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ARTICLE INFO ABSTRACT

Keywords: Nanostructured coatings of dental implants have shown great potential in overcoming many challenges re-
Antibacterial sponsible for implant failure. In this study, nano spray drying technology was utilized to produce novel bio-
Biocompatible compatible nanocoatings with antibacterial activity. The experiments were applied on titanium discs, which
Nanoscale were used as a model material for dental implants. The produced nanocoatings consisted of poly(lactic-co-
Coating . . . . - . .

Tnplant glycolic acid) as a biodegradable polymer and norfloxacin as a model antibiotic. Scanning electron microscopy
PLg A results revealed an average particle size ranging between 400 and 600 nm. In vitro release studies showed a
Norfloxacin biphasic drug release profile with a burst release within the first 48 h, followed by a sustained release phase until

the end of the experiment. The antibacterial activity of the nanocoatings was evaluated against Escherichia coli
where the norfloxacin loaded nanocoatings achieved up to 99.83% reduction in the number of viable bacterial
colonies. Finally, in vitro biocompatibility of the nanocoatings was investigated using mouse fibroblasts (L929) as
a standard sensitive cell line for cytotoxicity assessment. Cell proliferation on the surface of the titanium discs
was studied using fluorescence microscopy followed by cell counting assay. Both methods confirmed the bio-
compatibility of the examined nanocoatings. In conclusion, nano spray drying is a promising technique for
preparing tailor-made nanocoatings, thereby representing an innovative approach for the surface modification of
dental implants.

1. Introduction

The U.S. Food and Drug Administration (FDA) defines medical im-
plants as devices or tissues which are inserted into the human body or
placed on its surface in order to replace parts of the body or their
functionality (U.S. Food and Drug Administration, 2018). Dental im-
plants are commonly used in restoring either a partly or entirely
toothless area [1-3]. They are characterized by screw-like or cylindrical
shape and are typically made of inert materials like pure titanium or
titanium alloys [3]. Dental implant insertion is a well-established pro-
cedure with a success rate of 90-95%. However, several complications
can occur leading to implant failure, especially peri-implantitis which is

a serious inflammation surrounding the dental implant [1]. The emer-
gence of peri-implantitis can be described as multifactorial. Potential
risk factors are, for example, inadequate oral hygiene, genetic predis-
position, smoking or bacterial contamination during the surgery [2,4].
Bacterial accumulation on the implant surface induces an inflammation
of the surrounding tissues leading to bone degradation and the removal
of the infected implant [4].

Even though antibiotic prophylaxis is commonly indicated to avoid
such complications, the improper use of antibiotics is often associated
with several side effects, e.g. bacterial resistance development, sec-
ondary infections or antibiotic toxicity [2]. Moreover, the high anti-
biotic dosage needed to achieve an adequate bioavailability is linked to
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an increase in the probability of allergic or gastrointestinal reactions
[2,5]. Until now, there is still no agreement among experts for standard
guidelines concerning peri-implantitis prophylaxis or treatment [1-3].
Therefore, the search for a better alternative continues.

One such promising approach is implant coating and surface mod-
ification which has shown promising potential in preventing implant
failure. Antimicrobial implant coatings offer several advantages over
systemic administration of antibiotics, especially in terms of their local
activity against biofilm formation [6,7]. Furthermore, the emergence of
nanotechnology took the capabilities of surface coatings to the next
level. Several methods have been applied to produce nanostructured
dental implants with desired features, e.g. reduced bacterial adhesion
and enhanced osseointegration [8,9].

Recently, the nano spray drying technology was utilized as a single-
step technique for the coating and surface modification of dental im-
plants [10]. This was achieved using the Nano Spray Dryer B-90 which
is equipped with several cutting-edge technologies: (a) unique spray
mesh that can generate ultra-fine droplets; (b) laminar gas flow for a
gentle drying process; (c) electrostatic particle collector capable of ef-
ficiently separating the dried particles from the gas stream [11-13].
Nano spray drying has several advantages over conventional spray
drying in terms of ability to produce nanoparticles by generating far
smaller droplets with narrower size distribution, smaller sample
quantities and higher powder yields [13-15]. These outstanding fea-
tures paved the way for numerous innovative applications, especially in
the field of nanoencapsulation and targeted drug delivery [16].

The aim of this work is to prepare antibacterial and biocompatible
nanocoatings for dental implants by means of nano spray drying. Poly
(lactic-co-glycolic acid) (PLGA) was chosen due to its biodegradable,
biocompatible and controlled release properties. Furthermore, PLGA is
an FDA-approved polymer with a widespread variety of applications
ranging from drug delivery to coating and surface modification of
medical implants [17-20]. Norfloxacin (NFX) was used as broad-spec-
trum antibiotic that has a well-documented activity against staphylo-
cocci and several coliforms which can be involved in the development
of peri-implantitis [2,3,21]. The prepared nanocoatings were subjected
to several physicochemical characterizations to study drug content,
drug release profile, morphology, particle size, morphological changes
under physiological conditions and surface roughness. Moreover, their
antibacterial activity and in vitro biocompatibility were investigated
using E. coli and mouse fibroblasts (1929) respectively.

2. Materials and methods
2.1. Materials

Poly(lactic-co-glycolic acid) (Resomer® RG 503H, molecular weight
29,000 g/mol, lactide:glycolide 50:50) was supplied by Evonik
Nutrition & Care GmbH (Essen, Germany). Sodium acetate (=98.5%)
was purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany).
Norfloxacin (=98%) and 4’,6-diamidino-2-phenylindole (DAPI) were
obtained from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).

All solvents were of analytical or HPLC grade and were used as
received. Ultrapure water from PURELAB® flex 4 equipped with a Point-
of-Use biofilter (ELGA LabWater, High Wycombe, UK) was used for all
experiments.

2.2. Bacterial strains and media

Escherichia coli DH5a (DSM 6897, DSMZ, Braunschweig, Germany)
were cultured in Mueller Hinton broth and stored at —80 °C. One day
prior to the bacterial experiments, the bacteria were thawed and then
incubated overnight at 37 °C under gentle shaking (100 rpm) using an
orbital shaker (Compact Shaker KS 15 A, Edmund Biihler GmbH,
Bodelshausen, Germany).
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2.3. Cell culture

Mouse fibroblasts (L929) were purchased from American Type
Culture Collection (ATCC®, Manassas, USA). The cells were maintained
at 37 °C and 8.5% CO, under humid conditions and were cultured in
DMEM medium (Capricorn Scientific GmbH, Ebsdorfergrund,
Germany) supplemented with 10% fetal bovine serum (Sigma-Aldrich
Chemie GmbH) and 10pl/ml antibiotic/antimycotic solution
(Capricorn Scientific GmbH). The cells were cultivated in monolayers
and passaged upon reaching 80% confluency.

2.4. Nanocoating preparation

Small titanium discs (Ti-discs) with defined surface area (1 cm?)
were cut from a titanium foil (0.25 mm thick, annealed, 99.5% (metals
basis); Alfa Aesar, Karlsruhe, Germany). Prior to use, the discs were
thoroughly cleaned using several solvents with the aid of ultrasound
bath (Elmasonic P, Elma Schmidbauer GmbH, Singen, Germany). The
Nano Spray Dryer B-90 (BUCHI Labortechnik AG, Flawil, Switzerland)
was used to produce nanoparticles which will coat the Ti-discs as pre-
viously mentioned [10]. The spray drying parameters were kept con-
stant for all formulations: spray cap of 4.0 um mesh diameter (45° an-
gular position), gas flow 1001/min, spray rate 50% and inlet
temperature 70 °C. The Nano Spray Dryer B-90 was operated in the
closed loop mode using nitrogen as drying gas. The feed solution was
prepared by dissolving NFX and PLGA in a solvent mixture (acetonitrile
and water (95:5) containing 0.005% w/v sodium acetate). Three na-
nocoatings (PLGA 2.5% NFX, PLGA 5% NFX and PLGA 10% NFX) with
different theoretical norfloxacin loadings (2.5%, 5% and 10% wt. of
PLGA) were prepared. Unloaded nanocoatings (PLGA 0% NFX) were
also prepared following the aforementioned procedure without the
addition of norfloxacin. The effect of the Ti-disc position on the pro-
duced nanocoatings was also investigated. Therefore, three different
levels inside the particle collector were chosen (i.e. Top, Middle and
Bottom) with approx. 6 cm distance between each of them. The coating
process of the Ti-discs is illustrated in Supplementary materials, Fig. S1.

2.5. Amount of drug per cm® nanocoating

The nanocoatings were completely dissolved by placing coated Ti-
discs in 24-well plates (Standard, F, Sarstedt AG & Co. KG, Niimbrecht,
Germany) filled with 1 ml acetonitrile:0.1 M NaOH (1:1) per well. The
24-well plates were then gently shaken (150 rpm for 60 min) using an
orbital shaker (KS4000 IC, IKA Werke GmbH & Co. KG, Staufen,
Germany) at room temperature and under light protection.
Subsequently, the concentration of norfloxacin was quantified by
measuring the absorbance at A = 274 nm using a microplate spectro-
photometer  (Multiskan™ GO, Thermo Scientific, Waltham,
Massachusetts, USA).

2.6. Agar diffusion test

The overnight culture of E. coli was used to prepare a bacterial
culture with an optical density (ODggo) of 0.025, which was incubated
at 37°C under gentle shaking (200rpm) using an orbital shaker
(Compact Shaker KS 15 A, Edmund Biihler GmbH). To reduce further
growth, the bacteria were cooled on an ice bath after reaching an ODggo
over 0.4. Subsequently, 100 ul of the bacterial culture was plated on
BD™ Mueller Hinton II agar plates (BD GmbH, Heidelberg, Germany).
The Ti-discs were then placed in the center of the agar plates (one disc
per agar plate (Supplementary materials, Fig. S2)). Afterwards, the agar
plates were incubated at 37°C and ~90% RH (In-VitroCell ES NU-
5841E, NuAire, Inc., Plymouth, Minnesota, USA). After 24 h, the anti-
bacterial activity of the nanocoatings was evaluated by measuring the
diameter of the zones of inhibition formed around the Ti-discs [22].
Each sample was analyzed in triplicates.
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2.7. Invitro drug release studies

Norfloxacin release studies were performed over a period of 15 days
under static conditions. The coated Ti-discs were placed in 5ml glass
vials (Schott AG, Miillheim, Germany) filled with 1 ml phosphate-buf-
fered saline (PBS, filter-sterilized, pH 7.4) at 37 °C under light protec-
tion. After specific time intervals, 200 ul samples were withdrawn and
replaced with equivalent volumes of fresh PBS. To avoid temperature
variations, PBS was also stored at 37 °C under the same conditions. The
concentration of norfloxacin was quantified by measuring the absor-
bance at A =270nm wusing a microplate spectrophotometer
(Multiskan™ GO, Thermo Scientific).

2.8. Morphology and surface properties

The morphology and surface structure of the nanocoatings were
studied using SEM (Hitachi S-510, Hitachi-High Technologies Europe
GmbH, Krefeld, Germany). The Ti-discs were fixed on aluminum pin
stubs and sputter-coated with a gold layer (30 mA for 1 min) using
Edwards S150 Sputter Coater (Edwards Vacuum, Crawley, UK). The
samples were examined at an accelerating voltage of 5kV. The micro-
graphs were recorded digitally using DISS 5 digital image acquisition
system (Point Electronic GmbH, Halle, Germany). Afterwards, mean
particle size was determined by analyzing SEM micrographs using
ImageJ software (version 1.47v, National Institutes of Health, USA).

The morphological changes of the nanocoatings under physiological
conditions (in terms of pH and temperature) was investigated by pla-
cing coated Ti-discs in 5ml tubes (Sarstedt AG & Co. KG) filled with
1 ml PBS (filter-sterilized, pH 7.4). After 15 days incubation at 37 °C,
the Ti-discs were carefully taken out and dipped thrice in water to re-
move residual PBS. The Ti-discs were then left to dry at room tem-
perature under a fume hood. Subsequently, the nanocoating mor-
phology was studied using SEM following the same procedure
mentioned above.

The surface roughness of the nanocoatings was analyzed using
white light interferometry (NewView™ 7300 3D Optical Surface
Profiler, Zygo Corporation, Middlefield, Ohio, USA). 10 different spots
were randomly measured using a 20x objective, 2x zoom and a scan
length of 20 um. MetroPro 8.3.5 software (Zygo Corporation) was uti-
lized to calculate the surface roughness.

2.9. Bacterial viability assay

Antibacterial activity of the nanocoatings was evaluated according
to a procedure mentioned elsewhere with some modifications [23]. The
overnight culture of E. coli was used to prepare a bacterial suspension
with an ODggg of 0.2. 1 ml of this culture was added to 24-well plates
(Standard, F, Sarstedt AG & Co. KG) containing the Ti-discs. The 24-well
plates were incubated under static conditions at 37 °C and ~ 90% RH
(In-VitroCell ES NU-5841E, NuAire, Inc.). After 24 h, the Ti-discs were
taken out and immersed thrice in PBS (filter-sterilized, pH 7.4) to re-
move non-adherent bacterial cells. The Ti-discs were then transferred
into new 24-well plates. To detach the bacteria from the surface of the
Ti-discs, 1 ml trypsin-EDTA (0.5%, Capricorn Scientific GmbH) was
added and the samples were gently shaken (100 rpm) at room tem-
perature for 20 min using an orbital shaker (Compact Shaker KS 15 A,
Edmund Biihler GmbH). In order to evaluate the bacterial viability
(CFU/cm?), different dilutions (1:10-1:1,000,000) of the samples were
plated on BD™ Mueller Hinton II agar plates (BD GmbH) and the co-
lonies were counted after 24 h incubation at 37 °C and ~90% RH (In-
VitroCell ES NU-5841E, NuAire, Inc.). The samples were analyzed in
three independent experiments.

2.10. In vitro biocompatibility

L1929 cells were seeded onto 12-well plates (Standard, F, Sarstedt AG
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& Co. KG) containing Ti-discs at a seeding density of 1x10° cells/
3.65 cm? (per well). After predetermined time intervals (i.e. 24 h and
96 h), the Ti-discs were transferred into new 12-well plates and washed
thrice with PBS containing Ca®* and Mg>* (filter-sterilized, pH 7.4), to
remove non-adherent cells. For visualizing the cells adhered to the
surface of the Ti-discs, the cells were fixed with 4% formaldehyde so-
lution for 20 min after which the cell nucleus was counterstained with
DAPI (0.1 pg/ml) for 20 min [24]. Finally, the Ti-discs were mounted
onto microscope slides and examined under an inverted microscope
(CKX53, Olympus Deutschland GmbH, Hamburg, Germany) equipped
with light guide-coupled illumination system (U-HGLGPS, Olympus
Deutschland GmbH) as fluorescence light source.

Cell counting experiments were performed according to a procedure
mentioned elsewhere with some modifications [25]. L929 cells were
cultured as mentioned above. After predetermined time intervals (i.e.
24h and 96 h), the Ti-discs were transferred into 24-well plates (Stan-
dard, F, Sarstedt AG & Co. KG) and washed twice with PBS without
Ca?™" or Mg2+ (filter-sterilized, pH 7.4), to remove non-adherent cells.
Afterwards, the Ti-discs were incubated with EBSS without Ca2™ or
Mg?" for 10 min at 37 °C. The cells were detached from the surface of
the Ti-discs using trypsin-EDTA (0.05%, Capricorn Scientific GmbH).
After 10 min incubation at 37 °C, DMEM medium (supplemented with
10% fetal bovine serum) was used to gently wash down the cells from
the Ti-discs. Finally, 100 pul of the cell suspension was mixed with 0.4%
trypan blue solution (1:1) and the viable cells were directly quantified
by pipetting 10 pl of this mixture into cell counting slide (R1-SLI,
Olympus Deutschland GmbH) specially designed for the automated cell
counter (Cell Counter model R1, Olympus Deutschland GmbH). Each
sample was analyzed in three independent measurements.

2.11. Statistical analysis

All measurements were performed in triplicates and the values are
presented as mean * standard deviation, unless otherwise stated.
Two-tailed Student’s t-test was performed to identify statistically sig-
nificant differences. Probability values of p < 0.05 were considered
significant.

3. Results and discussion
3.1. Antibacterial activity

In a previous study, nano spray drying exhibited promising poten-
tial as a novel approach to prepare nanoscale coatings for dental im-
plants. The wide range applicability of this technique was confirmed
using three different model substances with different physicochemical
properties, i.e. chitosan, PLGA and curcumin [10]. In this study, the
capability of this technique to produce biocompatible nanocoatings
with antibacterial activity was explored. Therefore, PLGA-based nano-
coatings were prepared using norfloxacin as a model drug for broad-
spectrum antibacterial agents [26-29]. The optimized spray drying
process parameters were applied on Ti-discs, taking previous studies
into consideration, wherein the spray mesh size and the solid con-
centration of the feed solution had the most pronounced influence on
the size of the produced particles [14,30,31]. Therefore, all formula-
tions were prepared with low solid concentration (1 mg/ml) and the
smallest spray mesh available (4.0 um) was used, thereby achieving the
smallest possible particle size. Due to its crucial role in controlling the
properties of the produced nanocoatings, Ti-disc position inside the
particle collector was investigated. Therefore, the Ti-discs where fixed
at three different positions (i.e. Top, Middle and Bottom).

Antibacterial activity of the nanocoatings was evaluated against E.
coli in two stages: first, qualitatively, using agar diffusion test which is
one of the standard methods commonly used for antimicrobial sus-
ceptibility testing [22]. The influence of the theoretical norfloxacin
loading and Ti-disc position inside the particle collector were



E. Baghdan, et al.

14 4 [1Top -4.0
] Middle

I [ ]Bottom||-3 5
] §\§\§ 3.0

10 4

2.5

8 -
| k2.0
6 -
| F1s
44
L 10
2 Los
0 0.0

PLGA 10% NFX  PLGA 5% NFX  PLGA 2.5% NFX

Amount of norfloxacin [pg/em’]
Size of the zone of inhibition [cm]

Fig. 1. Graphical representation of the relationship between the amount of
norfloxacin per cm? of the nanocoating (bars) and the diameter of the zone of
inhibition (dots). Nanocoatings with three different theoretical norfloxacin
loadings (PLGA 2.5% NFX, PLGA 5% NFX and PLGA 10% NFX) were tested. The
titanium discs were fixed at three positions inside the electrostatic particle
collector (i.e. Top, Middle and Bottom).

investigated (Supplementary materials, Fig. S3). This approach served
as a first step to explore the most suitable variant among different na-
nocoatings and reduce the number of samples. As expected, the largest
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zones of inhibition were observed in PLGA 10% NFX; however, they
were comparable to those of PLGA 5% NFX. Moreover, at these loadings
(i.e. 10% and 5%),

Ti-disc position inside the particle collector did not have a pro-
nounced influence on the zones of inhibition. A significant decrease in
the zones of inhibition was noticed in PLGA 2.5% NFX, especially
Middle and Bottom. PLGA 0% NFX were used as negative control and
did not show any antibacterial activity. Since the bacterial growth in-
hibition is related to the amount of antibiotic diffused through the agar
[22], a direct relationship between norfloxacin content in the nano-
coatings and the size of the zones of inhibition could be seen.

Spectrophotometric quantification showed that norfloxacin loading
and Ti-disc position inside the particle collector significantly controlled
the amount of norfloxacin per cm? of the nanocoating (Fig. 1). This can
be attributed to the particle fractionation effect along the particle col-
lector which was also observed in previous studies [10], wherein Ti-
discs at the top part were covered with more and larger particles in
comparison to those at the bottom part. As a result, the produced na-
nocoatings had a norfloxacin content ranged between 10.33 pg/cm?
(PLGA 10% NFX Top) and 0.73 ug/cm? (PLGA 2.5% NFX Bottom).

3.2. In vitro drug release studies

Nano spray drying has been successfully utilized in several studies
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particle collector (i.e. Top, Middle and Bottom). A and C: The released amount of norfloxacin after different time intervals. B and D: Cumulative release profile of
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Fig. 3. SEM micrographs of coated titanium discs showing the morphology and surface structure of unloaded nanocoatings (PLGA 0% NFX) and norfloxacin loaded
nanocoatings (PLGA 5% NFX). The titanium discs were fixed at three different positions inside the electrostatic particle collector (i.e. Top, Middle and Bottom). Scale

bars represent 5 pm.

for the preparation of PLGA submicroparticles that exhibited controlled
drug release properties [12,13,16,31]. Drug release rate was found to
be influenced by several factors e.g. particle size [32], PLGA lacti-
de:glycolide ratio and molecular weight [12].

In this work, the release profile of several nanocoatings was studied
over a period of 15days in PBS (pH 7.4) at 37 °C. To investigate the
effect of theoretical drug loading on the release behavior, Ti-discs
placed at the same level inside the particle collector (i.e. Top); however,
with three different theoretical norfloxacin loadings (i.e. 2.5%, 5% and
10%) were examined (Fig. 2). Furthermore, the influence of Ti-disc
position inside the particle collector was also explored; therefore, Ti-
discs with the same norfloxacin loading (i.e. 5%), however, placed at
three different levels inside the particle collector (i.e. Top, Middle and
Bottom) were tested (Fig. 2). All nanocoatings exhibited similar release
profiles that are typically observed with PLGA formulations en-
capsulating drugs with poor water solubility [18].

By observing the release graphs (especially Fig. 2A and C), the re-
lease profiles could be divided into two phases. In the first 48 h, an
initial burst release was observed, which can be mainly due to drug
desorption from the nanocoatings surface [33,34]. Moreover, the sharp
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peak noticed in all graphs after 1 h incubation can be also attributed to
the fast dissolution of free nonencapsulated drug [35]. This “burst
phase” was found to be directly influenced by the theoretical nor-
floxacin loading and it was most obvious at the highest norfloxacin
loading (i.e. 10%) which is in agreement with previous studies [34].
Starting from the third day until the end of experiment period, a second
phase was noticed, wherein norfloxacin was released at low but con-
stant rate. According to previous studies, drug diffusion is the main
release mechanism at this phase, possibly through the matrix of PLGA
particles or water-filled pores [34-36]. However, drug release from
PLGA formulations is a very complex process; therefore, other me-
chanisms might be also controlling the release at this phase [35]. This
sustained release phase did not seem to be influenced by theoretical
norfloxacin loading or Ti-disc position inside the particle collector. It is
worth mentioning that no secondary burst release was observed during
the test period.

Based on the results of agar diffusion test and in vitro release studies,
PLGA 5% NFX were chosen for further characterizations. They were
found to be more efficient in comparison to other nanocoatings (i.e.
2.5% and 10%), exhibiting similar release profiles and sufficient
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(pH 7.4). The titanium discs were fixed at three positions inside the electrostatic particle collector (i.e. Top, Middle and Bottom). Scale bars represent 5 pm.

antibacterial activity, yet without the need of higher norfloxacin
loading.

3.3. Morphology and surface properties

SEM micrographs of the Ti-discs (Fig. 3) were similar to those of the
preliminary experiments in terms of particle size distribution, mor-
phology and surface structure which confirmed the reproducibility of
this coating technique [10]. All produced particles were spherical and
had a smooth surface. At the top part of the collector, the Ti-discs were
covered with multilayered nanocoatings consisting of single particles
and nanostructured microaggregates (Fig. 3 Top). On the contrary, the
Ti-discs at the bottom part were coated with a monolayer of single
particles with no obvious presence of any aggregates (Fig. 3 Bottom).
Particle size analysis of the SEM micrographs revealed an average
particle size around 600 nm for the nanocoatings at the top part of the
collector with relatively broad particle size distribution and significant
number of microparticles (Supplementary materials, Fig. S4 Top). In-
terestingly, at the bottom part a substantial decrease in the particle size
was observed (around 400nm) with a more homogenous size
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distribution wherein most of the particles were in the submicron range
(Supplementary materials, Fig. S4 Bottom). These results can be ex-
plained based on the fact that bigger particles carry higher surface
charge; therefore, they get captured easily by the electrostatic particle
collector [11,13,37]. Thus, as the dried particles move downward, they
will be fractionated along the electrostatic particle collector thereby
having the smallest particles with the narrowest size distribution at the
bottom part of the collector. It is noteworthy that SEM results revealed
no significant difference between PLGA 0% NFX and PLGA 5% NFX in
terms of morphology and particle size distribution.

SEM was also used to study the possible morphological changes the
nanocoatings might experience after 15 days incubation in PBS (pH 7.4)
at 37 °C. SEM micrographs showed that all examined nanocoatings
(PLGA 0% NFX and PLGA 5% NFX) remained adhered to the surface of
Ti-discs which was in agreement with previous studies [18]; however,
substantial changes in the morphology and surface structure were ob-
served (Fig. 4). Most particles were deformed and had corrugated sur-
face. Significant number of aggregates was noticeable even in the
Bottom level which was not the case before incubation in PBS. Inter-
estingly, some particles lost their structure completely and were merged
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Fig. 5. Surface roughness RMS (A) and Ra (B) of unloaded nanocoatings (PLGA
0% NFX) and norfloxacin loaded nanocoatings (PLGA 5% NFX). The titanium
discs were fixed at three different positions inside the electrostatic particle
collector (i.e. Top, Middle and Bottom). Uncoated titanium discs were used as
reference. The asterisk denotes probability values of p < 0.05 which were
considered statistically significant.

together forming sort of porous film. This phenomenon was obvious in
all levels, especially Top and Middle where it appeared as a net-like
structure.

Previous studies have related the causes of PLGA particle aggrega-
tion and deformation to the fact that PLGA polymer starts to degrade by
means of hydrolysis upon contact with the incubation medium (i.e.
PBS). As the degradation process continues, the molecular weight de-
creases causing a drop in the glass transition temperature (Tg). When
the T, reaches a critical value below the temperature of incubation
medium (i.e. 37 °C), PLGA polymer will be in the rubbery state and
become more flexible. Consequently, PLGA particles start to aggregate
and lose their spherical shape [38-40].

Additionally, the surface roughness of the nanocoatings was studied
due to its important role in the cellular interaction with the implant
surface and significant influence on the early stages of biofilm forma-
tion [6,8]. The results were expressed as root mean square (RMS) and
roughness average (Ra) (Fig. 5). According to RMS and Ra values, both
PLGA 0% NFX and PLGA 5% NFX showed a substantial increase in the
surface roughness when compared to the uncoated Ti-discs (p < 0.05).
These values greatly varied depending on the Ti-disc position inside the
particle collector. The high roughness values at the top position could
be related to the significant presence of microparticles and the broad
particle size distribution. On the other hand, a considerable decrease in
the RMS and Ra values was noticed at the middle and bottom part of the
collector where the nanocoatings were more homogenous and had a
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Fig. 6. Evaluation of in vitro antibacterial activity of unloaded nanocoatings
(PLGA 0% NFX) and norfloxacin loaded nanocoatings (PLGA 5% NFX). The
titanium discs were fixed at three positions inside the electrostatic particle
collector (i.e. Top, Middle and Bottom). Uncoated titanium discs were used as
negative control. E. coli viability is presented as colony-forming unit per cm? of
the titanium discs. The asterisk denotes probability values of p < 0.05 which
were considered statistically significant.

smaller particle size. These findings suggest a correlation between the
surface roughness and the particle size distribution. Interestingly, a
significant difference between the values of PLGA 5% NFX Top and
PLGA 0% NFX Top was observed (p < 0.05), indicating a possible re-
lationship between the norfloxacin loading and the surface roughness of
the nanocoatings.

3.4. Bacterial viability assay

Since agar diffusion test delivers mainly qualitative results [41],
further in vitro bacterial investigations with the chosen nanocoatings
(i.e. PLGA 5% NFX) were performed to get a precise evidence about
their antibacterial activity. Therefore, the coated Ti-discs were in-
cubated with E. coli suspension for 24 h and the adhered bacteria were
thereafter quantified. PLGA 5% NFX caused a significant reduction in
the bacterial viability in comparison to uncoated Ti-discs (p < 0.05).
This reduction ranged between 99.83% (PLGA 5% NFX Top) and
95.42% (PLGA 5% NFX Bottom) (Fig. 6). PLGA 0% NFX did not exhibit
any antibacterial activity nor supported bacterial adhesion since no
considerable difference in the bacterial viability was noticed
(p > 0.05) regardless of the Ti-disc position inside the particle col-
lector. Hence, the antibacterial activity of PLGA 5% NFX can be at-
tributed only to norfloxacin without any pronounced influence from the
surface properties of the nanocoatings.

3.5. In vitro biocompatibility

The nanocoating biocompatibility was evaluated using L929 cells as
a standard sensitive cell line for assessing in vitro cytotoxicity [42,43].
The cell growth on the surface of the Ti-discs was qualitatively and
quantitatively studied over a period of 4 days.

First, the cells were visualized using fluorescence microscopy
wherein the cell nucleus was counterstained with DAPI (Fig. 7). All
examined samples (i.e. uncoated Ti-discs, PLGA 0% NFX and PLGA 5%
NFX) exhibited comparable results. A substantial increase in the cell
number could be observed in the fluorescence micrographs of the Ti-
discs after 96 h incubation where the cells covered most of the surface.
These results gave only a visual confirmation of the nanocoating bio-
compatibility. Therefore, a quantitative assessment was still needed to
understand the influence of norfloxacin loading and Ti-disc position
inside the particle collector on the nanocoating cytotoxicity.
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Fig. 7. Fluorescence microscope images showing the growth of L929 cells on
titanium discs after 24 h and 96 h incubation. A: uncoated discs, B: unloaded
nanocoatings (PLGA 0% NFX), C: norfloxacin loaded nanocoatings (PLGA 5%
NFX). The titanium discs were fixed at three positions inside the electrostatic
particle collector (i.e. Top, Middle and Bottom). The cell nucleus (blue) was
counterstained with DAPI. Scale bars represent 80 um.

66

European Journal of Pharmaceutics and Biopharmaceutics 139 (2019) 59-67

[C_J24h
EE96h

[
=1
" 1

[
[
L

[
(=}
1

—
(=]
|

w
1

Number of adhered cells x 10 [cells/cm’]
s
1

Uncoated Top Middle Bottom

PLGA 0% NFX

Top Middle Bottom
PLGA 5% NFX

Fig. 8. Number of cells adhered to the surface of the titanium discs after 24 h
and 96 h incubation. Cell counting assay were performed using mouse fibro-
blasts (L929) where unloaded nanocoatings (i.e. PLGA 0% NFX) and nor-
floxacin loaded nanocoatings (PLGA 5% NFX) were tested. The titanium discs
were fixed at three positions inside the electrostatic particle collector (i.e. Top,
Middle and Bottom). Uncoated titanium discs were used as a negative control.

This was achieved by counting the number of cells adhered to the
surface of Ti-discs after 24 h and 96 h incubation (Fig. 8). Cell counting
results of all samples after 24 h incubation were remarkably close with
no significant difference between the coated (PLGA 0% NFX and PLGA
5% NFX) and the uncoated Ti-discs (p > 0.05). As seen previously in
the visualization experiments, the cell number increased considerably
in all samples after 96 h incubation. The number of the cells adhered to
the coated (all nanocoatings except PLGA 5% NFX Top) and the un-
coated Ti-discs was comparable (p > 0.05) indicating a good bio-
compatibility of the nanocoatings which did not exert any serious toxic
effect that might influence the cell proliferation. These results are in
agreement with previous studies which reported the use of PLGA na-
noparticles as biocompatible coatings for medical implants [25,43].

The only noticed cytotoxicity was with PLGA 5% NFX Top which
resulted in suboptimal cell growth when compared to the uncoated Ti-
discs (p = 0.04). This could be related to the high norfloxacin content in
the nanocoating which might have adversely affected the cell pro-
liferation. These findings indicated the importance of adjusting the drug
content in the nanocoatings to achieve a balance between the desired
therapeutic effect and the cytotoxicity.

4. Conclusions

The outcomes of this study have proven the feasibility of preparing
biocompatible nanocoatings with potent antibacterial activity using
nano spray drying. This newly developed technique has the advantage
of achieving nanoparticle production and implant coating in a single-
step. Moreover, versatile nanocoatings can be produced by varying
several process parameters, especially the implant position inside the
electrostatic particle collector. This parameter has shown considerable
influence on the nanocoating properties like morphology, surface
roughness and drug content. Interestingly, all nanocoatings exhibited
similar drug release profiles regardless of their position inside the
particle collector. Due to the controlled release properties of PLGA, an
advantageous biphasic release profile could be achieved. This will offer
an initial burst release serving as an effective loading dose followed by
constant sustained release providing a valuable maintenance dose. Such
innovative nanocoatings will help developing nanostructured dental
implants, thereby omitting the need of systemic administration of an-
tibiotics and achieving an optimal implant-tissue interaction.
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