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Obijectives: The aims of this study were to design a novel titanium surface coated

antibiotic release and its ability to inhibit microbial activity.

Methods: Two drug delivery systems were developed and mixed. Chitosan-based
nanoparticles (NP) and a polyvinyl alcohol film (PVA). The size, {-potential, stability,
adhesive properties, and encapsulation profile of NP, as well as the release kinetics of
drug delivery systems and their antimicrobial ability of PVA and PVANP films, were
studied on Ti surfaces. The systems were loaded with doxycycline, vancomycin, and
doxepin hydrochloride.

Results: Nanoparticles presented a ¢-potential greater than 30 mV for 45 days and
the efficiency drug encapsulation was 26.88% + 1.51% for doxycycline, 16.09%
+ 10.24% for vancomycin and 17.57% + 11.08% for doxepin. In addition, PVA films
were loaded with 125 pg/mL of doxycycline, 125 pg/mL of vancomycin, and 100 pg/
mL of doxepin. PVANP-doxycycline achieved the antibacterial effect at 4 h while
PVA-doxycycline maintained its effect at 24 h.
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Summary Box

What is known

raphy or wetting).

1 | INTRODUCTION

Osseointegration (Oss) refers to the process by which a dental or
orthopedic implant forms a direct functional connection with the sur-
rounding bone tissue, without intervening soft tissue.> Oss involves
the formation of new bone tissue around the implant, which eventu-
ally anchors it firmly in place. The speed and quality of the cellular
response will ensure a correct osseointegration and supply the stabil-
ity and support for the implant device. It will allow complex interven-
tions such as post-extraction implants, immediate loading, or
combination with bone regeneration.>® Therefore, implant design,
surgical technique, surface quality, and bone condition are crucial for
bone wound healing. Despite this, there are some unsuccessful treat-
ments due to a variety of reasons such as infection, inflammation, or
some systemic diseases, that lead to damage to the human cellular
response.*>

Titanium and titanium alloys are widely used in dental implants.
Both are vulnerable to infection, due to biofilm formation on the sur-
face and compromised immune capacity at the implant/tissue inter-
face.®” That is why it is extremely important to maintain bone tissue
in an aseptic environment during and after implantation. This moment
is the riskiest time for infection because the local defense mechanism
is seriously disrupted by surgical injuries.” In fact, the most frequent
cause of early implant failure is infection following bacterial contami-
nation of the surgical site.®

Focusing on avoiding and controlling bacterial adhesion, there are
different approaches to develop a Ti surface that delivers drugs exert-
ing antimicrobial activity.”*® One of the common drug delivery sys-
tems (DDs) to prevent infections is the use of coated titanium
implant. DDs on titanium implants have been loaded with different

antibiotics for antimicrobial purposes, including gentamicin,

systemic administration.

What this study adds

e This study designed two drug delivery systems that were combined to provide targeted

Polymer-based matrices have been used as a vehicle to transport active principles, allowing tar-
geted delivery of the drug. Polyvinyl alcohol and chitosan have been used to design gel systems,
membranes, scaffolds, and nanoparticles, with the intention of avoiding side effects caused by

delivery with the intention of modifying the surface of dental implants, providing a bacterio-
static, osteoinductive, and therapeutic effect.

o Ti surfaces were successfully covered with a drug delivery system based on polyvinyl alcohol
films and chitosan nanoparticles.

o Polyvinyl alcohol and chitosan nanoparticles on Ti are loadable with antibacterial drugs.

e Although vancomycin and doxepin showed antibacterial effect, doxycycline induced the
greatest inhibition of bacterial activity and growth for the longest time.

e Bacterial adhesion was conditioned by drug release and not by surface characteristics (topog-

vancomycin, doxycycline, and other similar drugs.”*°"*® These sys-
tems have shown stability and predictability and are applied locally
reducing the side effects.>*"1 DDs can be prepared using one or
multiple techniques such as films, nanoparticles (NPs), hydrogels, scaf-
folds, and titania nanotubes.f71° The use of synthetic and natural
polymers such as polyvinyl alcohol (PVA) and chitosan (Cs) to create a
three-dimensional matrix able to carry drug has been widely stud-
ied.2*17-1? PVA is a synthetic water-soluble polymer and has gained
significant attention in the pharmaceutical industry due to its biocom-
patibility, low toxicity, and ability to form films.'??° Because of its
adhesive formulations, film containing cross-linked PVA has a lower
erosion rate, resulting in controlled drug release.?? In addition, PVA
has been used for oral, ocular, and gastrointestinal drug delivery.??
Another option is the use of natural polymer as chitosan. Due to
its versatility, chitosan has attracted great interest and it has also been
used to develop NPs.232% Cs results from the deacetylation of chitin
and  exhibits

properties.2>~28 Although Cs is insoluble in water, it can be dissolved

interesting  physicochemical and  biological
in acidic environments. It shows biocompatibility and biodegradability
with low toxicity, making it suitable for various biomedical applica-
tions.2?2° In addition, chitosan possesses a bioadhesive surface and
bacteriostatic properties.?>31

PVA have been used for dermal or mucosal patches because of
their ease of manufacture and their effectiveness in carrying drugs
and covered NPs.2%213233 pyA has been study to formulate films that
provide a solubilizing environment to incorporate hydrophilic drugs
such as chlorhexidine and doxycycline.” The use of drug-loaded NPs
has also been introduced in the design of implant surfaces.?®*” This
reduces the solubility and dispersion of the drug and makes it more
available in the medium where it is released.’> NP immobilization is

achieved by depositing them on nanotubes using cathodic
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electrodeposition or by spray coating and drop casting.21”3* Both
polymers, PVA and Cs have been used simultaneously to create a film
to facilitate the targeted release of curcumin-based NPs, as well as
have been loaded with benzalkonium bromide.?®3® Nevertheless, to
our knowledge, these NPs have not been included in PVA films for
titanium surface coating. It is necessary to continue developing
methods to coat surfaces for bone implants with this type of films and
to understand its biological effect. The development of coatings with
PVA and drug-loaded NPs may contribute to reducing the risk of sur-
gical site infections as well as accelerating bone response.

The present article focuses on developing a polyvinyl alcohol
hydrogel matrix that can effectively transport NPs and be loaded with
various drugs. This innovative DDs could improve the bioactivity and
biocompatibility of therapeutic agents, as well as prolong their time of
action. Furthermore, the carrying systems can liberate antimicrobial
drugs and prevent the early bacteria colonization and immediate sur-
gical site infection. The aim of this study was to design and develop a
new titanium surface coated with a PVA hydrogel matrix and
chitosan-based NPs to evaluate drug release and its antimicrobial

potential.

2 | MATERIALS AND METHODS

21 | Study design

DDs were incorporated into Ti surfaces using chitosan NPs and a
polyvinyl alcohol film to transport doxycycline, vancomycin, and
doxepin hydrochloride. The impact of DDs on bacterial activity was
analyzed. The study analyzed the size, {-potential, and encapsula-
tion profile of NPs and evaluated the release kinetics of DDs.
Microbial viability and activity were assessed using colony forming
units (CFU) count, the adenosine triphosphate (ATP) assay, and
flow cytometry test by using the live/dead technique. The antibio-
film efficacy of the systems in preventing the formation of biofilm
over time was evaluated using confocal laser scanning microscopy

(CLSM). The development and study groups are shown in Figure 1.

2.2 | Surface preparation

Cylinders of commercially pure ASTM grade Il Ti (Manfredi,
S. Secondo di Pinerolo, Italy) were used. The samples were cut into
small disks measuring 15 mm in diameter and 2 mm in thickness. Sub-
sequently, the disks were cleaned by immersing them in 99.5% ace-
tone and subjected to ultrasound using deionized water at 36°C for
10 min. The samples were then polished using a metallographic pol-
ishing protocol that involved using silicon carbide papers ranging from
no 500, 800, 1200, 2500, and 4000 grit.>> To control the polishing
process, all specimens were observed under optical stereomicroscope
(Olympus SZ-PT, Tokyo, Japan) at 100x after each step. The cleaning
protocol was repeated between each silicon carbide paper to remove

titanium shavings deposited on the surface of the disks.

Finally, samples were treated with radio frequency plasma of
argon (Emitech, KX1050 Plasma Asher) to a power of 25 W at 200°C
for 15 min to remove organic impurities. Immediately after plasma
treatment, the oxidation state of the samples was stabilized in water
for 24 h. The samples were allowed to dry for 24 h at 37°C.3¢

23 |
systems

Design and development of drug delivery

Three different approaches were used for targeted drug delivery:
directly on the polished Ti surface, via a polyvinyl alcohol biofilm, and
through a polyvinyl alcohol biofilm loaded with chitosan NPs.

2.3.1 | Druganalytical method

Three different drugs were used: doxycycline (Panreac AppliChem,
Barcelona, Spain), vancomycin (Pfizer, Madrid, Spain), and doxepin
hydrochloride (Fagron, Barcelona, Spain). First, it was necessary to
study the calibration curve of drugs. Different concentrations were
analyzed following Beer-Lambert's law to figure out drug concentra-
tions. Doxycycline (250 pg/mL), vancomycin (250 pg/mL), and doxe-
pin hydrochloride (100 pg/mL) concentrations were selected and
measured by UV-spectrophotometry at 270 nm, 280 nm, and 292 nm
(N max), respectively. The method was previously validated and verified
for accuracy, precision, and linearity. A Perkin-Elmer UV-Vis Lambda

40 UV-spectrophotometer was used to take all measurements.

2.3.2 | Surface drug loading

Synthesis of chitosan nanoparticles

For this study, the chitosan NPs were synthetized using the ionic gela-
tion technique.®”~%? The procedure involved dispersing 0.069% w/v
of low molecular weight chitosan (Sigma Aldrich, Madrid, Spain) in
deionized water, followed by the addition of 1% v/v acetic acid to the
Cs solution (C4H11NOy),. The resulting solution was stirred at room
temperature for 15 min. A solution of sodium tripolyphosphate (TPP)
with a concentration of 0.2% w/v (Alfa Aesar, Kandel, Germany) was
prepared by dissolving it in deionized water. The pH of the TPP solu-
tion was then adjusted to 5 by adding 0.1 M HCI (37%) (VWR Interna-
tional, Fontenay-sous-Bois, France).

To synthesize NP, the chitosan solution was combined with the
TPP solution by slowly adding 645 uL of the TPP solution and stirring
the mixture for 4 h at room temperature until the final volume of
9 mL was achieved. The Cs:TPP ratio used in the synthesis was
9:1.2338 The size, polydispersity index (PDI), and Z-potential of the
NPs were analyzed using the dynamic light scattering method. Mea-
surements were made at 25.0 + 0.5°C using a Malvern Zetasizer Nano
ZS® (Malvern Instruments Ltd., Malvern, UK) and were performed in
triplicate. The hydrodynamic diameter was expressed in nanometers

and the C-potential was reported in millivolts (mV).

85U80] 7 SUOWLLIOD 3AIea.D 8|qedl|dde ays Aq peusenob a1e sspoie YO ‘@SN JO S9N 1o A%iqi8UIIUO /8|1 UO (SUORIPUOD-pUe-SWRI W0 A3 1M ARe1q 1 BU1|UO//:SANY) SUORIPUOD PUe Swie 18Ul 88S *[1202/TT/52] uo Arigiauluo A8|1IM epeuelo ad pepseAIUN Aq SOEET PIO/TTTT OT/I0P/L00 A8 1w AreJqiuluo//Sdny WOy papeoiumod ‘Z ‘7202 ‘802880LT



“ | WILEY

CARRAZCO AVILA T AL.

.

Stirred constantly

Solvent evaporatlon
proIess

Mixed systems
(PVANP)

=
s

FIGURE 1 lllustrative
representation of the
develomptent and study groups
of drug delivery systems.

Tonic gelation technique

Centrlfugatlon process

Drug encapsulation efficacy DEE%

In the same way, the drug encapsulation efficiency (DEE%) was evalu-
ated. NP dispersions were subjected to centrifugation at 14 000 rpm
for 20 min to obtain a solid precipitate to determine drug encapsula-
tion efficacy. The NP was redispersed in 4.5 mL of deionized water to
achieve a higher volume concentration. The supernatants were ana-
lyzed using UV spectrophotometry following the same process men-
tioned earlier, and the DEE% was calculated using the given formula:

DEE% = (weight of drug in nanoparticles)/
(weight of initially used drug) x 100.

Adbhesive properties
On the other hand, it is important to know the adhesive properties of
NP. A mucin solution (0.5 mg mL~2) was added to PBS at pH 6, and then

|
the NPs were combined with the mucin solution at a 1:1 (v/v) ratio and
incubated at 37°C with constant stirring. After 1, 2, 3, and 4 h, 1 mL of
the NP and mucin mixture was extracted, and the supernatant was evalu-
ated using the spectrophotometric method at 255 nm.*® The following
formula was used to compute the adhesion of mucin to the NPs:

Mucin binding efficiency (%) = Initial mucin
(amount) - free mucin (amount) /Initial mucin (amount) x 100.

The adhesive effects of drug-loaded and free-drug chitosan were
calculated by measuring the zeta potential. (Malvern Zetasizer Nano
Z5®, Malvern, UK).

Polyvinyl alcohol biofilm and mixed system
It was used as a purified PVA powder (molecular formula: (C,H,0),;
M = 72 000 g/mol). The biofilms were elaborated using the solvent
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evaporation process, as described by previous studies.**?? In the first
step, Polyvinyl alcohol (Panreac, Barcelona, Spain) with a concentra-
tion of 3% w/v was prepared. The PVA powder was dispersed in deio-
nized water and stirred constantly at room temperature until it was
completely dissolved. The solutions were left undisturbed for 48 h to
remove any trapped air bubbles. Subsequently, 4.5 mL of the PVA
solution was poured into a Petri dish and allowed to dry at 37°C for
24 h. The PVA biofilms obtained showed a uniform and smooth sur-
face with no visible air bubbles. The solubility of the PVA was countified
and total films was dissolved after 60 min of immersion.** To incorporate
drugs into the biofilms, PVA powder was poured into solutions with the
drug concentrations mentioned above. Finally, a mixed system was also
designed in which the polyvinyl alcohol biofilm functioned as a matrix to
transport the NPs. To achieve this, unloaded biofilms were prepared as
described earlier. The NPs were centrifuged at 14 000 rpm for 20 min,
followed by removal of the supernatant. The resulting precipitate was
then redispersed in 4.5 mL of PVA solution. The samples were allowed
to dry for 48 h. The solubility of the PVANP was countified and total
films was dissolved after 90 min of immersion.**

2.4 | Surface characterization

241 | Topography and wetting

The topographies were obtained using a white light confocal micro-
scope (PLu Sensofar-Tech, Barcelona, Spain). Three disks per group
were examined and three topographies were acquired using an EPI
x50 objective, with a scan size area of 285 x 209 um?. The topo-
graphic parameters were obtained using microscope software and
included average roughness (R,), peak roughness (R, maximum relative
height), valley roughness (R, maximum relative depth), absolute height
(Rmax/t = Rp + R)), root mean square (R), skewness (Rq), and kurtosis
(Rew).>®> Topographic analyses were used to control the polishing

procedure.

242 | Wettability test

Wettability was measured through the contact angle of spreading
water sessile drops. MilliQ water drops (1 uL of volume) were dis-
pensed using a micropipette (Eppendorf, Hamburg, Germany) at 25°C.
Three specimens were analyzed per group and three drops were
deposited on each surface. Once the drop was dispensed on the sub-
strate, top-view images of drop were acquired and analyzed by Axi-
symmetric Drop Shape Analysis. Contact angles were directly
computed by ad-hoc designed software.*?

243 | Scanning electron microscopy (SEM)

The DDs were analyzed for size, shape, and surface properties using

SEM (Hitachi S-5-10, Tokyo, Japan). Before examination, the samples

were mounted on an aluminum stub using a double-sided adhesive
tape and making it electrically conductive by coating it with a thin

layer of gold (approximately 20 nm) in vacuum.**

2.5 | Invitro drug release assay

The release profile of the polyvinyl alcohol and polyvinyl alcohol with
NPs films were immersed carefully in 50 mL of artificial saliva in bea-
kers and placed in a hot bath. The solutions were shaken at 300 rpm
for 6 h at 37 + 0.5°C. With the same procedure as above, at the previ-
ously established times, 1 mL was removed to determine drug release,
and the solution was refreshed with 1 mL of artificial saliva at each
pipetting.

2.6 | Antimicrobial activity

2.6.1 | Microbial sample collection

The study protocol was approved by the Ethics Committee of the
Institution where the research was conducted no. 2708/CEIH/2022.
All participants supplied informed consent prior to the study. Clinical
microbial samples of supragingival dental plaque were taken from
15 patients who attended the University clinic for dental scaling.
Microbial samples were included in tubes with Tryptic enriched Soy
Broth solution (TSB) and stored at —20°C for further analysis.

2.6.2 | Multi-species biofilm formation on titanium
disks and antimicrobial analysis

Bacterial suspensions were prepared in TSB and adjusted to a concen-
tration of 108 CFU/mL. Natural multispecies biofilms were cultured on
the surface of the disks. For this purpose, sterile titanium disks with dif-
ferent surface treatments were transferred to the wells a 12-well plate
(JET Biofil, Guangzhou, China) inoculated with 1 mL of the bacterial
suspension. The biofilms were allowed to grow for 4 and 24 h at 37°C
under anaerobic conditions. At 4 and 24 h, the disks were washed with
2 mL of saline solution to remove loosely adhered bacteria to the bio-
film. The disks were thereafter transferred into tubes containing 1 mL
of TSB, vortexed for 10 s, and sonicated for 10 min in an ultrasonic
bath to recover the bacteria in the culture media. A total of 15 samples
per group and incubation time were evaluated. The assessment of anti-
microbial activity was conducted by two different methods:

Colony-forming units (CFUs): The recovered biofilm was serially
diluted (10~* - 107°) and 10 pL aliquots of each dilution were seeded
in blood agar medium. Plates were incubated under anaerobic condi-
tions for 72 h at 37°C. After this period, colonies were counted, and
the number of CFU/mL was calculated. The results were expressed as
the Logyo(CFUs).

ATP assay: 100 uL of the recovered bacterial suspension was

added to 100 uL of BacTiter-Glow reagent (Promega, Madison, WI) in
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a black 96-well plate and incubated for 5 min. The luminescence pro-
duced was measured with a luminometer (GloMax; Promega, Madi-
son, WI). The mean of the signals from the bacterial culture minus the
mean of the enriched TSB alone (blank) was calculated and expressed
as relative light units (RLUs).*®

Three additional samples per group were contaminated as
explained above and prepared for CLSM observation. For this pur-
pose, after incubation, the samples were rinsed with saline solution
and were stained the LIVE/DEAD Baclight Bacterial Viability kit
(Invitrogen, Eugene, OR).** This kit contains Syto 9 which binds to
bacteria with intact membranes and propidium iodide (P1) which labels
membrane damaged bacteria. The disks were stained with the dyes
for 15 min and were thereafter observed under a CLSM (Leica TCS-
SP5 Il, Leica Microsystems, Mannheim, Germany). The excitation/
emission wavelengths were 494/518 nm for Syto-9 and 536/617 nm
for PI. A total of 10 microscopic confocal volumes (stacks) from ran-
dom areas were obtained from each group using a 40X oil lens with a
1-mm step size and a resolution of 512 x 512 pixels. Each picture
represented an area of 837 x 837 um.

For quantification purposes, bioimage_L software (http://www.

d.*® The variable evaluated in

bioimageL.com/get_bioimage_L) was use
each group was the biovolume of membrane-intact cells.

After incubation period, three samples per group were treated
with 2.5% glutaraldehyde in PBS (pH 7.2) for 20 min to fix the bacte-
ria, followed by dehydration in graded alcohols, critical point dried and
carbon coated. Finally, the surface was examined under scanning elec-

tron microscope (Leo 1430-VP, Carl Zeiss, Oberkochen, Germany).

2.7 | Statistical analysis

Size, {-potential, and PDI were analyzed using Fisher's test, followed by
the t-student test. Contact angle and roughness parameters were ana-
lyzed by analysis of variance and a student-Newman Keuls multiple
comparison test. All data were expressed as the mean * standard devia-
tion and the results were observed as a significant difference when
p < 0.05. For the antimicrobial assays, the Shapiro-Wilk test was used
to check the normality of the transformed variables. After confirming
that did not follow a normal distribution, multiple comparisons were
performed by means of the Kruskal-Wallis test, and pair-by-pair com-
parisons between groups and between times of incubation (4 vs. 24 h),
by Mann-Whitney test. The level of significance was set at p < 0.05.
Statistical analyses were performed using SPSS 20.0 software.

3 | RESULTS

3.1 | Physicochemical characterization of the
nanoparticles

Based on the results presented in Table 1, a decrease in hydrodynamic
diameter of 20.27 nm was observed for NP-doxepin and 5.09 nm for

NP-vancomycin. Statistically, the size reduction did not present a

significant difference (p > 0.05). An increase of 226.93% was detected
for NP-doxycycline. In addition, another essential parameter used to
define particle size uniformity is PDI. Similarly, as hydrodynamic diam-
eter, PDI of NP-doxepin and NP-vancomycin did not show a statisti-
cally significant difference, but NP-doxycycline anew showed the
highest parameter. NP-doxycycline showed a statistically significant
difference in both cases (p < 0.05).

The C-potential shown in Table 1 was similar for all the groups
except for NP-vancomycin which obtained highest value (p < 0.05).
Contrary to the size and PDI parameters, where NP-doxycycline pre-
sented the highest values, NP-vancomycin showed an increase of
3.78 mV in their surface charge, showing a statistically significant dif-
ference (p < 0.05). On the other hand, the {-potential as a function of
time was stable. Measurements were taken every 15 days for 45 days
and NPs were stable over time.

The drug encapsulation efficiency values obtained were 26.88%
+1.51% for doxycycline, 16.09% + 10.24% for vancomycin, and
17.57% + 11.08% for doxepin hydrochloride. In accordance with
adhesive results shown in Table 2, unloaded NPs showed the highest
adhesive properties. The adhesive characteristics displayed a decrease
for both NP-doxepin and NP-vancomycin after 4 h. Nevertheless, NP-
doxycycline exhibited higher adhesive properties afterwards 4 h.
Finally, all NPs exposed to mucin reduced their Z-potential. Unloaded
and loaded NPs showed a negative surface charge. (—15 + 0.77 mV,
—15.75+£0.79, —18 + 0.70, and —15.56 = 1.05 mV for unloaded NP,

NP-doxepin, NP-vancomycin, and NP-doxycycline, respectively).

3.2 | Topography

Roughness and contact angle values are shown in Table 3. R, was sim-
ilar for the three surfaces. Polyvinyl alcohol and polyvinyl alcohol
loaded with chitosan NPs film obtained similar R, values but higher
than Ti. Ry was almost O for Ti but significantly negative for PVA and
PVANP. R, was close to 3 for Ti and very platikurtoic for PVA and
PVANP film. R, was similar for all three surfaces. However, R, and
Rmax were similar for PVA and PVANP film but higher than values
obtained on Ti surface. Ti, PVA, and PVANP film exhibited similar wet-
tability. Figure 2 shows the 3D topographic profile of the surfaces
studied.

33 | SEM

Figure 3A shows an isolated NP with a well-defined spherical appear-
ance without the presence of agglomeration of particles. Figure 3B
shows the uniformity of polyvinyl alcohol film. Figure 3C shows a
polyvinyl alcohol loaded with chitosan NPs film. NPs alone are spheri-
cal in shape, while NPs incorporated into the PVA matrix have a less
defined appearance. This could be because they are included in the
structure of polyvinyl alcohol biofilm, which could give uniformity
when they adhere to the NP. The biofilm rupture is possible due to
the treatment received prior to the SEM technique.
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TABLE 1 Hydrodynamic diameter, -

R Nanoparticle
potential and PDI of NPs system.

NP
NP-doxepin
NP-vancomycin

NP-doxycycline

Hydrodynamic diameter (nm) Z-potential (mV) PDI

354.57 (86.29)* 48.12 (7.23)* 0.556 (0.17)*
334.30 (98.15) 46.05 (9.25) 0.498 (0.13)
349.48 (90.29) 51.90 (2.75)* 0.557 (0.13)
804.64 (121.83)* 47.10 (3.69) 0.646 (0.21)*

Note: Equality of variances was analyzed with Fisher's test. Comparison between unloaded and loaded
NP was determined by student's t-test. All measurements are expressed with their standard

deviations. n = 3.

Abbreviations: NP, nanoparticle; PDI, polydispersity index.
*Statistically significant difference (p < 0.05).

TABLE 2 Percentage of

. . . . Time NP NP-doxepin NP-vancomycin NP-doxycycline
mucoadhesion of microparticles with and
without drug with each of the drugs 60 36.19 (1.47) 33.91(0.28) 34.64 (9.87) 32.45 (1.40)
studied. 120 36.99 (3.87) 32.23(1.37) 33.44 (9.71) 32.42 (1.09)
180 34.38 (2.91) 29.63(1.16) 29.26 (11.27) 31.79 (0.30)
240 35.69 (2.05) 27.98 (6.38) 32.08 (3.63) 33.51 (0.05)

Note: Time is expressed in minutes. All measurements are expressed in millivolts (mV) with their standard

deviations. n = 3.

Abbreviation: NP, nanoparticle.

TABLE 3 Roughness parameters and contact angle [mean(SD)].

Surfaces Ry (um) Ry (um) Ra um) Rg (um)
Ti 1.11 -1.06 0.20 0.25
(0.28) (0.59)* (0.05) (0.05)*
PVA 1.31 -9.51 0.20 043
(0.69) (4.22) (0.05) (0.13)
PVANP 1.52 -9.20 0.22 0.39
(0.58) (2.81) (0.02) (0.13)

R Rk () Riu (1) Contact angle (degress)
217 -0.19 3.08 54
(0.50)* (0.08)* (0.94) (4)
10.81 —15.51 (8.03) 304.23 54
(3.77) (239.51) (2)
11.79 —13.58 313.58 52
(2.44) (4.96) (170.5) (2)

Note: Maximum relative height (R,), maximum relative depth (R,), arithmetic mean roughness (R,), root mean square roughness (Ry), absolute height

between the deepest valley and the highest peak (Rmay), the skewness (Ry),

and kurtosis (Ry.). n = 6.

Abbreviations: Ti, titanium; PVA, polyvinyl alcohol film; PVANP, polyvinyl alcohol loaded with chitosan nanoparticles film; SD, standard deviation.

*Statistical difference (p < 0.05).

3.4 | Drugdelivery assay

Neither adsorption nor drug release occurred on the polished titanium
surface. Release profile of DDs displayed two phases (Figure 4). Dur-
ing the first 60 min, more than 60% of drug release was detected in
the PVA systems, which was considered the quick-release phase.
Afterward, system showed a sustained and slow release over the time,
and at this point, the second release phase was considered. PVA-
doxycycline presented the slowest release profile, reaching its maxi-
mum peak at 300 min, followed by PVA-vancomycin whose peak was
at 120 min. However, although the PVA-doxepin system reached
more than 95% release at 60 min it was possible to detect the remain-
ing drug at 300 min, thus reaching its maximum peak at this point.

In contrast, the combined systems exhibited a prolonged drug release.
The initial rapid-release phase was observed within the first 90 min, followed
by a slow-release phase for PVANP-vancomycin, PVANP-doxycycline, and
PVA-doxepin which reached their peak at 360, 300, and 360 min, respec-
tively. Finally, although the PVANP-doxepin system reached its peak at

360 min, this was the lowest release percentage, around 70%. After reaching
the maximum dose release, the drugs were not detected in the media.

3.5 | Antimicrobial activity

The results of the Log,o (CFUs) are shown in Table 4. The Ti and the
unloaded PVA and PVANP groups showed the highest bacterial values
at 4 and 24 h with no differences between them (p > 0.05). After 4 h,
the PVA and PVANP groups loaded with vancomycin and doxycycline
exhibited lower viable bacteria on their surface, being the PVANP-
doxycycline the one that showed the lowest CFU counts (p < 0.05).
The groups PVA-doxepin and PVANP-doxepin gave intermediate
results that were not different to the unloaded groups. Overall, the
antimicrobial activity was reduced after 24 h, all groups showed a sig-
nificant increase in CFUs respect to after 4 h with similar values,
except for the PVA-doxycycline group, which sustained its antibiotic

effect and exhibited a significantly lower CFU counts.
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FIGURE 2 Topographic images of the analyzed titanium surfaces. (A) Ti; titanium surface (B) PVA; Titanium surface + polyvinyl alcohol

(C) PVANP; Titanium surface + polyvinyl alcohol + nanoparticles.

(B)
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FIGURE 3 lllustrative SEM images of drug delivery systems. (A) Chitosan bases nanoparticle (B) PVA; Titanium + polyvinyl alcohol surface

(C) PVANP; Titanium + Polyvinyl alcohol + nanoparticles surface.

A similar behavior was observed in the ATP assay after 4 h
(Table 5). The Ti group showed the lowest antimicrobial activity fol-
lowed by the unloaded groups (PVA and PVANP). These later two
groups showed comparable results to the doxepin-loaded surfaces,
with no significant differences between them. The highest antimicro-
bial effect was observed in the PVANP-doxycycline group, followed
by the PVA-vancomycin, PVANP-vancomycin, and PVA-doxycycline
groups (p < 0.05). After 24 h, the PVA-doxycycline was the only group
that maintained its antimicrobial effect. The other groups gave higher
RLUs values, indicating the loss of their antimicrobial effect.

Table 6 shows the Live cell biovolume results. In the CLSM analy-
sis, the Ti surface showed the highest biovolume of intact membrane
cells followed by the PVANP and PVA (p < 0.05) after 4 h. The biovo-
lumes were significantly reduced in the loaded groups that showed a
similar activity with no differences between them. After 24 h, the Ti
and the unloaded PVA gave significantly higher numbers of
membrane-intact bacteria. PVANP-vancomycin, exerted the highest
antimicrobial activity, followed by the rest of the loaded surfaces

(p > 0.05). Figure 5. Biofilm characterization is shown in Figure 6.

4 | DISCUSSION

This study resulted in the successful development of a novel surface

by utilizing PVA as a matrix for drug and drug-loaded NP vehiculation.

The systems developed exhibited a uniform and homogeneous matrix,
with well-distributed size and appropriate surface charge for NPs. The
surface coated with polyvinyl alcohol and polyvinyl alcohol loaded
with chitosan NPs films demonstrated significantly less surface irregu-
larity than the surface of the machined titanium. These findings sug-
gest that this new surface could be a promising alternative for
preventing bacterial adhesion and biofilm formation during the initial
hours.

The size and distribution of NPs are considered important factors
that may condition the stability, drug loading, and drug release.*® Both
parameters can be altered by changes in the ratio between chitosan
and TPP, as well as the degree of acetylation and molecular weight of
chitosan.?* These changes can modify the size, and Z-potential and
altering the internal structure and morphology of NP.132% Affecting
its load capacity and the ability to penetrate or not target tissues.*®
Consequently, the biological fate, targeting efficacy, toxicity, and
in vivo distribution of delivery systems are affected.*® Optimizing NP
size can lead to higher drug release at the desired site, which can
result in enhanced therapeutic efficacy.** That is why it is crucial to
optimize these parameters to achieve optimal performance of NP-
based delivery systems.

It has been demonstrated that modifying the pH, Cs:TTP ratio,
and acetic acid ratio during the synthesis of chitosan NPs affects the
characteristics of the system.23?4*” De Pinho and colleagues (2014)

revealed that an increase in the concentration of Cs:TTP resulted in a
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(A) The size of NP also plays a key role in DEE% and inconsequence
P % drug release is affected by particle size. Since large particles have the
\\\\‘b}‘&/ = \\I/I capacity to encapsulate more drug because they have large cores
- L compared to smaller one.*® A high percentage of drug encapsulation
““é efficiency is essential to optimize the release profile. Based on Azizian
% and colleagues (2018) developed a Cs NP system with basic fibroblast
E’ growth factor and bovine serum albumin (BSA), in which 20% + 1.2%
of BSA was successfully encapsulated. The system showed a release
rate of 80% within the first 4 h, indicating efficient release kinetics.*?
In the same way, Cover and colleagues (2012) studied two particle
0 20 40 60 80 100120 14%::;?2::152{20 240 260 280 300 320 340 360 formulation to encapsulate doxycycline into chitosan NP (DCNP),
achieving an encapsulation of 53% * 19% and 56% + 10% for DCNP4
—EVA-Doxymyeline: ~-PVa-vameomyen.  —+PVi-doxepin and DCNP$, respectively. DCNP4 showed a burst effect within the
(BI)OO first 5h (<60%) while DCNP6, within the first 4 h (>60%)."® Pawar
9 and colleagues (2018) reported an encapsulation efficiency of vanco-
80 mycin between 46.4% +2.1% and 65.3% + 1.9% for particle size
& 70 between 276 and 389 nm.*” This suggests that encapsulation effi-
g 60 ciency varies as a function of solution pH, as well as Cs:TPP concen-
if ig tration and polymer/drug ratio.*”
30 On the other hand, Castan and colleagues (2015) investigated the
20/ release profile of doxepin hydrochloride from three different biofilms
10/ ) over a 6-h period (chitosan, hydroxypropyl methyl cellulose, and car-
0 A

Time release test

——PVANP-doxycycline —PVANP-vancomycin ——PVANP-doxepin

FIGURE 4 Invitro drug release profile of drug delivery systems.
Release rate is expressed in percentage (%). Time is expressed in
minutes. (A) Drug release profile of PVA films. (B) Drug release profile
of PVANP films.

larger NP size (508.1 nm) with a higher surface charge (57.3 mV).2
Quan Gan and colleagues (2005) showed that particle size and -
potential increased when the Cs:TPP ratio was higher. However, it
was reported that a higher chitosan concentration caused an increase
in NP size but a decrease in their Z-potential.>* Pawar and colleagues
(2018) reported larger sizes and surface charges as the Cs:TPP con-
centration increased. The Cs:TPP concentration at 0.1%:0.5% pre-
sented a particle diameter of 276.4 + 16.48 nm and {-potential of
37.13 £ 3.18 mv while a concentration at 0.2% and 0.5% obtained a
size of 389 + 13.15 and a {-potential of 63.42 + 3.21 mV.*’ These
results highlight the importance of the NP size and C-potential in their
biological behavior, as well as the significant impact of the Cs:TTP
ratio on the properties of NP. In addition, it has been reported that
NP with a {-potential above 30 mV tend to have improved stability
and reduced aggregation tendency.?3#*8 The stability test conducted
in this study also demonstrated that the NP systems maintained a -
potential above 30 mV for a period of 45 days, indicating their stabil-
ity in all cases. Furthermore, although NP-doxycycline showed the
higher diameter the size of the NPs was deemed appropriate in all
cases as the aim was not to achieve systemic effects or NP perme-
ation into the tissue. Instead, the main objective was to achieve a

localized effect and a controlled release at the administration site.

boxymethyl cellulose). The results showed that the release behavior
of hydroxypropyl methyl cellulose and chitosan biofilms was similar,
with both exhibiting an initial rapid release followed by a sustained
release over 6 h. In the first hour, chitosan achieved a release profile
around 43%, HPMC achieved 38%, and SCMC achieved 19%.** Yang
and colleagues (2018) designed a PVA/Cs liquid film-forming system
(LFFS) to deliver benzalkonium bromide (BZL). BZL release showed
different values as PVA concentration increased. LFFS (0% PVA and
1% Cs) reached 90% release at 36 h, whereas LFFS (10%PVA and 1%
Cs) took 60 h to reach 90% release.®® The release behavior can be
explained by the biodegradability of the material. When polyvinyl
alcohol matrix reaches contact with the medium, the erosion and bio-
degradation of the biofilm begins, which corresponds to the system's
rapid release phase.’” This is followed by the sustained release phase,
in which the system needs to degrade completely to release the
remaining drug. This behavior is delayed when the NPs are in the PVA
matrix, as the biofilm serves as a protective barrier. Once the NPs are
released from the matrix, drug release begins. In addition, drug solubil-
ity and diffusion in or across the polymer become a determining factor
in drug release.*®

Having a thorough understanding of a material's adhesive proper-
ties can be a valuable strategy to predict and plan the polymer's
attachment to the desired site. Vieira and colleagues (2018) compared
solid lipid nanoparticles (SLNs) with chitosan-coated SLNs (C-SLNs) in
terms of their mucin adhesion properties. The results revealed that
C-SLNs exhibited higher mucin adhesion than SLNs.*® An ionic inter-
action occurs when the positively charged amino group of chitosan
comes into contact with the negatively charged carboxyl and sulfate
groups of Mucin.*2#° This interaction results in a change in size, -
potential, and PDL. The adhesive properties of NP were validated by
observing changes in particle size and zeta potential following the
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Log1o CFUs
4h 24h
Surfaces Median (IR) Media (IR)
Ti 6.38 (1.35) 7.32(0.52)°
PVA Unloaded 5.58 (0.68)? 7.57 (0.48)%
Doxepin 5.34 (1.17)*° 7.70 (0.55)°
Vancomycin 4.59 (1.15)° 6.84 (0.66)°
Doxycycline 4.63 (2.17)° 3.71(0.73)°
PVANP Unloaded 5.53 (1.44)*° 7.30 (0.70)°
Doxepin 5.40 (2.20)*° 7.45(0.73)
Vancomycin 4.70 (1.40)° 6.92(0.16)*
Doxycycline 3.90 (1.23)¢ 6.92 (0.66)*
Comparison of p-value* <0.001 <0.001

TABLE 4 Results of the Logyg of the
colony-forming units were obtained with
each of the study groups after 4

and 24 h.
Comparison p-value**

0.004
<0.001
<0.001
<0.001

0.063
<0.001
<0.001
<0.001
<0.001

Abbreviations: CFU, colony-forming units; IR, interquartile rank; PVA, polyvinyl alcohol; PVANP, polyvinyl
alcohol loaded with chitosan nanoparticle.
*Multiple comparisons by Kruskal-Wallis test. Within each column, the same superscript lowercase letter
shows not statistical differences by Mann-Whitney test.

**Comparisons 4 versus 24 h by Mann-Whitney test.

Relative light units

4h 24 h

Surfaces Median (IR) Median (IR)

Ti 12.799 (32.760,75) 34.724.5 (58.926,38)°

PVA Unloaded 6.176 (5.609,25)*° 90.903 (80.839,63)*
Doxepin 3344 (7376)°° 80999 (155193)?
Vancomycin 2218 (2644)° 161189 (306817)
Doxycycline 4811 (6238)° 1611 (2615)°

PVANP  Unloaded 5615 (11551)° 40880 (57704
Doxepin 56035 (23833)P¢ 103059 (88132)°
Vancomycin 2281 (4460) 99911 (142675)°
Doxycycline 1624 (1727)° 68366 (81431)°

Comparison of p-value* 0.002 <0.001

TABLE 5 Results of the relative light
units obtained with the ATP test with
each of the study groups after 4

and 24 h.
Comparison p-value**

0.043
<0.001
<0.001
<0.001

0.105
<0.001
<0.001
<0.001
<0.001
<0.001

Abbreviations: IR, interquartile rank; PVA, polyvinyl alcohol; PVANP, polyvinyl alcohol loaded with

chitosan nanoparticle.

*Multiple comparisons by Kruskal-Wallis test. Within each column, the same superscript lowercase letter

shows not statistical differences by Mann-Whitney test.
**Comparisons 4 versus 24 h by Mann-Whitney test.

interaction described above. These changes provided evidence of the
adhesive nature of the particles.

Topography and wettability were measured to control if they were
determining factors in bacterial activity. Topography and surface wet-
ting condition the biofilm formation. Bioactive surfaces have reduced
antibacterial effect.? The main concern about antifouling surfaces is the
possible negative impact for initial protein adsorption and, importantly,
for host cell adhesion processes.? Thus, smoothening the surface can
reduce biofilm formation, and a Ra roughness values close to 0.2 um

was reported to be the threshold for maximum reduction of bacterial

adhesion on abutment surfaces.>° In this work, R, was close to this crit-
ical value. Although there are some parameters with differences
between groups, topography effect was minimized. Regards wetting,
the effect was not significant to the biofilm formation, because bacte-
rial activity was similar on the Ti and PVA film surfaces without drug
loading. The drug did not influence the contact angle values. Then, the
surface effect on the bacteria activity is only focused on the drug and
NP effect and not on the topography or wetting characteristics.

For the antimicrobial activity, a multiple-species biofilm was used

from dental plaque because it is closer to the in vivo situation than a
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TABLE 6 Live cell biovolume results
of the study groups after 4 and 24 h.

Surfaces

Ti

PVA Unloaded
Doxepin
Vancomycin
Doxycycline

PVANP Unloaded
Doxepin
Vancomycin
Doxycycline

Comparison of p-value*

Biovolume pm 3

4h 24 h

Median (IR) Median (IR) Comparison of p-value**
10128 (15 979)° 67381 (60 214)° <0.001
1662 (1349)° 65774 (17 649)? <0.001
830 (515)° 29233 (33 742)° <0.001
1157 (940)° 7491 (14895)° <0.001
471 (439)° 857 (1288)° 0.482
5881 (1626)>< 11951 (24 103)¢ 0.031
573 (2254)° 11995 (7089) <0.001
1091 (1225)° 73 (23)¢ <0.001
7218720 (1525)° 3177 (14192)° 0.002
<0.001 <0.001

Abbreviations: IR, interquartile rank; PVA, polyvinyl alcohol; PVANP, polyvinyl alcohol loaded with
chitosan nanoparticle.
*Multiple comparisons by Kruskal-Wallis test. Within each column, the same superscript lowercase letter
shows not statistical differences by Mann-Whitney test.

**Comparisons 4 versus 24 h by Mann-Whitney test.

FIGURE 5

Representative confocal laser scanning microscopy images of natural multispecies biofilms grown on the surface of the different
study groups: (A) Ti, (B) PVA, (C) PVADH, (D) PVAVx, (E) PVADox (F) PVANP G() PVANP DH, (H) PVANP Vx, (I) PVANP Dox. (1) Samples exposed
4 h. (2) Samples exposed 24 h. Green-colored bacteria are cells with intact membranes and red-colored bacteria are cells with damaged
membranes following live/dead staining (BacLight; Invitrogen, Eugene, OR, USA).

single-species biofilm.1?>1%2 Different methods were employed to
test antimicrobial activity of the DDs as there is no gold standard
technique.*® CFU recovers viable microorganisms but it does not
detect viable but non-culturable bacteria (VBNC), resulting in miscal-

culation in oral biofilms-around 50% of the oral population is in this

VBNC state.*® On the contrary, the ATP assay quantifies the microbial
ATP production of the whole community including viable and VBNC
bacteria.*>>1°% However, the amount of ATP generated could differ
depending on the species, and therefore estimating the microbial cell

count in a multispecies biofilm can be challenging.’* CLSM and the
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LIVE/DEAD technique were furthermore included because it classifies

the cells according to the state of the membrane so that intact-
membrane bacteria could be considered alive and damaged cells as
dead. The main limitation of this technique is that intact membrane
cells can be metabolically inactive, thus dead, whereas damaged mem-
brane cells may still be alive, leading to false results.*>53

The antimicrobial activity of the films was tested after 4 and 24 h
since maintaining a controlled release of dosage within the first hours
is crucial to ensure an aseptic environment with the aim of preventing
bacterial adhesion.*” According to Hetrick and colleagues (2006),
there is a “decisive period” after implantation during which preventing
bacterial adhesion is critical for ensuring the long-term success of an
implant.® Despite the polyvinyl alcohol and polyvinyl alcohol loaded
with chitosan NPs films were dissolved, and the drugs released within
the first 6 h, the films were evaluated after 24 h to verify the effects
of any residual drug in the medium term and its effects on bacteria.

Overall, the results of the CFU, ATP, and CLSM assays were con-
sistent for the different study groups. As expected, bacterial growth
was not inhibited by titanium disks, and similar results were obtained
in samples coated with a PVA film, as shown in a previous study.'?
However, when drug-free NPs were loaded into the PVA film, some
activity was observed. Chitosan has shown antibiofilm activity and the
capacity to inhibit the bacterial adhesion to the surface.1®33485% Thjs
property is conferred by the molecular weight, concentration, and
polycationic nature of chitosan, due to the presence of functional
amino groups (NH,) in N-acetylglucosamine units.*®>5 Chitosan inter-
acts with negatively charged biofilm components, such as extracellular
polymeric substances (EPS) and the cell wall, resulting in an increased
permeability of the cell surface membrane, facilitating bacterial com-

ponents leakage *8>4-57

FIGURE 6 lllustrative SEM
images of two surfaces with
different bacterial inhibition.

(A) Low inhibition. (B) High
inhibition. (1) Original
magnification x 5000. (2) Original
magnification x20 000.

Bacterial inhibition was increased when the polyvinyl alcohol
and polyvinyl alcohol loaded with chitosan NPs films were loaded
with the antibiotics. Doxycycline exerted a higher antibacterial
activity and with a longer effect than vancomycin, especially the
PVANP-doxycycline group. This tetracycline has a broad-spectrum
activity and is effective against gram-positive and gram-negative

1213 |ts action

57,58

bacteria, as well as spirochetes and mycoplasmas.
mechanism is associated with inhibition of protein synthesis.
Vancomycin, in contrast, is a glycopeptide antibiotic that inhibits
bacterial cell wall synthesis*” and is particularly effective against
gram-positive bacteria such as Staphylococcus aureus, commonly
found in implant-associated infections.*”>? Despite its benefits,
vancomycin has some drawbacks, such as the development of resis-
tance in gram-negative organisms related to the inability of the
drug to penetrate the bacterial outer membrane barrier.®® Although
with no significant differences, after 4 h the PVANP-doxycycline y
PVANP-vancomicyn gave better results than the PVA-doxycycline
and PVA-vancomycin films. A possible explanation could be that
once the NPs are released from the PVA film, they adhere to the
cell wall altering the permeability and leaving the bacteria more
susceptible to the presence of the antibiotic. Interestingly, the
PVANP-doxycycline gave significantly lower RLUs than CFUs. It is
possible that the bacterial metabolism was more affected in this
group although the bacteria were still alive.

The lowest microbial count and ATP production at 4 h were
observed with the PVANP-doxycyclone sample, followed by PVA-
vancomycin, PVANP-vancomycin, and PVA-doxycycline. The efficacy
of almost all systems was reduced after 24 h which can be a conse-
quence of the fact that the drug's release occurs within the first 6 h,

as observed in the release assay. In addition, the dose and the amount
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of chitosan particles incorporated in the systems could have also influ-
enced this effect. The reduction of the antimicrobial agent overtime
might have allowed bacteria to grow on the coated titanium surfaces.
Furthermore, the more mature the biofilm is, the more resistant it
becomes to the action of residual antimicrobials as a consequence of
several mechanisms such as the development of the EPS matrix and
other factors such as the presence of persisted cells.*>? After 24 h
the PVA-doxycycline was the only system that maintained its antibac-
terial effect. This activity overtime can be related to a longer post
antibiotic effect (PAE)-the time expressed in hours that bacteria take
to recover their normal growth after the antibiotic exposure- of doxy-
cycline compared to vancomycin.>® In fact, the PAEs of doxycycline
encapsulated in NPs against two strains of methicillin-resistant Staph-
ylococcus aureus (MRSA), MRSA-S1 and MRSA-S2, were 3 and 3.5 h,
respectively.>® In contrast, vancomycin PAE was shown to be shorter
against MRSA between 1 and 2 h, which could justify the loss of
activity after 6 h. Finally, the effectiveness of the PVA-doxycycline
system after 24 h can also be attributed to the higher therapeutic
dose of the drug when it is integrated into the PVA matrix compared
to the NP (124.80 ug in PVA-doxycycline vs. 67.01 g in the PVANP-
doxycycline).

Surprisingly, the antibacterial activity of doxepin hydrochloride
was very low, especially when it was loaded into PVA film. Doxepin
hydrochloride, a dibenzoxepin-derivate tricyclic antidepressant
(TCAs) has been used as an alternative treatment to non-steroidal
anti-inflammatory drug for dermal or mucosal pain control because
of its local analgesic and anesthetic properties in small
doses.'*1>%1 Moreover, TCAs have shown antifungal and antimi-
crobial effects on intestinal pathogens such as Escherichia coli, Yer-
sinia enterocolitica, and Giardia lamblia.®> %* The mechanism of
action of TACs against bacteria is not well understood. It has been
reported that some post-selective serotonin reuptake inhibitors
exert dual action as serotonin and norepinephrine reuptake inhibi-
tors, this is a property also possessed by one or more of the TCAs,
such as doxepin hydrochloride.®>%¢ Some hypotheses suggest that
TCAs inhibit DNA plasmid replication and the DNA gyrase enzyme,
as well as bacterial efflux pump.62-* Additionally, drugs with two
or more benzene rings in their chemical structure have been
reported to possess antimicrobial activity.” The serotonin and nor-

14,66 as

epinephrine reuptake mechanism of doxepin hydrochloride,
well as its chemical structure with two benzene rings, may be
responsible for its bacteriostatic effect.

Furthermore, by incorporating NPs into the PVA hydrogel matrix,
we can achieve targeted drug delivery to specific sites, such as
infected tissues. The development of this DDs can provide new
opportunities for the treatment of various diseases and may lead to
significant improvements in patient outcomes.

Finally, the present study has several limitations. The antimicro-
bial activity was evaluated by culture technique which shows limita-
tions as it cannot recover all the microorganisms in a natural sample,
and it does not provide information about the taxonomic composition
of the biofilm. Further studies using sequencing techniques and condi-

tions that are closer to the clinical scenario should be conducted.

5 | CONCLUSIONS

Polyvinyl alcohol film has been shown to be an effective matrix for
transporting drugs and chitosan NPs. In addition, chitosan particles
are a stable system over time and with the ability to carry drugs. Poly-
vinyl alcohol film has adequate adhesive properties, and its easy prep-
aration is an interesting option for loading and modifying titanium
implant surfaces. Among the drugs evaluated, doxycycline was the

most effective against bacteria and with a more prolonged effect.
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