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ABSTRACT: Implant-related infections, mainly caused by Staphylococcus aureus,
are a major health concern. Treatment is challenging due to multi-resistant strains
and the ability of S. aureus to adhere and form biofilms on bone and implant
surfaces. The present work involved the preparation and evaluation of a novel dual
polymeric film coating on stainless steel. Chitosan and polycaprolactone (PCL)
multilayers, loaded with poly(methyl methacrylate) (PMMA) microspheres
encapsulating vancomycin or daptomycin, produced by the dip-coating technique,
allowed local antibiotic-controlled delivery for the treatment of implant-related
infections. Enhanced adhesion of the film to the metal substrate surface was
achieved by mechanical abrasion of its surface. Studies have shown that for both
drugs the release occurs by diffusion, but the release profile depends on the type of
drug (daptomycin or vancomycin), the pH of the solution, and whether the drug is
freestanding (directly incorporated into the films) or encapsulated in PMMA
microspheres. Daptomycin freestanding films reached 90% release after 1 day at pH 7.4 and 4 days at pH 5.5. In comparison, films
with daptomycin encapsulated microspheres reached 90% release after 2 h at pH 5.5 and 2 days at pH 7.4. Vancomycin encapsulated
and freestanding films showed a similar behavior reaching 90% release after 20 h of release at pH 5.5 and 2 and 3 days, respectively,
at pH 7.4. Furthermore, daptomycin-loaded films showed activity (assessed by agar diffusion assays) against sensitive (ATCC
25923) and clinically isolated (MRSA) S. aureus strains.

1. INTRODUCTION

Bone infection related to the use of orthopedic implants is
associated with complications following surgery and device
implantation, leading to implant failure, and resulting in
diseases such as osteomyelitis and septic arthritis that lead to
necrosis and bone destruction.1 Nowadays, with sterility within
the operating room and protocols of perioperative antibiotic
prophylaxis, there is a decrease in the incidence of infections
associated with orthopedic implants. Nevertheless, implant
infection risk is still estimated to be 0.5−5%, representing the
number one cause of implant failure,2 with reinfection
occurring in 10−30% of cases.3 When an infection is
diagnosed, several therapeutic approaches may be adopted.
Preoperative procedures involve antibiotic prophylaxis4,5 or
sonication of the implant to remove any adhered biofilm.6

Postoperative procedures include systemic antibiotics for a
prolonged period of time and wound debridement and lavage.4

These treatments, however, are not always effective on already
established infections. Often, prosthesis removal and replace-
ment, or even joint fusion, are the only solutions to definitively
eradicate severe infections.2 Furthermore, antibiotic therapy is
long-lasting, and to achieve effective therapeutic drug
concentration at the site of infection, a high parenteral dose
of antibiotic is needed, which can lead to systemic toxicity.7

New approaches have been sought after, in the form of
antimicrobial surfaces, that can be divided into structured
surfaces, permanent antimicrobial surfaces, and elution
systems.8,9 Structures such as nanoparticle- and nanotube-
modified surfaces,10,11 and engineered metal topographies such
as alterations in charge, hydrophobicity, roughness, and
porosity9,12,13 have been studied. Permanent antimicrobial
surfaces, that contain permanently bonded agents that generate
antimicrobial surfaces and prevent long-term bacterial
adhesion14,15 have also been created.16−18 To further improve
the antimicrobial effect of implants, studies veered into the
usage of drugs in their composition, via the creation of elution
systems, that actively release antimicrobials to inhibit bacterial
adhesion and/or promote bacterial cell death in both the
implant and adjacent tissues.9 For instance, Kazemzadeh-
Narbat et al. developed a layer-by-layer thin film for prolonged
antimicrobial peptide (AMP) release on Ti implants enabling
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controlled and sustained release of an AMP showing
antibacterial activity against Staphylococcus aureus.19 Nablo et
al. coated medical-grade stainless steel with a sol−gel film of
40% N-aminohexyl-N-aminopropyltrimethoxysilane and 60%
isobutyltrimethoxysilane for the release of nitric oxide (NO)
against S. aureus that enabled a diminished bacterial
adhesion.20

These active attack surfaces, however, still have issues such
as the accumulation of dead bacteria and debris, that shield the
surface, reducing the bactericidal effect and providing nutrients
for subsequent bacterial adhesion. To avoid these issues,
studies have focused on surfaces with different parts, called
units, one responsible for killing bacteria and one responsible
for releasing the dead bacteria from the surface. To do such,
responsive systems are often incorporated into the coatings. In
principle, these will realize both passive and active functions
simultaneously to improve the overall antibacterial efficacy.21

In this work a 316L stainless steel (SS) coated with
multilayered chitosan (Chi) and polycaprolactone (PCL) is
proposed as a novel sustained drug release system, these
polymers are chosen for their known biocompatibility and ease
of processing. Several functional coatings have been reported
to improve the biocompatibility, and antimicrobial and drug
release performances of metallic implants.22 Some examples
are calcium phosphates,23 titanium oxides,24 and polymer
composites with antibacterial properties.25 In this study, 316L-
SS has been selected as the substrate for this study since it is
low-cost and often used for metal implant fabrication.26 The
Chi layers should contain one of two antibiotics, daptomycin
(Dap) or vancomycin (Van) encapsulated on acrylic-based
(PMMA or PMMA-EUDRAGIT RL-100) microspheres via a
previously reported method.27 A PCL film was deposited on
the top of the Chi layer to slow down and control the drug
release. Dap has been suggested as an effective alternative to
Van, which has been one of the antibiotics of choice for bone
infection treatment but has shown increasing bacterial
resistance.28 The proposed coating relies on the incorporation
of PMMA microspheres for a controlled drug release following
an optimal release pattern of a burst release followed by
sustained release, and in the inherent polymer properties
enabling a pH response, and thus a smart release system that
allows drug release at pH values representative of an infection
environment. Apart from this, the construction of both passive
and active functions via the layer-by-layer system also discards
the problem often observed in these dual systems since
bactericidal components usually bind to bacteria and the non-
fouling components repel bacteria.21

2. EXPERIMENTAL SECTION

2.1. Surface Treatment of Substrates. Commercially
available 0.1 mm thick 316L-SS substrates (AISI 316L, Fe/
Cr18/Ni10/Mo3 Goodfellow, England) were cleaned for 5 min
in sequential ultrasound baths of ultrapure water and acetone
(96%, Labchem, Portugal), and then placed in an oven at 300
°C for 10 min, followed by 10 min in sequential ultrasound
baths of ultrapure water and acetone (96%, Labchem,
Portugal). Next, these were treated with silica sandpaper
(1000 grit, Dexter) by hand. The surface was scribed 100 times
in vertical, horizontal, and circular directions as shown in the
schematics of Figure S1A. After the treatment, the substrates
were again cleaned for 15 min in sequential ultrasound baths of
ultrapure water, ethanol (96% v/v), and toluene. Removal of

toluene was done by SS drying in a vacuum chamber at 70 °C
and a pressure of 1 bar for 90 min.

2.2. Production of PMMA Microspheres. PMMA (350
kDa, Sigma-Aldrich) and PMMA-EUDRAGIT (Evonik
Degussa International AG, Spain) (PMMA-EUD) micro-
spheres, loaded with Van and Dap respectively, as well as
unloaded, were produced using a previously reported method-
ology.27 Briefly, PMMA or polymer blends of PMMA-EUD
(30 w/w) were dissolved in 5 mL of dichloromethane (Fisher
Scientific) and emulsified by homogenization using an Ultra-
Turrax T10 basic (IKA, Staufen, Germany) for 3 min with a
10% (w/w) poly(vinyl alcohol) (PVA) solution (13−23 kDa,
87−89% hydrolyzed, Sigma-Aldrich), where the antibiotics,
daptomycin (Cubicin, 350 mg, Novartis Pharma AG, Switzer-
land) or vancomycin (Vancomicina Generis 1000 mg, Generis
Farmaceûtica, S.A., Portugal) were previously solubilized (15%
w/w). The resulting water−oil (w1/o) emulsion was added to
30 mL of 1.25% (w/w) PVA solution and emulsified by
homogenization using a Silverson Laboratory Mixer Emulsifier
L5 M (Silverson Machines Inc., Chesham, U.K.) for 10 min at
20 L/min (maximum mixing speed). The resulting w1/o/w2
double emulsion was magnetically stirred at room temperature
for 4 h to evaporate the organic solvent. PMMA and PMMA-
EUD particles were harvested by centrifugation (Beckman
Coulter Inc., Fullerton), washed three times with 5723g, 10
min, 4 °C; Allegra 64R high speed centrifuge, a 10% (w/v)
sucrose solution, and resuspended in a 0.5% (w/v) sucrose
solution. All particles were subsequently freeze-dried (Christ α
1−4, B. Braun Biotech International, Melsungen, Germany) to
obtain a fine, free-flowing dry powder. All batches were
prepared in triplicate and plain (without drugs) particles were
used as controls. For characterization, encapsulation efficiency
(EE), drug loading (DL), and particle size were analyzed by
ultraviolet−visible (UV−vis) spectroscopy and scanning
electron microscopy (SEM).
Average particle diameter was calculated from SEM

micrographs using ImageJ software, measuring 30 randomly
selected spheres from each sample. EE and DL were calculated
using the supernatant obtained during the washing step of
microsphere production, cumulative of the sequential
centrifugations of the microsphere solutions. The amount of
drug contained in the supernatant was estimated from UV−
visible absorbance spectra obtained for a 200 μL sample. The
drugs were quantified by UV−visible spectrophotometry
(FLUOstar Omega, BMG Labtech), at 365 nm for daptomycin
and 230 nm for vancomycin. Encapsulation efficiency refers to
the percentage of the encapsulated drug compared to the initial
amount used for particle preparation (eq 1), the encapsulated
drug is considered as the initial drug added minus the drug
present in the supernatant.

= ×EE(%)
encapsulated drug

initial drug
100

(1)

Drug loading refers to the weight percentage ratio of the
drug in the microspheres (eq 2), the drug content in the
microspheres is calculated using the amount of drug added
initially and the EE.

=
×

×drug loading(%)
EE initial drug mass

particle mass
100

(2)

2.3. Preparation of Polymer-Based Solutions and
Films. Chitosan (low molecular weight, Sigma-Aldrich,
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Iceland) was dissolved in a solution of 1:1 v/v of ethanol
(Honeywell, Germany, ≥99.8%) and 1% acetic acid (HAc)
(Sigma-Aldrich, Germany, ≥99.7%) in ultrapure water to
obtain a polymer concentration of 0.04% w/v. The solution
was kept under magnetic agitation for 12 h at room
temperature and then kept in a sealed flask. PCL (Sigma-
Aldrich, U.K., 80 kDa) was mixed with dichloromethane
(Carlo Erba, France) at a concentration of 0.1% w/v and
stirred under magnetic agitation at room temperature for 12 h,
and then kept in a sealed flask. Chitosan solutions with Dap or
Van or the produced acrylic microspheres containing them
were obtained by the addition of these components to the
polymeric solution at concentrations of 0.8 mg/mL (for
freestanding drug) and 4 mg/mL (for encapsulated drug) and
subsequent magnetic agitation of the solutions obtained. The
solutions were kept in sealed flasks.
A dip-coating system with a stirrer (SILAR model HO-TH-

03A) was used and the parameters for all dip-coating
procedures were set: retrieval speed10 mm/s, dip
duration5 s, drying time after dip1 min, and arm rotation
speed5 mm/s; solutions were used at room temperature.
Films of alternating chitosan and PCL layers were made, with
freestanding or encapsulated drug, or no drug at all
incorporated into the chitosan layer. A total number of 6
layers were deposited, with the chitosan layer directly in
contact with the metal.
2.4. Characterization. Characterization of the surface

morphology of the SS substrates, before and after the
mechanical treatment, was performed with an atomic force
microscope of WITec α 300 RAS confocal spectrometer. The
cantilever was operated with a WITec Arrow Al coated probe
in tapping mode at 75 kHz and a constant load of 2.8 N/m.
The acquired topography map of 30 μm2 shown in the
Supplementary Information was used to extract the surface
roughness (using WiTecProject software).
An average thickness of polymer-based films was obtained

using a digital micrometer (Mitutoyo, Japan). Film adhesion
was tested by the 180° peel-off method adapted from29 and
schematically presented in Figure 1.

The films were covered with a strip of tape and the tape was
pulled off at a constant force using a traction machine 20 N
load cell Rheometric Scientific uniaxial machine operable using
“Minimat” software (Minimat Control Software version 1.60
February 1994 (c) P.L. Thermal Science 1984−94 Rheometric
Scientific Ltd.). For all peel-off tests, the tape used was Tesa
basic packaging tape-58572 and was fixed to the moving claw.
The optical images of the samples were obtained using a

Leica DMi8 inverted microscope and images were obtained in
reflective mode. Samples of the microspheres and SS substrates
were analyzed by SEM (Hitachi model 2400) after surface
treatment, film deposition, and peel-off tests to evaluate sample
morphology and film porosity. Before analysis, all samples were
cut and placed on a SEM disk using carbon tape and then

sputter-coated with a gold/palladium (Au−Pd) coating. The
same coating was also applied to the microparticles after their
suspension in ethanol (96% v/v), which were directly placed
on the carbon tape.
Confocal Raman spectrophotometer (Witec α 300 RAS)

using a laser with a wavelength of 532 nm and 30 mW of
power for sample composition characterization and for
tracking Dap and Van in the microspheres and the obtained
films. Composition homogeneity was further studied through
Raman mapping of drug microsphere-loaded films in small 5
μm2 surface areas.
Pore size and density were accessed using ImageJ software

and measuring the diameter of 10 pores. The pore density was
made by calculating the total number of pores and dividing it
by the area of the film.

2.5. In Vitro Drug Release Tests. Calibration curves for
daptomycin and vancomycin in simulated body fluid (SBF) at
2 pH values (7.4, and 5.5) were obtained using UV−vis
spectroscopy (T90+ UV−vis spectrometer from PGInstru-
ments Ltd.) at 262 nm for Dap and 280 nm for Van. The SBF
solution was made following the protocol described by Kokubo
et al.30 and then kept in a refrigerator until use. The pH 7.4,
corresponds to the normal physiological pH and pH 5.5 to the
pH that exists in a stage of infection. For calibration curves,
concentrations of 666, 500, 333, 250, 167, 125, 83.2, 62.5,
31.2, 15.6, 7.81 and 3.9 μg/mL were studied.
Drug release studies were conducted by placing the films

inside a 4 mL screw cap plastic vials and submerging them in
500 μL of SBF with a pH of 5.5 and 7.4 at 37 °C. At
predetermined time intervals, the SBF was removed from the
vial, and replaced by an equal amount of new SBF. The SBF
was analyzed by UV−vis spectroscopy using a Rotilabo quartz
cuvette with a path length of 1 cm and a maximum volume of
0.7 μL. This analysis was made for five replicas of each film for
a total period of 120 h.

2.6. Antibacterial Assay. The direct testing of the
antimicrobial activity of the samples against S. aureus ATCC
25923 and MRSA (clinical isolated) was determined by agar
diffusion as previously described.31 Shortly, for the agar
diffusion assay, isolated colonies were suspended in Mueller
Hinton Broth (MHB, Biokar Diagnostics, France) and diluted
until achieving ≅ 1 × 108 CFU/mL. The inoculum was
swabbed uniformly on Muller Hinton Agar (MHA, Biokar
Diagnostics, France) plates. The tested samples and filter-
paper disks (6 mm diameter) with 10 μL of daptomycin or
vancomycin at 3 mg/mL (positive control) were placed on the
agar surface. Next, the plates were incubated at 37 °C for 24 h
and the inhibition zone diameters were measured with a digital
Vernier caliper. Samples of the Chi/PCL film with both
encapsulated drugs were tested, and the films with empty
microspheres were used as a negative control.

3. RESULTS AND DISCUSSION
3.1. PMMA Microspheres. Particle diameter, EE, and DL

of the particles produced were determined. Regarding particle
diameter, SEM images of PMMA, PMMA-Van, PMMA-EUD,
and PMMA-EUD-Dap particles (Figure 2) show spherical
particles with a relatively low size dispersion and a higher
aggregation for PMMA-EUD microspheres. As expected, the
diameters obtained show that the spheres were in the micro-
size range (1.29 ± 0.13 μm for PMMA; 1.15 ± 0.28 μm for
PMMA-Van; 0.96 ± 0.25 μm for PMMA-EUD, and 0.68 ±
0.11 μm for PMMA-EUD-dap).

Figure 1. Schematic representation of 180° peel-off tests showing a
substrate (gray) with the deposited film (dark green) covered by tape
(orange) with the tape removal direction denoted by the arrow.
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EE values of daptomycin and vancomycin were 97.20 ±
1.20% and 97.89 ± 0.04%, respectively. These values are in
accordance with the literature27 that refers to an EE value of
91.1 ± 0.7% for Van and 95.6 ± 1.2% for Dap. DL values
obtained were 21.64 ± 0.67% for Dap and 22.55 ± 2.73% for
Van which is almost double the values reported for this
process, 12.4 ± 0.3 and 11.9 ± 0.1% respectively.27

3.2. PCL and Chi Coatings on Stainless Steel
Substrates. After microsphere production, polymeric films
were produced, for later microsphere incorporation. For this
purpose, chitosan and PCL coatings were deposited on
stainless steel, with polymeric solutions being altered to
increase the adhesion and improve film uniformity. After
preliminary tests, a chitosan concentration of 0.04% w/v and a
PCL concentration of 0.1% w/v proved to be the best for film

adhesion and uniformity. These films kept their properties
even after the addition of the drugs at a concentration of 0.8
mg/mL or microspheres at a concentration of 4 mg/mL, the
concentrations were made such that the amount of drug was
the same in freestanding and encapsulated forms. SEM images
of the deposited films (Figure 3) show that the surface of both
Chi/PCL-PMMA-Van and Chi/PCL-Van films are smooth
with visible lines of the surface treatment.
The presence of microspheres on the Chi/PCL-PMMA-Van

film surface is observed, indicating sphere transference from
the film to the PCL solution during the dip-coating process.
Both PCL/Chi-PMMA-EUD-Dap and Chi/PCL-Dap films

have a porous surface with average pore sizes of 1.38 ± 3.00
and 0.94 ± 0.25 μm, respectively, and pore densities of 0.476
± 0.041 and 0.136 ± 0.012 pore/μm2, respectively. In the

Figure 2. SEM micrographs of the obtained microspheres showing: (A) PMMA, (B) PMMA-Van, (C) PMMA-EUD, and (D) PMMA-EUD-Dap
microspheres.

Figure 3. Chitosan/PCL films with (A) no drugs or microspheres (Chi/PCL), (B) PMMA microspheres (Chi/PCL-PMMA), (C) PMMA-EUD
microspheres (Chi/PCL-PMMA-EUD), (D) PMMA-Van microspheres (Chi/PCL-PMMA-Van), (E) PMMA-EUD-Dap microspheres (Chi/PCL-
PMMA-EUD-Dap), (F) vancomycin (Chi/PCL-Van), and (G) daptomycin (Chi/PCL-Dap) and respective SEM images.
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microsphere-loaded films, the lines from the metal treatment
are not observed, indicating a thicker film than the Chi/PCL-
Dap film where these lines are visible. The unloaded PCL/Chi
films also show a porous surface with an average diameter of
2.56 ± 1.85 μm and a pore density of 0.180 ± 0.027 pore/μm2.
Table 1 presents the average thickness for each type of film

along with the adhesion obtained from the pill-off tests. In

general, results show a good thickness uniformity for all
samples except for the Chi/PCL-Dap and Chi/PCL-PMMA
films, in which accumulation of polymeric solution in one area
upon drying may have occurred. The peel-off of all samples
showed a cohesive failure, meaning that the detachment
occurred between the film layers, and not due to adhesive
failure i.e., detachment between the sample and the metal. This
reveals that the adhesion forces between film and metal are
stronger than those between film layers. The average peel-off
forces (Table 1) are in the range of 0.57−0.95 N, indicating
the variation associated with the process used, since manual
adhesion of the tape to the samples leads to variations in
adhesion between the two. Overall, it can be concluded that
film adhesion is not affected by their composition. The peel-off
curves obtained are similar to those found in the literature29

with areas of the curve showing the peeling of the film and tape
or just the peeling of the film alone (Figure S2).
3.4. Drug Content in Films and Microcapsules. Raman

spectra of raw materials used in the fabrication of the
polymeric films (chitosan and PCL) and microspheres
(PMMA or PMMA-EUD) with and without the drug (Van
or Dap) inside are shown in Figure 4A. In this set of spectra,
the spectral signature of each material is perceived but more
importantly, spectral comparison allowed the identification of
characteristic peaks from the two drugs (e.g., V1, V2, and D2),
i.e. of molecular vibration modes not existing in the spectra of
other materials. For vancomycin, prominent vibration modes
are ν(CC) skeletal mode bond, ν(C−N) of amide-III, δ(C−
H) of CH2 and CH3, ν(CO) of amide-I, and ν(CC),
which can be found at 990, 1242, 1334, 1602 cm−1 (V1), and
1678 cm−1 (V2), respectively.

32 For daptomycin, Raman peak
identification is lacking in the literature, however, D2 is
associated with the CONH2 group, referred to as the amide-II
(1549 cm−1) and amide-I (1638 cm−1) bands, compatible with
the molecular configuration and the spectroscopic literature of
amide bands.33 Chemically, Dap comprises 13 amino acids,
including several non-standard and D-amino acids, with the C-
terminal 10 amino acids forming an ester-linked ring and the
N-terminal tryptophan covalently bonded to decanoic acid.
Tracking the selected characteristic peaks in the Raman

spectra of drug microspheres in Figure 4B and of films made
with drugs added to the chitosan layer in the form of
microspheres or freestanding powder in Figure 4C,D,

respectively, provides significant information about sample
composition. All Raman spectra are shown in the region of
200−2000 cm−1 since it comprises most of the material’s
molecular vibration modes and only excludes the typical
fluorescence shoulder (still visible in the spectrum left edge)
and the modes: CH2 and CH3 (stretching), olefinic C−H
(symmetric and asymmetric), and OH (stretching). The bands
of this latter mode are in the wavenumber ranging from 3200
to 3400 cm−1 and are only characteristic of Van, Dap, and Chi
molecules. Nevertheless, these OH-stretching modes were only
detected in the spectra of raw materials. These show typical
molecular vibration modes of organic compounds, mainly
associated with carbon−oxygen, carbon−carbon, carbon−
hydrogen groups, and amide groups for the drugs and
chitosan. Peak identification was made according to the
literature for all the used materials except for Dap. Never-
theless, since the characteristic peaks marked in Figure 4A (V1,
D1, and D2) for Van and Dap are clearly identified in the
Raman spectra of drug-containing microspheres in Figure 4B,
and absent in the empty polymeric microspheres, then Van is
included in the PMMA microspheres and Dap in the PMMA-
EUDRAGIT microspheres, either on their surface or inside
them. Nevertheless, as shown in Figure 4C, when these
microspheres are added to the Chi layer of PCL/Chi films,
only Van is detected. Furthermore, none of the drugs added to
the Chi layer of the PCL/Chi films in the powder form could
be detected. This may be due to the low concentrations (trace
level) of drugs added to the films, which have a stronger signal,
masking the drug signal which also agrees with the small signal
detected for microspheres containing the drug. Another
possible cause is the un-homogeneous drug distribution
along the film. In this case, the drugs may be difficult to
detect using a standard single spectrum Raman spectroscopy
strategy. Therefore, for further investigating drugs spread over
the chitosan film area, Raman mapping was also performed.
Figure 5 shows the 5 × 5 μm2 Raman maps acquired for the

PCL/Chi films loaded with the polymeric drug microspheres
of Dap (A) and Van (B), and for PCL/Chi films loaded with
Van powder (C). Comparing Figure 5B,C it is possible to
verify that the Van seems to be more homogeneously
distributed (either when enclosed in the PMMA microspheres
or added as powder) than Dap enclosed in PMMA-EUD
microspheres. Nevertheless, that correlates with the PCL
distribution, since the drug signal is undetectable when the
PCL signal is stronger, perhaps indicating that PCL is not a
completely continuous film regarding its thickness. This
evidence may explain why vancomycin was detected in the
single point Raman spectra shown in Figure 4C but not
daptomycin. Also, Van seems to be more homogeneously
distributed when loaded as powder directly in the films than
when inside the microsphere. Because as powder, Van
concentration is low across the film, and it is more difficult
to detect this drug when added in the form of powder.
Furthermore, since in the freestanding drug film PCL
distribution is also more uniform, one may think that the
microspheres may create thicknesses discontinuities, facilitat-
ing drug visualization in the films with microspheres.
In Figure 5A is still interesting to note that, as expected

PMMA and Dap have the same distribution over the surface
evidencing that Dap maybe inside PMMA and that, their
distribution is only detected when the detected signal from the
PCL is in fact not detected or it is stronger, which suggests that
PCL is on top of the chitosan layer where the drug

Table 1. Average Film Thickness (n = 30) and Peel-Off

Forces Obtained by the Peel-Off Test (n = 15)

film thickness (μm) adhesion (N)

Chi/PCL 6.5 ± 1.5 0.57 ± 0.13
Chi/PCL-Dap 20 ± 9.5 0.92 ± 0.17
Chi/PCL-Van 40 ± 2.0 0.68 ± 0.22
Chi/PCL-PMMA-EUD 9.0 ± 1.0 0.73 ± 0.36
Chi/PCL-PMMA-EUD-Dap 4.0 ± 1.0 0.63 ± 0.22
Chi/PCL-PMMA 4.0 ± 2.5 0.72 ± 0.21
Chi/PCL-PMMA-Van 8.0 ± 2.0 0.60 ± 0.19
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microspheres are. This is corroborated by the similar chitosan,
PMMA, and Dap areal distributions.
3.5. Drug Release. In vitro release assays indicate that the

pH of the surrounding media affects the drug release profiles
for all the tested drug-loaded films (Figure 6). The total time
of release was 120 h.
Further, the data of the in vitro release tests were fitted to

various kinetic models, namely, the zero-order, first-order,
Hixon−Crowell, Higuchi, and Korsmeyer−Peppas models34

(Table 2).
Drug release was plotted according to each model and the

corresponding fits were made. R2 values were then obtained,
and it was considered that the kinetic model for the drug
release was the one in which the fitting had a higher R2 value.
When the model obtained was the Korsmeyer−Peppas, the
value of the constant n, that is the exponent of release, and
related to the drug release mechanism, was also obtained.

Depending on the value of n, the mechanisms were identified
as quasi-Fickian if n < 0.5, Fickian if n = 0.5, and non-Fickian
or anomalous transport if 0.5 < n ≤ 1.34

With respect to the mechanism of kinetics (Table 2) the
results show that Dap films follow a Korsmeyer−Peppas
model, with n values of 0.13 and 0.21 and R2 values of 0.94 and
0.92 for pH values of 7.4 and 5.5, respectively, indicating quasi-
Fickian release mechanisms for all pH values. This indicates
that for the films with the microspheres, drug release is affected
by both diffusion and polymer swelling34

Films with freestanding Dap show a first-order release value
of 7.4, with an R2 value of 0.77, and Korsmeyer−Peppas model
for a pH value of 5.5 with an R2 value of 0.92 with an n value of
0.16 indicating a quasi-Fickian mechanism.34

Films with encapsulated Van show a 1st order release
mechanism for pH values of 7.4 and 5.5 with R2 values of 0.98
and 0.90, respectively. Films with freestanding Van follow a

Figure 4. Raman spectra of (A) film compounds, (B) PMMA and PMMA-EUDRAGIT microspheres with and without vancomycin and
daptomycin inside, respectively, (C) PCL/chitosan films with drug-loaded microspheres added to the chitosan layer, and (D) PCL/chitosan films
with drugs added to the chitosan layer as freestanding powders.
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Figure 5. Raman maps acquired in an area of 5 × 5 μm2 of PCL/Chi films loaded with Dap (A) and Van microspheres, as well as in PCL/Chi films
loaded with Van added to the Chi layer in the powder form. Each pixel in the map corresponds to the integral of materials’ characteristic peaks
cantered at the marked positions in wavenumbers. In Figure 5A the considered characteristic peaks were: 475 cm−1 for the film (in chitosan,
PMMA, and Dap spectra) 813 cm−1 for PMMA, 1302 cm−1 for PCL, and 1350 cm−1 for Dap; and in (B) and (C) a broader integral band was
considered for the Van maps, (centered at 1620 cm−1 with a width of 160 cm−1, covering V1 and V2 peaks) and for the film, the PCL peak at 1735
cm−1 was considered.

Figure 6. Cumulative drug release plot from (A) Chi/PCL-Dap, (B) Chi/PCL-Van, (C) Chi/PCL-PMMA-EUD-Dap, and (D) Chi/PCL-PMMA-
Van films plotting the percentage of drug released versus time (n = 5) for pH values of 5.5 and 7.4. The total time of release was 120 h.
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Korsmeyer−Peppas model for a pH of 7.4, with an R2 of 0.99
and an n value of 0.32, again, indicating a quasi-Fickian
mechanism, and the first-order kinetics for pH value of 5.5 with
an R2 of 0.89.34

3.6. Antibacterial Assay. The disk diffusion test was used
for screening the antibacterial activity of the drug-loaded films.
This test provides an opportunity for the quick estimation and
a comparison of antibacterial activity of novel delivery
platforms with the free drug.35 The results showed that the
Dap-loaded films effectively inhibited bacterial growth, with
the inhibition zone diameters of ∼14 and ∼17 mm for sensitive
and resistant strains, respectively (Figure 7). No inhibition

zone could be observed for the sample without antibiotics

(negative control). Van-loaded films also show no antibacterial

activity, which may be due to a low diffusion of the drug in the

agar medium or diffusion that lies below the vancomycin MIC

reported for S. aureus, 2 μg/mL for the ATCC 25923 strain,12

and from 4 to 8 μg/mL for VRSA.36 Moreover, results of

positive antibiotic control were in accordance with the

expectable inhibition halos described in the literature as 18−
2337 and 17−2138 for Dap and Van respectively, toward S.

aureus ATCC 25923 assuring the assay suitability.

Table 2. Fitted Parameter Values and R2 for the Different Equation Models Used to Determine the Release Mechanism of the
Drugs from the Filmsa

release model Sample pH = 7.4 pH = 5.5

zero-order (Mt = k0t) Chi/PCL-PMMA-EUD-Dap k0 (h
−1) = 0.31 k0 (h

−1) = 0.16
R2 = 0.42 R2 = 0.15

Chi/PCL- Dap k0 (h
−1) = 0.29 k0 (h

−1) = 0.35
R2 = 0.20 R2 = 0.76

Chi/PCL-PMMA-Van k0 (h
−1) = 0.42 k0 (h

−1) = 0.33
R2 = 0.52 R2 = 0.39

Chi/PCL-Van k0 (h
−1) = 0.28 k0 (h

−1) = 0.39
R2 = 0.32 R2 = 0.29

first-order (Mt = 1−e−k1t) Chi/PCL-PMMA-EUD-Dap k1 (h
−1) = 25.1 k1 (h

−1) = 21.1
R2 = 0.77 R2 = 0.73

Chi/PCL- Dap k1 (h
−1) = 32.6 k1 (h

−1) = 22.4
R2 = 0.77 R2 = 0.91

Chi/PCL-PMMA-Van k1 (h
−1) = 33.1 k1 (h

−1) = 27.6
R2 = 0.98 R2 = 0.90

Chi/PCL-Van k1 (h
−1) = 18.3 k1 (h

−1) = 39.7
R2 = 0.49 R2 = 0.89

Hixson−Crowell = k t( M t )3
HC

Chi/PCL-PMMA-EUD-Dap
k = 0.49 k = 0.49
R2 = 0.48 R2 = 0.15

Chi/PCL- Dap kHC = 1.07 kHC = 1.1
R2 = 0.12 R2 = 0.74

Chi/PCL-PMMA-Van kHC = 1.00 kHC = 1.0
R2 = 0.48 R2 = 0.39

Chi/PCL-Van kHC = 1.16 kHC = 1.2
R2 = 0.32 R2 = 0.21

Higuchi (Mt = kH √t) Chi/PCL-PMMA-EUD-Dap kH(h
−1/2) = 0.15 k(h−1/2) = 0.082

R2 = 0.42 R2 = 0.38
Chi/PCL- Dap kH(h

−1/2) = 0.14 kH(h
−1/2) = 0.18

R2 = 0.2 R2 = 0.74
Chi/PCL-PMMA-Van kH(h

−1/2) = 0.21 kH(h
−1/2) = 0.17

R2 = 0.5 R2 = 0.44
Chi/PCL-Van kH(h

−1/2) = 0.14 kH(h
−1/2) = 0.19

R2 = 0.32 R2 = 0.28
Korsemeyer−Peppas (Mt = kKPt

n) Chi/PCL-PMMA-EUD-Dap kKP(h
−1/2) = 5.29 kKP(h

−1/2) = 5.98
R2 = 0.93 R2 = 0.92
n = 0.13 n = 0.21

Chi/PCL- Dap kKP(h
−1/2) = 4.31 kKP(h

−1/2) = 4.90
R2 = 0.94 R2 = 0.92
n = 0.13 n = 0.21

Chi/PCL-PMMA-Van kKP(h
−1/2) = 3.86 kKP(h

−1/2) = 5.15
R2 = 0.91 R2 = 0.73
n = 0.54 n = 0.24

Chi/PCL-Van kKP(h
−1/2) = 5.58 kKP(h

−1/2) = 3.45
R2 = 0.99 R2 = 0.79
n = 0.32 n = 1.07

aMt denotes the fraction of drug released up to time t; k0, k1, kHC, kH, and kKP are constants of the mathematical models; n is the release exponent of
the Korsmeyer−Peppas model.
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4. CONCLUSIONS

Multilayer films of chitosan and PCL loaded with vancomycin
and daptomycin, either added in the form of powder
(freestanding) or encapsulated in polymeric microspheres
were produced by dip-coating in 316L-SS. Micro-Raman
analyses clearly showed the presence of Van and Dap on drug-
containing microspheres; however, on multilayered films, the
low drug content hindered their detection.
The incorporation of the drug on films was further

confirmed during the drug release tests. The release
mechanism was proved to be diffusional, and it was
demonstrated to be dependent on the pH of media, the type
of drug used, and respective encapsulation (microspheres or
film).
The daptomycin-loaded films demonstrated antibacterial

activity for both MRSA and sensitive S. aureus strains, which
validates the feasibility of using such films as implant coatings
in the mitigation of implant-related S. aureus infections.
Overall, this work introduced a new facile processing coating

model for protecting metallic implants surface against
infections where different antibiotic drugs can be incorporated
allowing a long-term release. Further studies to increase
control of drug release will be pursued.
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