:CIP/PU=1:1/0.5
films; 4 — PCL:CIP/PU=1:1/1 films; 5 — PCL:CIP/
PU=1:1/2 films.

whole functional group is declined as the result of
the characteristic peak at 1725 cm™ is the carboxyl-
ic acid C=0 shared by PCL, CIP and PU, which is
more intense after mixing compared with original
PU powders and the single-layer film (Fig. 2/2).
With the PU content increasing (Fig. 2/3, 2/4, 2/5),
the stretching vibration of C-O-C bond is located
at 1223 ecm’!, 1170 ecm™!, 1077 cm™! becomes stron-
ger while the characteristic peak of N-H, whichis
detected at 3340 cm™' and the stretching vibration
of bond belonging to C=0 at 1725 cmi! gradually
becomes prominent. This provessthat|the charac-
teristic peaks of the functional groups of PCL, CIP
and PU partly overlap and an¢ integrated. This may
be due to the reason that during the deposition of
the film, hydrogen bonds (sH) are formed between
different components, and the -H formed between
different macromolecules is stronger than the -H
formed between, the “same polymer. Non-phenan-
threne behavior“that can be described and ex-
plained usingithe adsorption mechanism also exists
between\PCL and PU, which makes the connection
between the two layers of the films tight [19].

3.2, XPS analysis results

The chemical composition of the double-layer
films consisting of C, O, N, and F elements are list-
ed in Table 1. XPS spectroscopic analysis of the
composite layer is difficult. This is mainly due to
the non-stationary process of the dispersion of the
composite target.

The chemical composition of the double-layer
films is studied by decomposition of the Cls band
into individual peaks (Fig. 3). The XPS analysis
results show that the composite peak of Cls was
decomposed into composite peaks centered at
284.8 eV (corresponding to the C-C bond in PCL,
CIP, PU ), and the other two peaks are located at
288.7 eV (C=0, C=C, C-F) and 286.17 eV (C-O,
C-N) [20, 21]. The peak areas account for 58.1%,
31.6%, and 10.3%, respectively.

Table 1
The results of the elemental compositions of the films

Films Atomic percentage (%)

C 0] N F

PCL:CIP=1:1 71.5 216 54 15
PCL:CIP/PU=1:1/0.5 724 257 14 05
PCL:CIP/PU=1:1/1 746 232 2.1 <0.1
PCL:CIP/PU=1:1/2 71.6 275 09 <0.1
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Fig. 3. XPS spectra of Cls: a — PCL:CIP=1:1 film; b — PEL:CIP/PU=1:1/0.5 films; ¢ — PCL:CIP/PU=1:1/1 films;

d — PCL:CIP/PU=1:1/2 films.

Compared with the single-layer film, the peak
height of the central peak C-C and the area fraction
of the peak have a high growth in the«double-layer
films (the average value is about 65%4%). This is
because the higher the content-@f\PU, the larger
the proportion of C-C in the total carbon-contain-
ing chemical bonds. Meanwhile; the peaks char-
acterized as C=0, C=C and~C-F bonds shift to
higher binding energy,positions and are located at
288.87 eV, which indicates the variation of chem-
ical states. Besidesj the height of the peak (C-O,
C-N) decredses\ftom 11263 to 7567 (average of
double-layersfilms of different PU contents). It
indicates, there is a decrease in the content of ni-
trogensatoms as a result of an intense degradation
process’ of both components which interact with
each other tightly in the influence zone of the elec-
tron beam [22].

In addition, there is only one peak related to F1s
centering at 684.95 eV, and the peak height (1239,
235, 172, 0) continuously decreases with PU mass
ratio increasing (Fig. 4). As fluorine is an element
that exists only in CIP of the double-layer films,
after PU wraps the bottom film, fluorine is also

supposed to be coated by PU. It should be noted
that XPS can only excite electrons on the surface
without energy loss, so the range of the element
can only be accurately measured within 10 nm of
the surface thickness [23]. Therefore, the higher
the thickness of the upper layer PU, the less fluo-
rine atomic content detected.

In conclusion, the characteristic functional
groups of CIP in the double-layer composite films
still exist, which is consistent with the FTIR anal-
ysis.

3.3. The results of morphological analysis

Figure 5 shows the surface morphology of the
single-layer film (PCL:CIP=1:1) (Fig. 5SA) and the
double-layer films (PCL:CIP/PU=1:1/1) (Fig. 5B).
It can be seen that the surface of the single-layer
film is lotus shaped with a few folds, which is ba-
sically uniform and flat. It is a significant morpho-
logical transformation can be observed while there
are many cracks on the CIP film [13]. Compared
with the single-layer film, there are many hemi-
spherical protrusions of different sizes (1-30 pum),
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FigiS . “SEM images of the surface morphologies of different composite layers A-PCL:CIP=1:1 film; B-PCL:CIP/

PU=1:1/1films.

which indicates the existence of PU, on the surface
of the double-layer films. In addition, the moun-
tain-shaped bulges on the surface are obtained,
which may be explained by the unevenness of the
film during the deposition process as the film thick-
ness increases.

The cross-sectional images of the film thickness
are displayed in Fig. 6. The film thicknesses are
diverse from each other but they are all in micron

scale. The single-layer film (PCL:CIP=1:1) has a
film thickness of 1.76 pum, and the double-layer
films have film thicknesses of 2.23 um (PCL:CIP/
PU=1:1/0.5), 3.5 pum (PCL:CIP/PU=1:1/1), and
4.26 ym (PCL:CIP/PU=1:1/2) related to the PU
content. In conclusion, with the increase of PU
content, the growth rate of the film is 26.7%, 57%
and 21.7% respectively. It can be found that the
film grows sharpest when the ratio of PU increases

Eurasian Chemico-Technological Journal 22 (2020) 255-262
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Fig. 6. SEM cross-sectional images of different composite layeérs: a —~PCL:CIP=1:1 film; b — PCL:CIP/PU=1:1/0.5
films; ¢ — PCL:CIP/PU=1:1/1 films; d — PCL:CIP/PU=1:1/2 filims.

from 0.5 to 1. This may be due to the amount
of PU are few when the mass ratio of PCL:CLP/
PU=1:1/0.5, and the bonding with the underly-
ing film is not tight enough, which leads\to some
PU powder cannot be deposited totallysHowever,
for the sample with the mass_zatio of PCL:CIP/
PU=1:1/2, as a result of the long deposition time,
the PU loss during the deposition process also in-
creases. It needs to bespointed out that when the
mass ratio is PCL:CIP/PU=1:1/1, the highest PU
utilization rate andithe best deposition quality at-
tract our attention.

3.4. The fesults/of the antibacterial analysis

As 15 shown in Fig. 7 of the initial microbial
inhibition area (0d), the composite films are obvi-
ously resistant to S. aureus and have good antibac-
terial performance. Ciprofloxacin is a broad-spec-
trum antibiotic with a selective inhibitory effect on
bacterial DNA helicase, weakening the function of
DNA helicase from the active DNA-gyrase bind-
ing site (3-oxo-4-carboxylic acid core) [24, 25].
This can be summarized that ciprofloxacin exhib-
its broad-spectrum activity against Gram-negative

Fig. 7. The images of change in the diameter of the
inhibition zone of S. aureus growth by the different
composite layers with release times: a — PCL:CIP=1:1
film; b — PCL:CIP/PU=1:1/0.5 films; ¢ — PCL:CIP/
PU=1:1/1 films; d — PCL:CIP/PU=1:1/2 films

and Gram-positive bacteria by inhibiting bacterial
DNA replication, which leads to bacterial repro-
ductive disorder and death.
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Table 2
The numbers of the inhibition zone (D/mm) of
S. aureus growth by the different composite layers
with release times change in the diameter

PCL:CIP/PU Release time
(mass ratio) 0d 1d 3d 7d
1:1/0 60 13 8 0
1:1/0.5 70 28 20 11
1:1/1 45 31 29 30
1:1/2 46 32 30 31

The study on the change of the antibacterial
activity of the double-layer films during their ex-
posure in the PBS solution is carried out (Fig. 7).
According to the antibacterial experiment, the in-
hibition zones around the films without immersion
in PBS solution for drug release are the largest.
The diameter of the inhibition zone of S. aureus
decreases monotonously with an increase in the
coating duration of immersion in the PBS solution.
In the process of immersion in the PBS solution,
CIP in direct contact with the solution is released
gradually and the degradation of PCL is conducive
to the controlled drug release. Besides, the bound-
ary blurring of the antibacterial circle is observed.
It is most obviously appeared in the single-layer
film without PU where the diameter of the inhibi-
tion zone was 0 mm after 7 days which”indicates
the bacteriostatic activity of the film" completely
disappeared.

In contrast, the double-layer films containing
PU retained antibacterial activity after 7 days of
soaking, and with the increase of*immersion time,
the diameter of the inhibition circle shrinks at dif-
ferent rates with the’decrease of PU content. For
the sample with the film/composition of PCL:CIP/
PU=1:1/0.5, the diameter of the inhibition circle
decreases most obviously in the whole immersing
process and'the reduction rate is separated from
the cofditionof other PU-doped films, which still
exhibit.antibacterial activity, that inhibition circles
haye ne significant change. This is primarily due
to the second film PU who covers the surface of
the single-layer film that plays an important role in
slowing down the degradation of PCL. Therefore,
the PBS solution must swell the PU initially to cre-
ate holes before it reaches the bottom composite
film. In conclusion, the relatively better antibac-
terial activity and sustained release performance
have been achieved in the sample with the film
composition of PCL:CIP/PU=1:1/1, and there is no
need to further increase the thickness of PU.

4. Conclusion

In summary, from FTIR and XPS analysis, it
is confirmed that PCL:CIP single-layer film and
PCL:CIP/PU double-layer films were successful-
ly prepared on substrates by EBD method. For the
single-layer film, CIP is relatively evenly distribut-
ed in PCL. The composite material of PCL and CIP
can be regarded as a highly dispersed mechanical
mixture of the initial compounds, while chemical
bonds have not been established between,compo-
nents with different natures. For=the double-lay-
er films, the EBD method suceessfully deposits
samples with different PU contents, and hydrogen
bonds have been formed between macromolecules
with the bottom composite Tayer, establishing a
tight connection between two layers. Besides, it can
be seen from the SEM 1mages that both single-lay-
er film and double-layer films are continuous as
the result of no'significant micro-cracks on the sur-
faces which indicates that materials are deposited
uniformly ‘on the substrate. As the proportion of
PU increases, the films also become thicker, while
the’ growth rates increase first and then decrease.
The values are 26.7%, 57% and 21.7%. Finally, as
for the investigation of antibacterial properties and
drug release performance, it should be noted that
the double-layer films are obviously better than the
single-layer in this respect. The samples with film
compositions of PCL:CIP/PU=1:1/1 and PCL:CIP/
PU=1:1/2 have better performances and the reten-
tion rates of their inhibition circles are 33.3% and
32.6% respectively after 7 days of continuous drug
release. Stated thus, the double-layer films with the
composition of PCL:CIP/PU=1:1/1 have the best
antibacterial activity, sustained drug release per-
formance and the highest material utilization rate
among the samples.
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