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Abstract

The main purpose of this study was to prepare Azithromycin (AZM) loaded Eudragit RL 100 (ERL) nanoparticles in order to
increase the antibacterial activity of AZM and to compare the drug release profiles of the formulations at the stomach and
intestinal pH. AZM-NP-1:5 (AZM:ERL = 1:5) and AZM-NP-1:10 (AZM:ERL = 1:10) nanoparticles were prepared using
different drug-polymer ratios. Particle size and zeta potential were analysed and physicochemical characterization was
performed using Scanning Electron Microscope (SEM), Fourier Transform Infrared (FT-IR) Spectroscopy, Proton Nuclear
Magnetic Resonance (*H-NMR) Spectroscopy, Differential Scanning Calorimetry (DSC) and X-ray Diffraction (XRD). AZM-
NP-1:10 have 554.4 +29.3 nm size, + 15.4 + 3.18 mV charge with 77.06 + 3.63% DL%. In the in vitro release tests, after the
first 3 hours, 49.35 £ 1.64% of the active ingredient was released from AZM-NP-1:10 at pH 1.2 HCI medium and the release
was found to fit Korsmeyer-Peppas kinetic model. A similar release profile (f2=71) of 51.40 + 1.71% for the first 3 hours was
also obtained for AZM-NP-1:10 in PBS at pH 6.8. The Minimum Inhibitory Concentration (MIC) of free AZM and AZM-NP-
1:10 against Staphylococcus aureus was found to be 2 and 0.5 pg/mL, respectively. The activity of AZM started to decrease
after 6 hours while AZM-NP-1:10 presented a continuous antibacterial activity for 24 hours. AZM-NP-1:10 exhibited an
enhanced antibacterial activity and a prolonged drug release pattern compared to free AZM, allowing for more effective
treatment with fewer side effects.

Rezumat

Scopul principal al acestui studiu a fost de a prepara nanoparticule incarcate cu azitromicina (AZM) si Eudragit RL 100 (ERL),
pentru a creste activitatea antibacteriana a AZM si pentru a compara profilurile de eliberare ale formularilor la pH gastric si
intestinal. Nanoparticulele AZM-NP-1:5 (AZM:ERL = 1:5) si AZM-NP-1:10 (AZM:ERL = 1:10) au fost preparate folosind
diferite rapoarte medicament-polimer. Dimensiunea particulelor si potentialul zeta au fost analizate si caracterizarea fizico-
chimica a fost efectuatd folosind microscopul electronic cu scanare (SEM), spectroscopie in infrarosu cu transformata Fourier
(FT-IR), spectroscopie de rezonantd magnetic nucleard cu protoni (*H-NMR), calorimetrie cu scanare diferentiald (DSC) si
difractia de raze X (XRD). AZM-NP-1:10 are dimensiunea de 554,4 + 29,3 nm, incarcare + 15,4 + 3,18 mV cu 77,06 = 3,63%
DL%. In testele de cedare in vitro, dupa primele 3 ore, 49,35 + 1,64% din API a fost eliberat din AZM-NP-1:10 la pH 1,2 si
cedarea a fost fitata pe modelul cinetic Korsmeyer-Peppas. Un profil de eliberare similar (f2 = 71) de 51,40 + 1,71% pentru
primele 3 ore a fost, de asemenea, obtinut pentru AZM-NP-1:10 in tampon fosfat la pH 6,8. Concentratia minima inhibitorie
(MIC) de AZM liber si AZM-NP-1:10 impotriva Staphylococcus aureus a fost de 2, respectiv 0,5 pg/mL. Activitatea AZM a
inceput sa scada dupa 6 ore, in timp ce AZM-NP-1:10 a prezentat o activitate antibacteriana continua timp de 24 de ore. AZM-

permitand un tratament mai eficient cu mai putine efecte secundare.
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Introduction was stated that if the resistance problem cannot be
controlled and the resistance rates continue to increase
at this rate, 10 million people will die from infectious
diseases due to resistance by 2050 all over the world.
WHO stated that this number will rank first, much
higher than deaths from cancers, cardiovascular diseases
and neurological diseases, and this problem will bring
$100 million in additional healthcare expenditure.
Resistance is also an important component of global
economic loss estimates. It is known that the
pharmaceutical industry has problems in developing

Antimicrobial resistance against antibiotics has become
a global health issue in recent years due to both
public health impact and economic cost. Multidrug-
resistant strains have limited antibiotic options for
treatment. According to World Health Organization
(WHO), antimicrobial resistance has increased and
become emerging as a cause of morbidity and mortality
in recent years. These obstacles have created a search
for alternative and effective antimicrobial strategies
[1, 2]. In the report presented by WHO in 2014, it
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new antibiotics due to reasons such as reduced incentives
and compelling legal obligations. The number of new
antibiotics approved has decreased dramatically,
especially in recent years [3-7]. One of the most
favourable approaches to overcoming these difficulties
is the design of nano-based drug delivery systems.
Recent research has shown that the nanoparticles with
antibiotics not only reduce the toxicity of both drugs
and human cells at lower doses, but also increase
their bactericidal effectiveness. To address this issue,
innovative approaches to all problems and rational
solutions are needed [8]. Nanoparticles are characterized
by small particle sizes and high surface areas, which
can be advantageous for certain applications due to
their absorption. Furthermore, these systems offer
numerous benefits including enhanced bioavailability,
targeting the molecules, and sustained drug release
within the target site [9]. Nanoparticles are promising
nanocarriers in increasing the solubility and thus
efficacy of hydrophobic drugs. All of these advantages
may be able to allow lower dose intake and decrease
the side effects [10].

There are many methods for preparing nanoparticles
such as solvent evaporation, high-pressure homogenization,
nanoprecipitation, salting out, ionic gelation, micro-
emulsion, etc. [11, 12]. One of the most commonly
used methods for polymeric nanoparticle preparation
is the solvent evaporation method. There are two types
of techniques used to prepare nanoparticles through
solvent evaporation, namely single emulsion and double
emulsion. The single emulsion technique includes oil
in water (o/w) emulsions, whereas the double emulsion
technique involves water in oil in water (w/o/w)
emulsions. The solvent evaporation method involves
the dissolving of polymers in organic solvents, followed
by the addition of a drug. The organic phase is added
into an aqueous phase containing a stabilizer. Then,
the mixture is homogenized by using a homogenizer or
sonicated by a probe sonicator. After that, the
mixture is stirred constantly for some time to evaporate
the organic solvent and precipitate formed nanoparticles
[12-15].

Natural and synthetic polymers are used in the
development of nanoparticles. ERL is one of the most
frequently used synthetic polymers for nanoparticle
preparation. It is a copolymer poly (ethyl-acrylate,
methyl-methacrylate and chloro-trimethyl-ammonium-
ethyl-methacrylate) that contains 8.8 - 12% of quaternary
ammonium groups. Eudragit L is used for enteric
coating, but ERL is used for sustained/prolonged
release. Due to its swelling ability, it is one of the
most popular materials for the controlled release of
drugs [12, 13].

AZM is a macrolide antibiotic with a 15-membered
macrocyclic lactone ring, which has increased activity
against Gram-positive and Gram-negative bacteria
including Staphylococcus aureus, Bordetella pertussis,
Legionella sp., Mycoplasma pneumonia, Treponema
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pallidum, Chlamydia sp. and Mycobacterium avium.
By binding to the 23s rRNA domain of the 50s ribosomal
subunit of the 70s bacterial ribosome, it prevents the
elongation of the polypeptide chain and the binding
of the tRNA chain [18, 19]. It is a poorly water-
soluble drug with 37% oral bioavailability. It performs
widespread tissue distribution after oral use and provides
a long-term effect by accumulating in phagocytes and
showing slow release. Also, due to the long half-life
(approximately 6 - 8 hours), and the high tissue
concentration, the treatment plan is carried out for a
short time (3 - 5 days). Azithromycin has been
classified as the most critically important antibiotic
by the WHO [20-22]. One of the most challenging
problems in eliminating Gram-negative pathogens and
enhancing treatment efficiency is entering antibiotics
into damaged cells and adjusting the optimum
concentration of drugs. The use of nanoparticle drug
delivery systems to improve the penetration of anti-
biotics into cells is a good strategy to enhance efficacy
[17, 18].

The oral route is one of the most popular routes for
drug administration to treat a variety of diseases.
Compared with intravenous administration, oral
administration is safe, comfortable and painless. Due
to these properties, it is regarded as an attractive
route. In addition, drug concentration in the blood
can be prolonged with oral administration in contrast
with the intravenous route. Drugs should be fully
dissolved in the gastrointestinal fluid before being
absorbed into the systemic circulation. However, many
of the drugs are insoluble in water, which may cause
low bioavailability [19, 20].

The aim of this study was to prepare AZM-loaded
ERL nanoparticles to increase the efficacy of the
drug and to compare the drug release profiles of the
formulations at pH 1.2 and 6.8. For this aim, polymeric
nanoparticles of AZM were prepared by the o/w
emulsion solvent evaporation method and lyophilized
to produce stable and small-sized particles for controlled
delivery of the drug. AZM-loaded nanoparticles were
characterized, and their drug release profiles were
analysed. The antibacterial activity of drug-loaded
nanoparticles was evaluated and compared with AZM.
Although there are formulation studies of AZM
developed with some different Eudragit polymers in
the literature [27, 28], no nanoparticle studies have
been performed with ERL before, and moreover, the
drug release profiles of AZM developed with Eudragit
at gastric and intestinal pH have not been compared.
Taghe and co-workers developed azithromycin-Eudragit
nanoparticles and studied in vitro drug release only
at pH 7.4 [29]. We anticipate that our study can fill
the gap in the literature in this sense and shed light
on similar studies.
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Materials and Methods

Materials

Azithromycin dihydrate was a kind gift from Ali Raif
flag Sanayi A.S (Istanbul, Turkey). ERL was a kind
gift from Evonik Industries (Istanbul, Turkey). Poly
(vinyl alcohol) (PVA), methanol, acetonitrile, ammonium
acetate and dimethylsulfoxide (DMSOQ) were purchased
from Sigma-Aldrich (Munich, Germany). All other
chemicals and reagents were of analytical grade.
Preparation of AZM-loaded ERL nanoparticles
Blank nanoparticles (Blank-NP) and AZM-loaded
nanoparticles (AZM-NP) with different ratios of AZM:
ERL (1:5 and 1:10) were prepared using the single
emulsion-solvent evaporation method. AZM and ERL
were dissolved in methanol under a magnetic stirrer
at 600 rpm for 2 hours at room temperature. PVA was
dissolved in distilled water by using an ultrasonic
bath for 30 minutes to obtain a 1.25% (% w/v) clear
solution. AZM-ERL solution was then placed in an
insulin syringe and added dropwise to 20 mL of
1.25% (% w/v) PVA solution under stirring at 900
rpm. Stirring was continued for 10 minutes. Samples in
a beaker were sunk in an ice bath and homogenized
using a high-speed homogenizer (Digital Ultra Turrax,
Germany) at 15,000 rpm for 10 minutes. The oil-in-
water (O/W) emulsion was gently stirred at room
temperature overnight to evaporate methanol. The
mixture was then centrifuged at 13,500 rpm for 15
minutes. The supernatants were removed, then the
collected nanoparticles were washed three times with
distilled water using the same centrifugation operation
previously described. Nanoparticles were then lyophilized
using a freeze dryer (Alpha 1-2 LD plus, Martin
Christ, Germany) at -50°C, 0.10 mBar for 48 hours.
Determination of particle size, polydispersity index
(PDI) and zeta potential

Particle size and PDI values of AZM nanoparticles
and Blank-NP were analysed by Photon Correlation
Spectroscopy (PCS) using Malvern Nano-ZS (Malvern
Instruments, England). Zeta potential was measured
using a disposable zeta cuvette by the same instrument.
Each measurement was done in triplicate after
dispersing nanoparticles in distilled water at 25°C.
Determination of AZM by high-performance liquid
chromatography (HPLC)

For the estimation of drug loading and in vitro release
studies, an HPLC method was used and validated for
precision, accuracy and linearity. In this HPLC
(Shimadzu, Japan) system, a photodiode array (PDA)
detector was used. The method was performed using
ACE-5 C18 250 x 46 mm HPLC column (ACE, UK)
with an isocratic mobile phase of ammonium acetate
(30 mmol/L):acetonitrile (18:82 v/v) at 60°C column
temperature. The flow rate of the mobile phase was 1
mL/min and a constant amount of 20 uL was injected
by an automatic injector. The wavelength was adjusted
to 210 nm. A stock solution of AZM with a concentration
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of 1000 pg/mL was prepared in DMSO. Dilutions
were performed with the mobile phase by using the
stock solution and different concentrations of samples
were prepared. After that, samples were injected into
the chromatographic system and a calibration curve
was drawn.

Drug loading efficiency of AZM nanoparticles

To determine the AZM content, nanoparticles were
dissolved in DMSO and determined by HPLC by a
validated method previously described [30]. Briefly,
10 mg of AZM-loaded nanoparticles (AZM-NP-1:5
and AZM-NP-1:10) were dissolved in 10 mL DMSO
under ultrasonic agitation for 10 minutes separately.
After vortexing, 100 puL of the mixture was withdrawn
and 900 pL of methanol was added to this mixture.
The obtained samples were filtered through a 0.2 um
membrane filter and injected into an HPLC system.
AZM concentrations in the samples were determined
using a calibration curve. The percent drug loading
(DL%) (% wi/w) of the nanoparticles was calculated
by wusing the -equation below (Equation 1).
Experiments were repeated three times for each sample.
DL% =100 x

entrapped drug in nanoparticles

, (Equation 1).

weight of nanoparticles

Morphology of nanoparticles

The morphology and structure of AZM and AZM
nanoparticles were examined by scanning electron
microscopy (SEM), FEI Quanta FEG 650 SEM (Hillsboro,
OR, USA). Samples were coated with gold, and the
analysis was performed under a high vacuum. SEM
images were taken at 50000x magnification, and the
nanoparticles below 1 pm were examined.

Thermal analyses of nanoparticles by differential
scanning calorimetry (DSC)

The thermograms of AZM, ERL, Blank-NP and AZM
nanoparticles were obtained by differential scanning
calorimetry (DSC) using DSC-60 (Shimadzu, Japan)
between 30°C and 500°C. The samples (5 £ 0.1 mg)
were weighed into the aluminium pans separately and
sealed hermetically. The analysis was performed under
nitrogen gas with a flow rate of 50 mL/min and a
heating rate of 10°C/min.

X-ray diffraction (XRD) analyses of nanoparticles
XRD analyses of AZM, Blank-NP and AZM nano-
particles were performed using PANalytical EMPYREAN
XRD (Almelo, The Netherlands) in the range of 2 -
40°C with a 2°C/min scanning rate.

Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectra of AZM, ERL, AZM nanoparticles and
Blank-NP were taken using Shimadzu FTIR-8300
(Japan) at the wavelength range of 4000 - 400 cm™.
The samples were analysed in solid form by placing
them directly on the ATR crystal.

Proton nuclear magnetic resonance (*H-NMR)
spectroscopy

'H-NMR analyses were performed using Varian
Mercury-plus AS-400 NMR (Agilent, USA). AZM
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nanoparticles and Blank-NP were prepared by dissolving
in deuterated DMSO (DMSO-D6).

In vitro release studies and kinetics of AZM and AZM
nanoparticles

In vitro release study was performed for AZM and
AZM nanoparticles in both pH 1.2 HCI buffer and
pH 6.8 phosphate buffer saline (PBS). Briefly, 2 mg
AZM, 2.59 mg AZM-NP-1:10 (containing 2 mg AZM)
and 3.05 mg AZM-NP-1:5 (containing 2 mg AZM)
were placed in a dialysis bag (molecular weight cut-
off 12 - 14 kDa) with 1 mL of dissolution medium
separately and locked at both ends by clamps. The
dialysis bag was then placed separately into the beakers
containing 100 mL of 0.1 N HCI buffer (pH 1.2) and
100 mL of pH 6.8 PBS as the dissolution medium and
stirred at 37 £ 0.5°C at 150 rpm. 1 mL of dissolution
medium was withdrawn at detected time intervals
(05,1, 2,3,4,5, 6, 8, 12, 24 hours) and the same
amount of fresh medium was added for each time to
ensure the sink conditions. The withdrawn samples
were tested by the validated HPLC method previously
described. The in vitro drug release results were
analysed for release kinetics. Experiments were
performed in triplicate (n = 3).

Storage stability

The storage stability test was carried out to examine
the physicochemical stability and the degradation of
the drug in the nanoparticle-based systems under
storage conditions. Stability tests were carried out in
climate cabinets at 30 + 2°C/65% relative humidity
(RH) = 5% RH for 6 months regarding international
guidelines [31]. The storage stability of AZM-NP-
1:10 was calculated with the procedure described by
Paramera et al. with slight modifications. Briefly, 10
mg of AZM-NP-1:10 was dissolved in 10 mL
DMSO under ultrasonic agitation for 10 minutes. The
sample was vortexed vigorously for 15 minutes and
kept at room temperature for 1 hour. The supernatant
was filtered and AZM content was determined by
HPLC [32]. The characteristics of the nanoparticles
were explored using particle size, PDI and zeta potential
analysis. Experiments were carried out in triplicate
(n=3).

Antibacterial activity evaluation of AZM and nanoparticles
Staphylococcus aureus ATCC 29213 was used in this
study. The bacteria were stored in Brain-Heart Infusion
Broth (Merck, Germany) with 10% (% v/v) glycerol
at -80°C. The antibacterial activity of AZM, AZM-
NP-1:10 and Blank-NP was determined using the
broth microdilution method. Minimum inhibitory
concentrations (MICs) of AZM and nanoparticles were
determined according to the European Committee on
Antimicrobial Susceptibility Testing (EUCAST)
rules. Mueller-Hinton Agar (MHA) (Merck, Germany)
was used for bacterial growth at 37°C for 24 h. Then, S.
aureus ATCC 29213 was suspended in saline.
Bacterial inoculum was fixed to 0.5 McFarland turbidity
and the suspensions were diluted 100-fold. Mueller-
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Hinton broth (MHB) (Merck, Germany) (50 pL) was
added to each well of sterile 96-well microdilution
plates for bacteria. Suspensions of samples were prepared
in sterile distilled water. Stock solutions were adjusted
to 8192 ug/mL. Two-fold dilution of samples from
2048 pg/ml to 2 pg/mL was done using micro-plate
technique. Bacterial inoculum was added to each
well of the plate with the amount of 50 pL, and the
plates were incubated at 37°C for 24 h. Growth control
for the bacteria and sterility control for the media
were also tested. The lowest concentration that inhibits
microbial growth is defined as MIC. Experiments were
carried out in triplicate (n = 3).

Time-kill assay

The time-kill assay demonstrates the time-dependent
antibacterial activity of AZM, AZM-NP-1:10 and
Blank-NP. MIC values obtained by the broth micro-
dilution method were used in the time-kill assay.
Formulations were diluted separately with MHB
medium in tubes to prepare MIC, MIC/2 and MIC/4
concentrations. Bacterial inoculum suspensions were
adjusted to 10° CFU/mL. The control tube and the
other tubes containing the formulation were inoculated
with bacteria. The tubes were incubated in a shaker
incubator at 200 rpm, 37°C. 50 puL samples of culture
media were withdrawn and diluted with saline, then
plated onto Tryptic Soy Agar (TSA) separately at the
predetermined time intervals (0, 4%, 6™ and 24
hours). The inoculated TSA mediums were incubated
at 37°C, for 24 hours. After incubation, the bacterial
colonies were counted by the agar plate count method.
The number of viable bacteria was calculated as
CFU/mL [33]. These values were converted to
logarithmic values and a time-kill curve was created.
Experiments were carried out in triplicate (n = 3).
Statistical analysis

Each experiment was carried out three independent
times and the data are presented as mean + standard
deviation (SD). The statistical significance of the
differences in particle size, zeta potential values, PDI
and DL% between the nanoparticle formulations and
differences in AZM content (% w/w) between periods
in storage stability were tested by one-way analysis of
variance (ANOVA). Microsoft Excel and DDSolver
add-in program was employed for the in vitro release
kinetics, similarity factor (f,) and dissimilarity factor
(f1) calculations. Differences between the evaluated
values were considered statistically significant at a
level of p <0.05.

Results and Discussion

Determination of AZM by high-performance liquid
chromatography (HPLC)

The aim of this study was to prepare AZM-loaded
ERL nanoparticles in order to increase the efficacy
of drug and to compare the drug release profiles of
the formulations at stomach and intestinal pH. For
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this purpose, the HPLC method was developed and
validated for the quantification of AZM in the first
step. The HPLC method was determined as precise
for repeatability and accuracy (n = 3). The method
was determined as repeatable with a residual standard
deviation (RSD) < 2 % (n = 6). Linearity was determined
at a concentration range of 10 - 250 pg/mL. The method

was linear between this range and the calibration
curve was described with the equation Y = 1002.2X +
247.3 and the coefficient of determination R? = 1.
The accuracy and repeatability data for the HPLC
method of AZM were shown in Table I. The limit of
detection (LOD) and limit of quantification (LOQ)
were calculated as 0.29 and 0.90 pg/mL respectively.

Table |

The accuracy and repeatability data for the HPLC method of AZM

Concentration (ng/mL) | %AZM for Accuracy (AVG + SD) %AZM for Repeatability (AVG % SD)
25 99.508 + 1.003 -
50 100.818 +1.091 100.327 £ 1.059
100 100.898 £ 1.182 -

*AVG: average; SD: standard deviation

Physicochemical characterization and drug loading
of nanoparticles

Nanoparticles were prepared by solvent evaporation
method with two different drug:polymer ratios to
analyse the effect of the amount of AZM on drug
loading. Particle size, PDI, zeta potential and DL%
(% wiw) values of Blank-NP, AZM-NP-1:5 and AZM-
NP-1:10 are shown in Table Il. Drug:polymer ratio
was found to affect drug loading capacity. According
to the literature, the reason for the higher drug loading
efficiency of AZM-NP-1:10 can be explained by the
higher polymer ratio [34]. There is no statistically
significant difference between the average particle
size of AZM-NP-1:5 and Blank-NP (p > 0.05). On
the other hand, the average particle size of AZM-NP-
1:10 was found to be increased. This situation can be
associated with the increase in the polymer amount,
which is used during the preparation process. In another
study by Patil and Dhawale, the mean particle size of
ritonavir-loaded ERL100 nanoparticles increased with
the increase of polymer ratio [35]. PDI value
indicates the particle size distribution of the dispersion.
According to the PDI results, AZM-NP-1:5 and AZM-
NP-1:10 have better homogeneity in particle size

distribution than Blank-NP. Choi et al. stated in a
study that a PDI value greater than 0.7 indicates a
very broad size distribution of particles [36]. All PDI
values of nanoparticles were found in the acceptable
range. As a result of statistical studies, no significant
difference was observed between the PDI values of
AZM-NP-1:5 and AZM-NP-1:10 (p > 0.05). Zeta
potential provides data about the surface charge of
nanoparticles. Zeta potential points out the net
electrostatic charge on the surface of the particle and
it is an important factor in the evaluation of nano-
particle stability [37, 38]. Higher zeta potential values,
either positive or negative provide stability and prevent
the aggregation of nanoparticles [39]. The positive
charge of nanoparticles can be associated with the
cationic structure of ERL polymer [40]. The zeta
potential values of Blank and AZM nanoparticles
indicate compatibility with the literature data. There
is no statistically significant difference between zeta
potential values of Blank-NP and AZM nanoparticles
(p > 0.05). Subsequent experiments were carried out
with AZM-NP-1:10 which was chosen as the main
formulation because it had a higher DL%.

Table 11

Particle size, PDI, zeta potential and DL% (% w/w) values of nanoparticles (n = 3)

Formulation Particle Size (nm) PDI Zeta Potential (mV) | DL% (% w/w)
Blank-NP 392.3+£34.7 0.592 +£0.07 +19.3 +£3.00 -
AZM-NP-1:10 554.4+£29.3 0.387£0.11 +15.4+£3.18 77.06 £3.63
AZM-NP-1:5 394.1 £30.7 0.452 £0.07 +17.6 £2.56 65.50 £2.78

*Blank-NP: Placebo nanoparticles; AZM-NP-1:10: Azithromycin loaded nanoparticles with 1:10 (drug:polymer) ratio;
AZM-NP-1:5: Azithromycin loaded nanoparticles with 1:5 (drug:polymer) ratio

Morphology of nanoparticles

The surface morphology of AZM and AZM-NP-1:10
were explored by using SEM. SEM images of AZM
and AZM-NP-1:10 were shown in Figure 1. AZM-
NP-1:10 nanoparticles prepared were nanometric
sized, spherical in shape with some agglomerated
particles and had a porous surface. These pores could
provide the release of encapsulated AZM. The average
sizes ranged between 449-642 nm in diameter for
nanoparticles and 1.4 - 2.9 um for AZM particles.
Agglomeration of nanoparticles may have been
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observed due to the adhesive nature of the polymer
and the drying process [41]. The SEM images clearly
showed the reduction of particle size for AZM during
the nanoparticle development process. Hari et al.
developed Efavirenz-loaded Eudragit-E100 nanoparticles
and characterized their particle size and morphology by
low angle light scattering technique and SEM analysis
respectively. In the SEM analysis, it was confirmed
that the active substance was seen as flakes, while in
the form of nanoparticles, the flakes become smaller
and encapsulated within the nanoparticles. The reduction
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in the particle size of the active substances during the
nanoparticle development stage is similar to our
study [42].

Figure 1.
SEM image of AZM (A) and AZM-NP-1:10 (B) at 1 um scale
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Figure 2.
DSC thermogram of AZM, ERL, AZM-NP-1:10 and BLANK-NP
Thermal analysis of nanoparticles by differential NP-1:10 were presented in Figure 2. According to
scanning calorimetry (DSC) Figure 2, the AZM sample has two endotherms. The
DSC analysis was performed to investigate the thermal first endotherm, which is in the temperature range of
behaviour and crystallinity of nanoparticles. The DSC 116 - 150°C corresponds to the dehydration step. The
thermograms of AZM, ERL, Blank-NP and AZM- DSC thermogram of ERL showed the amorphous
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nature of this polymer and no endothermic peaks were
detected. When the AZM-NP-1:10 thermogram was
examined, it was observed that the enthalpy between
116°C and 150°C in the AZM thermogram further
decreased and the anhydrous AZM peak disappeared
at 257°C. As a result of AZM's DSC analysis, a
thermogram with 2 endotherms was obtained. The
first endotherm shows the fusion of the dihydrate
group in the drug and the recrystallization of the
anhydrous phase. For the first endotherm, the
temperature range value was found similar to a study
reported by Timoumi et al. [43]. The second
endotherm step indicates the melting of the anhydrous
form of the drug at 257°C. When the AZM-NP-1:10
thermogram was examined, the disappearance of the
AZM peak at 257°C indicates that AZM was loaded
into the polymeric matrix successfully. The indistinct
peak between 116°C and 150°C in the AZM-NP-1:10
thermogram could be justified by the presence of few
amounts of AZM on the nanoparticle surface. The
decrease and disappearance of drug enthalpies in the
thermogram of AZM-NP-1:10 due to the encapsulation
of the drug in the polymer matrix was similarly reported
in the studies of Koopaei et al. and Gambhire et al.
[44, 45].

X-ray diffraction (XRD) analyses of nanoparticles
XRD analysis is used to reveal the structure of a
molecule, confirm the phase state, and obtain data
about polymorphism [46]. Figure 3 represents XRD
patterns of AZM (A), Blank-NP (B) and AZM-NP-
1:10 (C). AZM showed numerous peaks at a diffraction
angle (2 0) of 7.75°, 9.22°, 9.63°, 9.74°, 11.87°,
11.94°, 16.26° and 18.63° with high intensity and
sharpness demonstrating its crystalline nature. On
the other hand, the diffraction patterns of Blank-NP
and AZM-NP-1:10 did not exhibit any sharp peaks.
According to the XRD pattern of AZM-NP-1:10, the
disappearance of characteristic XRD peaks of AZM
indicated the amorphous form of the drug in nano-
particles. These results confirmed that AZM was
encapsulated successfully with ERL. In similar results
found in the literature, it was stated that the characteristic
losartan XRD peaks disappeared in the self-micro
emulsifying drug delivery system of losartan [47].
Kumar et al. revealed the absence of characteristic
peaks of atorvastatin calcium in the XRD pattern of
atorvastatin calcium encapsulated Eudragit nano-
particles [48].

T . B

Figure 3.
XRD pattern of AZM (A), Blank-NP (B) and AZM-NP-1:10 (C)

Figure 4.
FTIR spectra of AZM, ERL, AZM-NP-1:10 and BLANK-NP
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Fourier transform infrared spectrophotometry (FTIR)
analyses

FTIR analyses were used to determine chemical
interactions between the drug and the polymer. FTIR
spectra of AZM, ERL, AZM-NP-1:10 and Blank-NP
are given in Figure 4. According to the spectra of
AZM, the peaks at 3558 and 3485 cm™ belong to O-
H stretching. The peaks at 2970 and 2933 cm™
correspond to C-H stretching. A strong sharp signal at
1718 cm'* shows the C=0 group of AZM. The peaks
at 1188 cm™ (C-O-C asymmetrical stretching) and
1047 ¢cm (C-O-C symmetrical stretching) are the
characteristic peaks of AZM. A strong C=0 stretching
peak at 1720 cm™ belongs to the carboxylic acid group
of ERL in the spectra of ERL. In addition, a weak -
CHs stretching peak was observed at 1375 cm™ [49].
When compares with FTIR spectra of AZM, due to
the absence of new functional group peaks or chemical
shift in AZM-NP-1:10 spectra it could be stated that
there is no chemical interaction between AZM and
ERL polymer [43, 44]. Similar spectrums were obtained
for ERL and Blank-NP spectra. However, peak sharpness
was observed to be lower in ERL. The characteristic
AZM peaks in AZM spectra were observed with
significantly lower intensity in AZM-NP-1:10 spectra.
This indicated that AZM was encapsulated in the
polymeric nanoparticles.

Proton nuclear magnetic resonance (*H-NMR) analyses
The H-NMR analysis is used to determine the basic
chemical structure of substances, physico-chemical
properties and interactions of the drug, polymer and
nanoparticles [52]. In this study, *H-NMR analysis
was performed to determine the encapsulation of drugs
in a polymer and the interaction between the drug and
the polymer. 'H-NMR spectrums of Blank-NP and
AZM-NP-1:10 were illustrated in Figure 5A and
Figure 5B respectively. According to Figure 5A, a
sharp peak at 2.48 belongs to the (CD3)2SO solvent
and the doublet peak at 3.53 corresponds to the CHs-
OCO- group. Besides, this doublet peak is visible at
3.53 in Figure 5B. In Figure 5B, the peak at 4.73
corresponds to the (CH3)>CH-OH group. The signal at
4.14 belongs to the tert-buthyl alcohol group in AZM.
The signals at 2.89, 3.00, 3.34 and 3.63 correspond to
the interaction between the amine group of AZM and
the acid group of ERL. According to the obtained
IH-NMR results, due to the formation of CH3-N-, -
CH2-N- and -CH-N- peaks could be interpreted by
the encapsulation of AZM with ERL. In a study by
Tung et al., similar interaction peaks between AZM
and ERL were observed [53].

In vitro release studies and kinetics of AZM and AZM
nanoparticles

In vitro release studies have significance for the quality
of the final product. In addition, several mechanisms
such as swelling, erosion, stress relaxation of polymers,
etc. affect drug release from polymers [54, 55]. The
dialysis bag method was used to demonstrate the
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release profile of the drug and nanoparticles. In vitro
release profiles of AZM, AZM-NP-1:5 and AZM-
NP-1:10 at pH 1.2 HCI and pH 6.8 PBS media are
shown in Figure 6. All the nanoparticle formulations
showed slower drug release in comparison with AZM.
At pH 1.2 medium, 83.59 + 1.92% of AZM was
released in the first 3 hours, while 87.07 = 2.00%
was released at pH 6.8. On the other hand, AZM-NP-
1:5 and AZM-NP-1:10 showed 36.32 + 1.92 and
49.35 + 1.64% drug release in the same period at pH
1.2 medium. At pH 6.8, the release values of AZM-
NP-1:5 and AZM-NP-1:10 are 37.83 + 2.00 and
51.40 £1.71%.

The comparison of in vitro dissolution profiles of
formulations at pH 1.2 and pH 6.8 was made by
calculating f; and f, values. In order to say that two
different in vitro dissolution profiles are similar to
each other, f1 should be between 0 and 15 whereas
2 should be between 50 and 100 [56]. In the light of
the release profiles obtained, f; and f; values were
calculated as 7 and 62 for AZM, 6 and 74 for AZM-
NP-1:5 and 6 and 71 for AZM-NP-1:10, respectively.
The in vitro release data were fitted with different
mathematical drug release models including zero order,
first order, Higuchi, Hixson-Crowell, Hopfenberg,
Peppas-Sahlin and Korsmeyer-Peppas models. In vitro
drug release data were entered into the DDSolver
program to calculate the coefficient of determination
(R?), adjusted coefficient of determination (RZ%gjusted),
Akaike Information Criterion (AIC) and Model Selection
Criterion (MSC). The model with the highest R?,
RZgjustes, MSC and the lowest AIC was selected as
the best model [57]. When the release profiles in pH
1.2 HCI medium are examined, among all release
models, the first order was the best fitted kinetic
model for AZM, Peppas-Sahlin for AZM-NP-1:5 and
Korsmayer-Peppas for AZM-NP-1:10. The same Kinetic
model results were also obtained for pH 6.8 PBS
medium, except that AZM was the best fit model for
Hopfenberg.

In vitro release results indicates that the nanoparticles
demonstrated a rapid release in the first hour, then
showed a controlled release profile. This condition
can be associated with the drug amount on the surface
of nanoparticles. In both dissolution media, AZM-
NP-1:10 exhibited a higher release profile than AZM-
NP-1:5 which can be associated with the higher drug
loading of AZM-NP-1:10 in comparison with AZM-
NP-1:5. Musumeci et al. stated in a study that the
higher burst effect can be associated with a higher
entrapment efficiency [55]. The similarity results
indicate that there is no significant difference between
the drug release profiles in pH 1.2 and pH 6.8 media
for each formulation. The results obtained confirm
the pH-independent solubility property of the ERL
polymer [58]. The Peppas-Sahlin model, one of the
mathematical drug release models, shows Fickian
diffusion and erosion of the polymer matrix. In the
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first hour, AZM is mainly released from the nano- n value of Korsmeyer-Peppas model less than 0.5
particles by Fickian diffusion. It could be stated that indicates that the release mechanism is governed by
the drug transport mechanism of AZM-NP-1:5 was diffusion. This model describes the controlled drug
controlled by Fickian diffusion and case Il relaxation release from a polymeric system, which is compatible
[59]. Korsmeyer-Peppas model supposes is a combined with the drug release profile of AZM-NP-1:10 [60-62].

diffusion and swelling of the polymeric matrix. The
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Figure 5.
'H-NMR spectra of Blank-NP (A) and AZM-NP-1:10 (B)
(peaks assigned in blue: AZM, peaks assigned in red: AZM-NP-1:10)
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Storage stability

In this study, AZM-NP-1:10 samples were collected
and stored at 30°C = 2°C/65% RH = 5% RH
conditions in dried form for 0, 3 and 6 months, and
azithromycin content in nanoparticles was analysed.
The storage stability results presented in Figure 7
revealed that the initial content of 99.78 + 0.47% was
99.54 £ 0.22% at the end of 3 months and 99.44 +
0.18% at the end of 6 months with a slight decrease
of 0.3%. According to the physical characterization
of nanoparticles, while the freshly prepared AZM-
NP-1:10 formulation had a zeta potential of 15.4 +
3.18 mV, it decreased to 12.5 £ 2.51 mV at the end
of 6 months. The freshly prepared AZM-NP-1:10
formulation had 554.4 + 29.3 nm size and 0.387 +
0.11 PDI. At the end of 6 months the particle size
increased to 681.9 + 36.1 nm and the PDI was 0.474 +
0.13.

When the obtained storage stability results were
examined, it was determined that there was no
statistically significant difference between AZM content
values in 6-month periods (p > 0.05). Similarly, in a
study by Ren et al., the storage stability of azithromycin-
loaded liposomes at room temperature was analysed
and no statistically significant difference was found
in the azithromycin content of the liposome at the
end of the third month compared to the initial content
[63]. The increase in particle size and PDI is thought to
be associated with particle aggregation. A similar
situation has been encountered before [64].
Antibacterial activity evaluation of AZM and nanoparticles
Staphylococcus aureus ATCC 29213 strain was used
in this study. EUCAST has published the MIC ranges
for quality control strains. According to EUCAST, the
MIC range of azithromycin is 0.5 - 2 pug/mL [65].
MIC value of AZM for S. aureus ATCC 29213 was
found 2 pg/mL in this study. Table Il summarizes
the MIC values of the formulations based on the
broth microdilution test. According to these results,
the MIC value of AZM-NP-1:10 was four times lower
than the MIC value of AZM for S. aureus ATCC
29213. The MIC value of the blank nanoparticle was
1024 ug/mL.

When the antibacterial activity studies conducted
with azithromycin nanoparticles were examined in
the literature, it was seen that similar results were
revealed. Azdarzadeh et al. prepared azithromycin
nanoparticles with poly(lactic-co-glycolic acid) (PLGA)
polymer using the Modified Quasi-Emulsion Solvent
Diffusion (MQESD) method. In the study examining
antibacterial activity, it was revealed that azithromycin-
nanoparticles formed an 8 times lower MIC value
compared to the azithromycin MIC value [66]. In
another study, Khanmohammadi et al. prepared
azithromycin nanoparticles with PLGA or Eudragit
RS 100 using the MQESD method, and the MIC value
of the nanoparticle against Staphylococcus aureus
ATCC 6538 was 16 times lower in comparison to
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pure azithromycin [67]. It can be appreciated that the
results are in alignment with other studies about the
antibacterial activity of AZM-NP-1:10. AZM-NP-1:10
inhibits microbial growth at a lower concentration
than non-encapsulated AZM.
Table 111
MIC values of formulations against S. aureus
ATCC 29213 (n =3)

Formulations MIC values
(pg/mL)
AZM 2
AZM-NP-1:10 0.5
Blank-NP 1024

Time-kill assay

The time-kill curves of AZM, AZM-NP-1:10, Blank-
NP and growth control are illustrated in Figure 8. In the
time-Kkill assay, changes in the CFU/mL of bacterial
colonies demonstrate the bactericidal activity of the
formulations. The most significant result was obtained
at the MIC concentration. According to the time-Kkill
results, the activity of AZM started to decrease after
the 4" hour and showed a dramatic decrease after the
6" hour. However, AZM-NP-1:10 showed
continuous antibacterial activity for 24 hours.

Based on the time-kill data, AZM-NP-1:10 successfully
induced the long-term controlled release of azithromycin.
Since the antibacterial activity of blank nanoparticles
was almost non-existent, it was given results in parallel
with the growth control. In the study of Mushtaq et
al., it was observed that the blank nanoparticles did
not show antibacterial activity [68]. In addition, similar
results about Blank-NP were also observed in the
study conducted by Scolari et al. In this research,
Rifampicin-loaded alginate/chitosan nanoparticles
were examined against Staphylococcus aureus. The
blank nanoparticles did not indicate an antibacterial
effect against S. aureus ATCC 29213 [69].

S. aureus can live intracellularly in phagocytes causing
recurrent infections and causing host cell death. The
long-term release feature of the nanoparticle may
provide an alternative approach to the treatment of
infectious diseases by enabling it to show intracellular
activity. Nirbhavane et al. prepared solid lipid nano-
particles (SLN) using the solvent diffusion evaporation
method. In the time-Kkill results, azithromycin SLN
corroborated a sustained antibacterial activity against
S. aureus 22359 [70]. Figure 8 indicates a 1.5 log10
decrease in cell viability in the colony treated with
AZM-NP-1:10. Mushtaq et al. reported that the
ceftriaxone-loaded chitosan nanoparticles caused an
~ 1 log10 decrease in the viability of Methicillin-
resistant S. aureus [68].

According to the obtained results, the prepared AZM-
NP-1:10 formulation showed an effective enhancement
in the antibacterial efficiency against S. aureus ATCC
29213. AZM-NP-1:10 is more effective than AZM
during an extended period. Thus AZM-NP-1:10 is a
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favourable formulation for prolonged and continuous
antibacterial activity.

Figure 8.

Time-kill results for S. aureus ATCC 29213 (n = 3)

Conclusions

In this study, AZM a macrolide antibiotic was
successfully loaded into nanoparticles using ERL
polymer as a novel approach to obtain extended anti-
bacterial activity. The time-kill assay showed that
AZM-NP-1:10 effectively inhibited the growth of
Staphylococcus aureus ATCC 29213 for 24 hours
compared to free AZM due to the prolonged-release
characteristics of nanoparticles. To conclude, AZM-
loaded nanoparticles promoted a remarkably effective
and long-term antibacterial activities. The AZM nano-
particles were designed as a promising drug delivery
system for the treatment of bacterial infections. Further
studies are necessary to evaluate the pharmacological
activity of formulation in animal models.
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