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Impact Statement

This study, the study of coatings of drug-loaded
nanoparticles on silicone surfaces, was presented
through computerized studies in conjunction
with in vitro studies. It is found that the work is
important for medical devices that require drug
coatings. The coating method can be applied to
a wide range of medical devices. However, in this
research, there was a coating on the silicon sur-
face. Therefore, its application to other materials
requires further study. However, the study process
from such research can be used to develop drug
coatings on different surfaces.

Abstract

The most suitable method to treat hydrocephalus disease is to insert a shunt
catheter that drains the cerebral spinal fluid (CSF); however, shunt implantation
is often associated with various bacterial infections. In this study, antibiotic-loaded
nanospheres were prepared using the solvent evaporation technique and coated on
an antibiotic-impregnated shunt surface to promote shunt antibacterial properties.
Clindamycin (CDM) and rifampicin (RIF) were in combination loaded in a single
nanosphere, whereas trimethoprim (TMP) was loaded individually in triblock
copolymers [(p,L-lactide-random-g-caprolactone)-block-poly(ethylene glycol)-block-
(p,L-lactide-random-g-caprolactone)] (PLEC). The drug-loading content, encapsu-
lation efficiency, yield, size, and zeta potential of the antibiotic-loaded nanospheres
were measured. The results showed that the drug-loading content of clindamycin-
and rifampicin-loaded nanospheres (CDM/RIF-NPs) was approximately 3% and
8%, respectively, at a drug to polymer ratio of 1:2. In addition, trimethoprim-loaded
nanospheres (TMP-NPs) showed nearly 7% drug loading at equal drug and

polymer ratios. The amount of drug release was determined before and after the coating of nanospheres on the shunt surface. In
addition, in silico molecular docking studies indicated the good chemical interaction of these antibiotics with PLEC, and the results
were consistent with those of impregnation studies. Antibacterial tests of coated external ventricular drainage showed antibacterial

activity for up to 21 days.
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Introduction

External ventricular drainage (EVD) catheters are used to
drain excessive accumulation of cerebrospinal fluid (CSF)
and to relieve increased intracranial pressure (ICP) in the
brain’s ventricles.! Unfortunately, bacterial colonization
of the EVD catheters, especially in sites of the catheters
attached to skin, was reported and could lead to catheter
failure.? In the past several decades, there have been stud-
ies on the methods used to reduce catheter-associated CSF
infection, such as antibiotic impregnation, thin film coating,
antimicrobial polymer coating, and nanoparticle coating.3-
The most common medical devices coated with this tech-
nique are dental implants, orthopedic bone plates, urinary
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catheters, Schanz pins, and so on.”13 Several antibiotics and
antimicrobial agents have been used individually or in com-
bination to develop antibacterial activities.>!# Rifampicin
(RIF) and trimethoprim (TMP) have been applied to an
EVD to overcome bacterial infection. This combination pro-
vided antibacterial properties for successive challenges over
28 days. Similarly, RIF has been combined with sparfloxacin
to impregnate shunts; the results showed a significant reduc-
tion in bacterial colonization (Staphylococcus epidermidis) for
at least one year.!>!® Similarly, a hydrocephalus shunt cath-
eter containing clindamycin (CDM) and RIF was shown to
reduce staphylococcal infection; however, this approach did
not target gram-negative bacteria.!” RIF, triclosan, and TMP
have been impregnated on peritoneal silicone catheters,
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which provided antimicrobial activities with a 99.9% reduc-
tion in bacterial attachment and a reduction in the clinical
complications of patients with peritoneal dialysis infection.!*

The impregnation of surfaces with standard antiseptics or
antibiotics is one such method.>!® This method, subjected to
extensive clinical testing, remains ineffective. After evaluat-
ing decades of research, McConnell ef al.’ concluded that
additional thorough trials are needed to confirm or deny
the idea that antimicrobial-coated central venous catheters
lower the incidence of bloodstream infections. In addition
to demonstrating the need for future studies, these findings
imply the need for innovative ways to slow or prevent bio-
film production on medical equipment.

In this study, we performed nanocoating of nanoparti-
cles on antibiotic-impregnated EVD by the spray coating
technique. Antibiotic-loaded nanoparticles were fabricated
by the emulsification-solvent evaporation technique. CDM,
RIF, and TMP were selected as antibiotics for impregnation.
Moreover, these antibiotics were also loaded in nanoparticles
and used to coat the EVD. Increasing the effectiveness of anti-
bacterial activity for more prolonged inhibition is demanded
in the antibacterial application of medical devices; nano-
spheres allow for controlled drug release, resulting in more
prolonged bacterial inhibition. Most nanospheres are made
of biodegradable, biocompatible, or synthetic polymers. In
addition, nanoparticles can deliver drugs through various
administration routes, including systemic via oral or injec-
tion, or local via topical or paste delivery. Previous studies®?°
have shown that the antibacterial was successfully loaded in
PLEC nanoparticles, resulting in the prolonged release.

The benefits of using PLEC are mentioned below.

PLEC exists as triblock copolymers [(p,L-lactide-random-
g-caprolactone)-block-poly(ethylene glycol)-block-(p,L-
lactide-random-g-caprolactone)]. PLEC provides improved
control over its coating qualities. PLEC polymers were
selected due to their random b,L-lactide and e-caprolactone
sections at opposing ends of polyethylene glycol (PEG).
Poly(e-caprolactone) (PCL) is a semicrystalline polymer with
a high degree of hydrophobicity and a melting tempera-
ture (Tm) of around 60°C due to long methylene groups in
each unit. These methylene groups outside the crystalline
zone provide polymer chains remarkable flexibility, result-
ing in a low glass transition temperature (Tg) (60°C) and
high permeability.?! Although PCL can be broken down into
6-hydroxycaproic acid and flushed out of the body through
the tricarboxylic acid cycle via the kidney, this process takes
over two years. The addition of lactide and PEG to polymer
chains enables PCL to lose its hydrophobic characteristic
and accelerate its breakdown, which are two of its most sig-
nificant faults. Polylactic acid (PLA) is an amorphous poly-
lactide with a glass transition temperature (Tg) between 50
and 60°C. It is less hydrophobic and degrades more rapidly
compared to PCL.22 Polylactide is degraded into lactic acid
and expelled as water and carbon dioxide through the tri-
carboxylic acid cycle. PCL was selected because it is biocom-
patible, biodegradable, and has high mechanical strength.?
Incorporating poly(p,L-lactide) or PLA into the chains of the
copolymers might accelerate the breakdown of PCL, which
can take up to a year due to its high crystallinity?* and hence
sustain the drug release. PLEC is one of the most promising

polymers for application in coatings based on these proper-
ties.? It should be noted that the selection of antibiotics was
performed based on their chemical compatibility and anti-
bacterial activity against gram-positive bacteria and gram-
negative bacteria. Furthermore, molecular docking was used
to explore some of the most common interactions between
antibacterial drugs and biopolymers. To the authors” know-
ledge, this is the first article to investigate antibacterial drug/
silicone tube and antibacterial drug/PLEC interactions
through molecular docking simulations.

Materials and methods
Computational materials

AutoDock 1.5.6, Python 3.8.2, MGLTools 1.5.4, Discovery
Studio-2017, ChemSketch, and Avogadro were utilized in
this work. The research was carried out on a system that has
the following characteristics: Intel Xeon-E5-2678v3 12C /24T
CPU @2.50-3.10GHz; 32 GB RAM DDR4-2133 RECC; graph-
ics processor, VGA GTX 1070 TI 8G; operating system type,
64-bit; operating system, Windows 10. The documentation
of the abovementioned software listed these requirements.

Chemicals and reagents

Silicone tubes (medical grade) of 2.8 mm outer diameter and
1.5mm inner diameter were purchased from Neoplastomer
Co., Ltd. (Bangkok, Thailand). The antibiotics CDM phos-
phate and RIF were supplied by Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). TMP was purchased from BLD
Pharmatech Ltd. (Shanghai, China). Gram-positive bacterial
strains (Staphylococcus aureus MRSA ATCC 43300 and S. epi-
dermidis ATCC 12228) were purchased from American Type
Culture Collection (ATCC) (Virginia, America). Nutrient
broth and nutrient agar were purchased from Titan Biotech
Ltd. (Rajasthan, India) and HiMedia Laboratories Pvt. Ltd.
(Mumbai, India), respectively. Tetrahydrofuran (THF) and
chloroform were purchased from RCI Labscan Ltd. (Bangkok,
Thailand). The polymer used in this experiment was PLEC
triblock copolymers (PLECs) at a molecular weight of 50 kDa
and was obtained from NanoPolyPEG Co., Ltd. (Thailand).

Surface construction

To create polymers with surfaces, Monte Carlo and molecu-
lar dynamics techniques were used. The polymer structure
was improved using energy limitations. The polymer sur-
face was created as described in an earlier study? using a
restricted surface of silicone with a density of 1.25g/cm3 and
PLEC with a density of 1.20 g/cm?. Silicone was rebuilt with
25 repeating units in an orthorhombic cell with dimensions
of 20.7 X 20.7 X 20.7 A. PLEC repeating units p,L-lactide (LA
72Da), epsilon-caprolactone (CL 144 Da), and PEG (44 Da)
were also recreated in an orthorhombic cell with dimensions
of 18.8X18.8 X 18.8 A.

In silico molecular docking and molecular imaging

The searching grid box with xyz points in AutoDock was
set to a size of 98 X 90X 58 A and grid positions of 7.208,
9.294, and 10.247 with a spacing of 0.375 to contain the whole
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silicone-binding pocket. The PLEC-binding pocket with xyz
points was set to a size of 52 X 126 X 42 A and grid positions
of 18.090, 17.780, and 21.300 with a spacing of 0.419. The
Lamarckian genetic algorithm (LGA) was used to determine
the antibacterial drugs” probable docking conformations on
the silicone and PLEC surfaces using 50 GA runs.?® For all
other factors, default values were utilized. The findings are
expressed in kilocalories per mole of binding energy. In addi-
tion, AutoDock Vina was used to check the binding affinity
using the same box settings as those used for AutoDock. The
chemical interactions (hydrogen bonds and hydrophobic
interactions) between the antibacterial medications and two
distinct kinds of surfaces, silicone and PLEC, were displayed
using Discovery Studio.?”

Impregnation of antibiotics

The impregnating process was carried out by dissolving the
antibiotics RIF, CDM, and TMP into the swelling agents.
In brief, RIF and CDM were dissolved in chloroform. The
pretreated shunts were immersed into the prepared solution
for one hour at room temperature, rinsed in ethanol, and left
overnight to dry. Then, they were packed into glassware and
autoclaved at 121°C for 15min.

Drug-loading measurement after impregnation of
antibiotics

For the drug-loading measurement, 5cm of antibiotic-
impregnated silicone tubes was immersed into pure chloro-
form and bath-sonicated for 20 min. Enough time was given
to evaporate chloroform, and the suspended drug was dis-
solved into a solution with an equal ratio of methanol and
deionized (DI) water. The excretion of the drug was carried
out in triplicate and measured via High-Performance Liquid
Chromatography (HPLC).

Preparation of nanocarrier

Preparation of PLEC nanospheres. Nanospheres were
prepared by a solvent evaporation method. PLEC was dis-
solved in 4 mL of dichloromethane (CH,Cl,) and dropped
into 20 mL of 1% poly(vinyl alcohol) (PVA) solution in the
presence of sonication for 3min to form the oil in water
emulsion (o/w). The prepared solution was stirred to evap-
orate the residue solvent (CH,Cl,) for 24 h. Nanospheres
were collected after centrifugation at 12,000rpm at 4°C to
prevent melting of the polymer. Nanospheres were col-
lected, and the size, polydispersity index (PDI), and zeta
potential were measured.

Preparation of TMP-loaded PLEC nanospheres. Trimetho-
prim-loaded nanospheres (TMP-NPs) were prepared with an
oil-in-water emulsion technique. In brief, drug—polymer
combinations were prepared at drug:polymer ratios of 1:1,
1:2, and 1:3. The prepared solution was added dropwise into
20 mL of 1% PVA solution in the presence of probe sonication
for 3min in an ice bath. The resultant oil-in-water emulsion
was stirred overnight to evaporate the residue solvent
(CH,Cl,). Finally, nanospheres were collected after centrifu-
gation at 12,000rpm at 4°C to prevent the melting of the
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polymer. The properties of the nanospheres were determined
by measuring the size, PDI, and zeta potential. In addition,
the yield, drug-loading content, and encapsulation efficiency
were calculated according to equations (1)-(3)

Loading  Weight of drug in nanospheres

= : x100 (1)
content (%) Weight of nanospheres

Weight of drug in nanospheres

Yield(%) = 100 (2)

Total weight of the initial feeding

Encapsulation  Weight of drug in nanospheres
efficiency (%) Weight of the initial feeding drug

x100 (3)

Dual drug—-loaded nanosphere preparation. CDM and RIF
were loaded into the same nanospheres. RIF-loaded nano-
spheres were prepared by an oil-in-water emulsion, whereas
CDM-loaded nanospheres were prepared by a water-in-oil-
in-water emulsion with a solvent evaporation technique. In
addition, optimization was achieved by varying the drug
and polymer ratio. In brief, CDM and RIF were loaded into
the nanospheres at drug and polymer ratios of 1:1, 1:2, and
1:3. For simultaneous dual drug loading, first, RIF and the
polymer were dissolved in CDM. In addition, CDM was
dissolved in DI water and added dropwise under sonica-
tion into the RIF and polymer solution to form the primary
emulsion. The primary emulsion of the dual drug was again
added dropwise into 1% PVA solution in an ice bath to form
the secondary emulsion. The formed nanospheres were
stirred for 24 h to evaporate the residue solvent (CH,Cl,).
Finally, nanospheres were collected after centrifugation at
12,000rpm at 4°C to prevent the melting of the polymer. The
properties of nanospheres were determined by measuring
their size, PDI, and zeta potential. In addition, the yield,
drug-loading content, and encapsulation efficiency were
calculated according to equations (1)—(3).

In vitro release of nanospheres

The in vitro release of the drug from TMP-NPs and CDM-
and RIF-loaded nanospheres (RIF/CDM-NPs) was con-
ducted in phosphate-buffered saline (PBS; pH 7.4) at 37°C.
TMP-NPs and RIF/CDM-NPs were kept in a dialysis bag
(15 kDa molecular weight cutoff) immersed in PBS. At the
selected time interval, the solution was replaced with fresh
PBS. The drug release was measured by an HPLC equipped
with a C18 column. The mobile phase was 0.01 M phosphoric
acid and methanol applied at a flow rate of 1 mL/min.?’ The
retention times for TMP, CDM, and RIF were 5.21, 7.20, and
8.36 min, respectively. The samples and standard samples
for HPLC were prepared in a solution of PBS and methanol
at a 1:1 ratio.

Spray coating of nanospheres on impregnated
silicone tubes

After antibiotic impregnation, the silicone tube was coated
with drug-loaded nanospheres by the spray coating
technique.” The coating was conducted layer by layer with
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Table 1. Parameters for spray coating conditions.

Conditions Parameters
The rotation speed of the catheter 100rpm
Translation speed of spray gun 1.5cm/s
Drying time 2min

Coating cycle

30, 60, 90, and 120 cycles

Table 2. The amount of drug loading in impregnated silicone tubes.

Antibiotics Drug content (%wt. in Silicone) (% = SD) Drug content (ug/cm? = SD) Drug content per catheter (ug = SD)
TMP 0.0245+0.0015 340.459 +20.908 298.787 +18.349

RIF 0.102 = 0.0001 1,417.445 £ 0.922 1,243.949 + 0.809

CDM 0.0112 £0.001 155.433=17.00 136.408 = 14.92

TMP: trimethoprim; RIF: rifampicin; CDM: clindamycin.

RIF/CDM- and TMP-loaded nanospheres. The coating was
prepared by varying the number of coating cycles to 30, 60,
90, and 120. After coating, drug-loading content and anti-
bacterial tests were performed to verify the antibacterial
properties of the shunt and to evaluate the effectiveness of

the coating technique. The coating conditions are shown in
Table 1.

Drug-loading measurement

Drug loading of antibiotic-impregnated silicone tubes
was performed by the following technique. Antibiotic-
impregnated silicone tubes were immersed in chloroform
and bath-sonicated for 20min. Enough time was given to
evaporate the chloroform, and the suspended drug was
dissolved into an equal ratio of menthol and DI water. The
excretion of the drug was carried out in triplicate and meas-
ured via HPLC.

The amount of antibiotic in the nanospheres was deter-
mined by HPLC equipped with a C18 column. HPLC was
performed using 0.01 M phosphoric acid and methanol as
mobile phases. The flow rate was 1 mL/min. The amount
of antibiotic was determined using a UV-vis detector at 200,
238, and 260nm for CDM, RIF, and TMP, respectively.?0?
The stock solution of all antibiotics was prepared at a 1:1
ratio of methanol:DI water. The prepared standard curve
was obtained with R2>0.999. The retention times for TMP,
CDM, and RIF were 4.93, 7.13, and 8.49 min, respectively.

Study of antibacterial activity

Antibacterial activity test was carried out by Laboratory
for Biocompatibility Testing of Medical Devices, Faculty of
Engineering, Mahidol University. S. aureus MRSA ATCC
43300 and S. epidermidis ATCC 12228 were used in this study.
Bacterial strains were cultured in nutrient broth for 24 h at
37°C prior to the in vitro antibacterial test. For the adhesion
assay, specimens were immersed in 1 mL of bacterial solu-
tion. The bacterial media and nutrient broth were changed
daily, and they were spread on agar plates at 1,7, and 21 days
to observe bacterial growth. Bacterial colonies were counted
and are shown on a logarithmic scale.

Results

Drug loading after antibiotic impregnation and
spray coating

The amount of drug loading in the impregnated silicone
tubes is shown in Table 2. The results show that RIF load-
ing was higher than those of CDM and TMP loading. This
finding is consistent with in silico computer simulations
showing that minimal binding energy corresponds to better
binding.30-%2 In this experiment, it was found that the binding
energy of RIF with silicone was lower than that of the other
two drugs, resulting in a higher drug loading on the silicone
surface, which is further discussed in section “Interaction
study of antibiotic drugs and silicone tubes via molecular
docking.” CDM exhibited the lowest amount of drug loading
into silicone tubes after swelling. The results demonstrated
that the loading of antibiotics depends on their properties.
The loading of CDM was low even though it contained the
maximum mixing ratio. This finding was due to its lower rate
of dissolution in the swelling agents. In contrast, the loading
of RIF was higher because of its miscibility with the swelling
agents despite its lower portion in the mixing ratio. Similarly,
regarding drug loading on impregnated silicone tubes after
bath sonication, we noticed that bath sonication removed the
drug attached to the surface of the silicone tubes. However,
drug loading before and after bath sonication was similar.

Interaction study of antibiotic drugs and silicone
tubes via molecular docking

To investigate the ability of the drugs to adhere to the
silicone tube, computer prediction can be applied to calcu-
late the energy of the binding of the drugs to the silicone
tube as shown in Figure 1. A lower energy value indicates
that it is easy to bind to the silicone tube. As shown in Table 3,
the energy values of RIF were as low as —8.0 and —5.1 kcal/
mol through AutoDock and AutoDock Vina, respectively.
RIF binding displayed the lowest energy value compared to
those of the other two drugs, and this result was consistent
with the results of impregnation experiments. The high bind-
ing capacity of RIF to silicone led to the high drug content
at 1417.445 £ 0.922 pg/cm?, followed by those of TMP and
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Figure 1. Three-dimensional non-covalent interaction with silicone tube of three types of antibiotic drugs including (A) clindamycin, (B) rifampicin, and (C) trimethoprim.
(D) The number of chemical interactions of clindamycin (red bar), rifampicin (blue bar), and trimethoprim (green bar) to silicone tube.

Table 3. Binding energy of antibiotic drugs with silicone tubes from AutoDock and AutoDock Vina.

Antibiotic drugs Binding energy (kcal/mol)

AutoDock AutoDock Vina
Clindamycin -6.1 -3.9
Trimethoprim -6.9 -3.7
Rifampicin -8.0 -5.1

Table 4. Properties of different formulations of blank and antibiotic-loaded PLEC nanospheres.

Formulation  Antibiotic and Size (nm = SD) Polydispersity Zeta potential Yield Drug-loading Encapsulation
polymer ratio index (mV = SD) (% = SD) content (% = SD) efficiency (% = SD)

Blank-NPs ~ — 186.833 +1.002 0.213+0.013 -5.883+0.573 — — —

TMP-NPs1 1:1 192.933 +0.907 0.214+0.006 -12.733+0.379 65.500 6.970+0.005 9.131£0.007

TMP-NPs2 1:2 227.00*+13.210 0.355+0.080 -5.787 =0.582 70.333 5.439 +0.025 11.477 =0.052

TMP-NPs2  1:3 268.567 +2.815 0.385 +0.006 -3.690+0.175 80.250 4.144+0.014 13.302 + 0.046

NPs: nanospheres; TMP: trimethoprim; PLEC: (p,L-lactide-random-¢-caprolactone)-block-poly(ethylene glycol)-block-(p,L-lactide-random-¢-caprolactone).

CDM corresponding to energy values of —6.9 and —6.1 kcal/
mol, respectively, via the AutoDock program.

Optimization of antibiotic-loaded nanospheres

TMP-NPs were successfully fabricated by a single emulsion
using a solvent evaporation technique. To optimize the prep-
aration of TMP-NPs, different ratios of antibiotics and poly-
mers were used. Table 4 shows the properties of blank and

TMP-NPs, where the size, zeta potential, PID, yield, loading
content, and encapsulation efficiency were determined. The
results show that the smallest nanosphere size was formed
with the blank-nanosphere formulation. However, the size of
the nanospheres gradually increased with increasing poly-
mer amount. Similarly, the PDI and zeta potential values
were in the ranges of 0.2 to 0.4 and -3 to —13 mV, respec-
tively. In addition, it was observed that the maximum drug
loading was approximately 7% at equal amounts of drug
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Table 5. Properties of different formulations of dual drug—loaded nanospheres.

Formulation Antibiotic & polymer ratio Yield (% = SD) Drug loading content Encapsulation efficiency
(% = SD) (% = SD)
CDM/RIF-NPs1 1:1 18.150+1.120 5.553+0.031 (RIF) 10.551 +0.058 (RIF)
2.009 £0.052 (CDM) 3.457 = 0.090 (CDM)
CDM/RIF-NPs2 1:2 38.850 +1.344 8.631£0.008 (RIF) 34.351 =0.033 (RIF)
3.227 +0.314 (CDM) 14.296 =1.190 (CDM)
CDM/RIF-NPs3 1:3 48.350+0.778 6.840+0.170 (RIF) 33.447 =0.829 (RIF)
1.219+0.046 (CDM) 5.829 = 0.222 (CDM)

CDM: clindamycin; RIF: rifampicin; NPs: nanospheres.

and polymer. The encapsulation efficiency of the drug was
gradually increased by increasing the amount of polymer.

RIF and CDM were loaded into a single nanosphere using
a single and double emulsion method, respectively. RIF is a
hydrophobic drug; therefore, an oil-in-water emulsion tech-
nique was used.® Instead, CDM is a hydrophilic drug that
needs to be loaded using a water-in-oil-in-water technique to
prepare nanospheres.33” For optimization, RIF/CDM-NPs
were prepared at different polymer and drug ratios. Initially,
equal amounts of RIF and CDM were added to the nano-
spheres. Table 5 shows the drug-loading and other proper-
ties of CDM/RIF-loaded nanospheres, where the maximum
drug-loading content percentages were almost 8% and 3%
for RIF and CDM, respectively, when the amount of poly-
mer was doubled compared to the amount of drug. The best
encapsulation was achieved when the amount of polymer
was double the amount of drug. The statistics showed that
35% of RIF and 15% of CDM doses were encapsulated in
nanospheres.

In vitro release of antibiotics from nanospheres

In vitro release of antibiotics from nanospheres was per-
formed in drug-loaded nanospheres as well as the drug
solution. The release study was conducted in PBS (pH 7.4)
at 37°C with shaking. At the selected time interval, PBS was
replaced, and the drug release was measured by HPLC
using 0.01 M phosphoric acid and methanol as a mobile
phase at a flow rate of 1 mL/min. The retention times for
TMP, CDM, and RIF were 5.21, 7.20, and 8.36 min, respec-
tively. The results showed that free drugs released more
than 80% (444.09 = 0.253 ug and 251.61 = 0.026 pg) of TMP
and CDM. Similarly, approximately 60% (938.33 + 0.363 ug)
of the hydrophobic drug RIF was released in the first 3 h.
Encapsulation of drugs in nanospheres provided controlled
and prolonged release, as shown in Figure 2. The release
study showed an initial burst release of all antibiotics fol-
lowed by a sustained release for 48 h. In addition, almost
60% (131.52 + 0.003 pg and 409.60 + 0.010 pg) of the amount
of encapsulated drugs was quickly released from CDM-
and TMP-loaded nanospheres, whereas the amount of RIF
released was approximately 40% (306.46 + 0.052 pg).

Interaction study of antibiotic drugs and
biopolymers via molecular docking

In silico molecular analysis provided evidence of the strong
and consistent binding of the biopolymer with three types of

antibiotic drugs, including TMP, CDM, and RIF. Computer
simulations permit us to exclude obvious inadequate com-
positions and establish a convenient method to evalu-
ate the binding energy of these drugs based on chemical
interactions with biodegradable polymeric carriers.?3 In
this study, PLEC was selected as a material to develop
antibiotic-loaded nanocarriers. Table 6 illustrates the lowest
binding affinities of the three drugs to PLEC. Comparing the
values of the binding energy, the binding affinities of RIF
to PLEC measured in AutoDock and AutoDock Vina were
found to be the strongest, the values of which were —18.9 and
-18.8 kcal/mol, respectively. In contrast, CDM-loaded PLEC
nanospheres had a lower loading capacity than the other
two drugs. This was because the binding ability of CDM
to PLEC occurred although only one hydrogen bond was
present (without hydrophobic and electrostatic interactions),
as illustrated in Figure 3. The binding interactions between
the drug and the PLEC are strong. As a consequence, the
release rate of drugs from PLEC nanospheres was slow. In
the first 3 h, CDM exhibited more than 80% release, while
RIF only exhibited 60% release, as shown in Figure 2. This
was due to the fact that RIF and PLEC interacted with one
hydrogen bond, three hydrophobic interactions, and one
electrostatic interaction, whereas CDM interacted with PLEC
by one hydrogen bond.

Drug loading after nanosphere coating

The optimum formulation of drug-loaded nanospheres was
selected for the coating process where a layer-by-layer (LbL)
coating technique was carried out. Table 7 shows the proper-
ties of the nanoparticles selected for spray coating.

After impregnation, silicone tubes with three antibiot-
ics were coated with RIF-loaded nanospheres, CDM-loaded
nanospheres, and TMP-loaded nanospheres. The method
for spray coating was LbL, where the coating was allowed
to dry after coating each layer. The coating was carried out
using single drug— and dual drug-loaded nanospheres. The
number of coating cycles was varied from 30, 60, 90, to 120
cycles. The results show that the loading of all three drugs
increased when the number of coating cycles was 30 and
60. The amount of drug loaded at 60 cycles was higher than
that at 30 cycles. Furthermore, at 90 cycles, the drug load-
ing was still higher than that at 60 cycles. However, at 120
cycles, the drug content was almost unchanged from that
at 90 cycles. Thus, the results show that 90 cycles was the
optimum number of drug-loading cycles via an LbL coating
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Figure 2. Release profile of (A) rifampicin, (B) clindamycin, and (C) trimethoprim from the nanospheres.
Table 6. Binding energy of antibiotic drugs with PLEC from AutoDock and AutoDock Vina.
Antibiotic drugs Binding energy (kcal/mol)
AutoDock AutoDock Vina
Clindamycin -18.6 -15.5
Trimethoprim -15.2 -15.2
Rifampicin -18.9 -18.8

PLEC: (p,L-lactide-random-¢-caprolactone)-block-poly(ethylene glycol)-block-(p,L-lactide-random-¢-caprolactone).

C)

1 Hydrogen Bond
3 Hydrophobic
1 Electrostatic

3 Hydrogen Bond
1 Hydrophobic
4Electrostatic

®Clindamycin
@ Rifampicin
4 BTrimethoprim

Number of interaction

Hydrogen bond Electrostatic =~ Hydrophobic

Figure 3. Three-dimensional non-covalent interactions of three types of antibiotic drugs to PLEC including (A) clindamycin, (B) rifampicin, and (C) trimethoprim. (D)
The number of chemical interactions of clindamycin (red bar), rifampicin (blue bar), and trimethoprim (green bar) with PLEC.
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Table 7. Properties of drug-loaded nanospheres used in the coating process.

Properties RIF/CDM-nanosphere TMP-nanosphere Blank nanosphere
Size (nm) 254.60 = 12.57 192.93 +0.91 186.83 = 1.00
PDI 0.29+0.01 0.21+0.01 0.21+0.01
Zeta potential (mV) -6.257 =0.780 -12.733£0.379 -5.883+0.573
Yield (Y), % 38.85+1.34 65.50 + 1.86 —
Drug loading content (DL), % 8.62 +0.03 (RIF) 6.97 £0.01 —
2.23+0.06 (CDM)
Encapsulation efficiency (EE), % 34.29 +0.11 (RIF) 9.131 £ 0.007 —
8.87 = 0.23 (CDM)
RIF: rifampicin; CDM: clindamycin; TMP: trimethoprim; PDI: polydispersity index.
Table 8. Drug loading content after nanosphere coating.
Sample CDM (ug = SD) TMP (ug = SD) RIF (ug = SD)

Impregnated (IMP) 17.204 +0.417

33.824 £1.478 185.980 = 21.081

30 cycles 24.012*+1.084 42.983+0.312 189.113+11.849
60 cycles 26.2321.192 40.040 =1.540 196.804 = 27.306
90 cycles 26.257 =0.487 41.434 +0.469 270.908 +10.382
120 cycles 30.747 =1.270 37.074 =0.444 262.618 = 10.058
CDM: clindamycin; TMP: trimethoprim; RIF: rifampicin.
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Figure 4. Contact angle of different cycles of coating: (A) control, (B) antibiotic-impregnated samples, and tubes with different coating cycles: (C) 30, (D) 60, (E), 90

and (F) 120 cycles.

of nanospheres. Table 8 shows the drug loading of all drugs
at different cycles. Among the three drugs, RIF-loaded
nanospheres provided the maximum drug loading from the
impregnation and nanocoating processes. The lowest drug
loading (30 pg) after coating was achieved with CDM-loaded
nanospheres.

Contact angle measurement

The wettability properties of the EVD were determined
by contact angle measurement. The angle formed at the
interface of the solid surface and liquid droplet was used
to evaluate the wettability of the EVD. DI water was used
as a liquid to form a droplet on the shunt surface. Figure 4

represents the images of the contact angle of the controls,
antibiotic-impregnated samples, and tubes with different
numbers of coating cycles. The wettability properties of the
coating surface were more hydrophilic because of the nano-
spheres that attached to the silicone surface. As shown in
Figure 5, the water contact angle of the bare silicone surface
was approximately 110°C, whereas the contact angle after
coating for 120 cycles was reduced to approximately 80°C.

Antimicrobial activity of coated silicone tubes

Figures 6 and 7 show the results of S. aureus MRSA and
S. epidermidis adhesion assays of uncoated impregnated tubes
and impregnated tubes coated with different numbers of
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cycles of nanospheres. Both groups demonstrated effective-
ness against S. aureus MRSA and S. epidermidis growth. The
results in Figure 7 confirmed that impregnated tubes coated
with different cycles of nanospheres could inhibit the growth
of colonies of S. epidermidis up to 21days, which was much
longer than that achieved with uncoated impregnated tubes.
Moreover, impregnated tubes coated with different numbers
of cycles of nanospheres could inhibit the growth of antibi-
otic-resistant bacteria (S. aureus MRSA). It should be noted
that MRSA is a methicillin-resistant Staphylococcus aureus that
is difficult to treat because of its resistance to some antibiot-
ics. The results showed that the initial bacterial adherence of
specimens was reduced during short-term usage.
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Figure 6. Growth of (A) S. aureus (MRSA) and (B) S. epidermidis extracted from the surface of specimens and surrounding solution at days 1, 7, and 21.
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Figure 7. Bacterial adherence of the specimens against S. aureus (MRSA) and S. epidermidis at day 21 of control, impregnated tubes and impregnated tubes coated
at 90 cycles. Photographs show diluted concentration of bacterial culture.
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Discussion

A multiple drug-impregnated EVD was developed using
RIF and CDM, which were able to inhibit the growth of S.
aureus MRSA and S. epidermidis. Antibiotics were swollen
into silicone tubes using the dip coating technique; however,
the amount of drug loading on the shunt matrix was not
high. Therefore, antibiotics were loaded on nanospheres and
coated on the EVD to prolong antibiotic release. Nanospheres
were prepared by loading RIF and CDM into a single nano-
sphere, which showed approximately 8% RIF and 3% CDM
loading. Similarly, approximately 7% drug loading was
found when trimethoprim was loaded individually in the
PLEC nanospheres. The single drug— and dual drug-loaded
nanospheres were successfully coated by varying the num-
ber of coating cycles. The maximum amount of drug loading
was found at 90 coating cycles. Furthermore, coating with
drug-loaded nanospheres allowed us to increase the amount
of drug on the shunt. In addition, the wettability property
of the silicone surface decreased after coating with nano-
spheres. Antibiotic nanosphere-coated shunts showed anti-
bacterial activity against S. aureus MRSA and S. epidermidis for
up to 21 days, which was longer than that achieved with the
impregnation of antibiotics into the shunt matrix. The results
from this study suggest possible applications of antibiotic-
loaded nanoparticles in coating the surface of EVD-relating
devices for sustained antibacterial release. In silico molecular
docking of antibacterial drugs with PLEC showed a negative
binding energy, indicating good interaction when loading
those drugs into PLEC nanospheres. It was found to be more
difficult to impregnate these drugs into the silicone matrix
than into silicone tubes. This was because a higher binding
energy was needed. Therefore, in silico molecular docking
confirmed the beneficial effect of loading these drugs into
PLEC nanospheres before coating them on silicone tubes to
increase the content of loaded drugs. The combination of
antibiotic impregnation and nanospheres coating can be a
promising application for the coating of antibacterial drugs
on medical devices.
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