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Abstract

Salmeterol xinafoate (SAM) and fluticasone propionate (FLU) are one of the
drug combinations used together in the treatment of lung diseases such as asthma
and chronic obstructive pulmonary disease (COPD). The aim of this study is to
investigate the usability of novel dual molecular imprinted nanoparticles (poly(2-
hydroxyethyl methacrylate-N-methacryloyl-(L)-alanine-N-methacryloyl-(L)-
histidine) [p(HEMA-MAAL-MAH)], abbr. DMIPNPs) as a controlled drug
release systems. In this study, SAM and FLU drugs were chosen as model drugs
because they are used in the treatment of these diseases. DMIPNPs were prepared
by surfactant-free emulsion polymerization method and characterized by scanning
electron microscopy (SEM) and fourier transform infrared spectrometer (FTIR). In
in vitro drug release experiments, drug release conditions were optimized. SAM
and FLU release from DMIPNPs experiments were also performed in the simulated
lung fluid (SLF). The amount of released SAM and FLU were found as 4.79 and
5.68 mg/g in the SLF medium at the end of 48 h, respectively. The release kinetics
of SAM and FLU from DMIPNPs were calculated in the SLF medium. The release
of SAM and FLU was determined to be compatible with the Higuchi release models.
According to these results, these DMIPNPs, dual-template molecular imprinted
nanoparticles with dual monomers, are promising materials that can be used in the
controlled release of two different drugs.
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Introduction

The respiratory system is susceptible to many diseases such as asthma,
bronchiolitis, chronic obstructive pulmonary disease (COPD), lung cancer,
cystic fibrosis, and respiratory diseases in the newborn [1]. The most common of
these diseases are asthma and COPD, also, their effects are gradually increasing.
The number of asthma patients are increased by 5% every year. According to
the report of World Health Organization (WHO), in the world, the number of
asthma patients are 300 million, and it is estimated to increase to 400 million by
2025 [2]. COPD and asthma are characterized by obstruction of the airway. The
obstruction in asthma is variable and reversible, while in COPD is persistent and
largely irreversible. Both diseases have chronic inflammation due to an increase
in the expression of very different inflammatory proteins in the respiratory tract
[3, 4]. In the treatment of diseases such as asthma and COPD, the use of drugs
by inhalation is often preferred because of its local and rapid effect. In particular,
inhaled corticosteroids and f, adrenergic receptor agonists are frequently used in
the treatment of asthma and COPD [5, 6]. Salmeterol xinafoate (SAM) is long-
acting f,-adrenoceptor agonist (LABA), while fluticasone propionate (FLU) is
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in the inhaler corticosteroid (ICS), drug class. The SAM as a member of LABA
induces bronchodilation and inhibition of the release of hypersensitivity mediators
from mast cells. The FLU as a corticosteroid inhibits eosinophil activation and
the subsequent release of inflammatory mediators. Combinations of SAM and
FLU are often used to treat asthma and COPD because the combination of these
drugs improves lung function and asthma symptoms more than using inhaled
corticosteroids alone [7].

Pulmonary drug delivery is an alternative drug delivery system with many
advantages over oral or injection delivery methods. Since lungs have a large surface
area, thin alveolar epithelium, easily permeable membrane structure and a large
vascular structure, they provide easy and fast absorption of soluble substances and
drugs [8, 9]. In recent years, inhaled drug therapies have been successfully used in
the treatment of topical asthma, local infectious diseases, local respiratory diseases
such as pulmonary hypertension, cystic fibrosis, and some systemic diseases.
Nanocarriers for pulmonary applications have been popular for the past two
decades. The use of different nanocarriers such as polymeric nanoparticles, micelles,
liposomes, dendrimers, mesoporous silica nanoparticles, and nanostructured lipid
carriers are being invested for the pulmonary drug release [8]. Polymeric drug
carriers cause to reduce the daily drug dose, and they provide drugs to diffuse easily
due to particles size and surface properties. Nanoparticles also allow the retention
of drugs to be prolonged by increasing their adhesion to the mucosal surface and
reducing mucociliary clearance [10-12].

Molecular imprinted polymers (MIP) are relatively newer material than other
carries materials using as drug delivery systems and use as drug delivery systems
has been increasing in recent years [13]. MIPs have molecular recognition sites for
the template (target) molecules, and they recognize template molecule specifically
through binding sites. In addition, these specific binding sites allow binding
template molecule with high selectivity and affinity. In the MIP synthesis, functional
monomer and template molecule are formed precomplex by covalent bond or non-
covalent interactions. At the end of the polymerization, the template molecule is
removed from polymer to occur the specific binding sites for the target molecule.
MIPs can be easy prepare with low cost. They have cross-linked polymeric nature
and can be reused many times. In addition, MIPs have high stability and selective
molecular recognition properties. For these reason, MIPs are the subject of intense
many researches in the different applications [14—18]. In the drug release studies,
molecular imprinted method increases the drug loading capacity and provides
controlled drug release compared to conventional methods [13, 19]. MIPs are used as
drug delivery carries in different routes such as transdermal, ocular, gastrointestinal,
intravenous, stimuli-reactive routes, as it preserves its molecular recognition
memory in different environmental conditions such as different temperatures, pH,
and organic solvents [13, 17, 20]. In the literature, many different studies have
been reported about MIP as a drug delivery carries. Ceglowski et al. [21] prepared
molecularly imprinted polymers (MIPs) based on poly(2-isopropenyl-2-oxazoline)
for 5-fluorouracil release. In the adsorption experiments, they determined the
maximum adsorption 5-fluorouracil amounts. In addition, they calculated adsorption
kinetics and adsorption isotherms parameters. In the vitro drug release experiments,
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they investigated to 5-fluorouracil release in the different pH conditions. In the
other study, Mohebali et al. [18] synthesized amitriptyline hydrochloride imprinted
polymers (MIPS) and investigate to release of amitriptyline hydrochloride from
these MIPs. In the another study, Raesian et al. [20] prepared and characterized
fluorometholone molecular imprinted (MIP) lenses for using ocular controlled
fluorometholone release.

Nowadays, different imprinting strategies such as surface imprinting, segment
imprinting, and dual imprinting are improved for MIP in the different applications
[22]. The one of these strategies is using multitemplate in other words dual template
or multifunctional monomers in the synthesis of MIPs [23]. For example, Peng
et al. [24] synthesized dual-template imprinting polymer nanoparticles (MIPs) with
core—shell structure. In the synthesis, CD59 epitope protein and doxorubicin were
used as dual template. They investigated the usability of these MIP nanoparticles
in the cancer therapy. In the other study, Han et al. [25] prepared dual-template
molecularly imprinted polymer (UIO-66@DMIPs) with using doxorubicin (DOX)
and phycocyanin (PC) as template molecules. They investigate adsorption and
release behavior of the drugs from UIO-66@DMIPs and cytotoxicity experiments
were also carried out.

In this study, it is aimed to show the usability of previously synthesized double
template molecular imprinted nanoparticles with dual monomers in controlled drug
release. Since SAM and FLU are frequently preferred in the treatment of asthma
and COPD, they were used as model drugs in this study. For this purpose, SAM
and FLU imprinted DMIPNPS nanoparticles with dual monomers were prepared
by surfactant-free emulsion polymerization methods. These DMIPNPs were
characterized by FTIR and SEM. In the drug release studies, DMIPNPs whose
drug loading capacities were determined in the previous study were used [23]. The
release of SAM and FLU from DMIPNPs were also investigated with different
release conditions such as pH, initial drug concentrations, and temperature. In the
end of the release studies, SAM and FLU release studies were performed in SLF
medium, and the release behavior of drugs was analyzed by using five different
kinetic models including zero-order kinetics, first-order kinetics, Higuchi model and
Hixson—Crowell models, and Korsmeyer—Peppas models.

Experimental section

Materials

Salmeterol xinafoate (SAM) and fluticasone propionate (FLU), hydroxyethyl
methacrylate (HEMA), ethylene glycol dimethacrylate (EGDMA), potassium

persulfate (KPS) and poly(vinyl alcohol) (PVA), methanol and other chemicals were
purchased Sigma-Aldrich.
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Synthesis of DMIPNPs

SAM and FLU imprinted DMIPNPs were synthesized by surfactant-free emulsion
polymerization method as a mentioned in the previous study [23]. In this method,
N-methacryloyl-(L)-alanine (MAAL) [26] and N-methacryloyl-(L)-histidine (MAH)
[27] were used as functional monomers and synthesized as stated in the literature
previously. Before the polymerization, SAM, template molecules, and MAAL,
functional monomer, were mixed to prepare precomplex. At the same time, FLU,
template molecules, and MAH, other functional monomer were also mixed in
different vial bottles. The each of the precomplex solutions were stirred for 2 h.
In the polymerization, PVA solution (stabilizer), HEMA monomer, EGDMA
(crosslinker), precomplex solutions and KPS solution (initiator) were added to the
reactor. This reactor was stirred at 70 °C for one hour in the shaking water bath
after passing through nitrogen gas for 1-2 min to remove the oxygen. At the end of
polymerization, DMIPNPs were washed several times with methanol and distilled
water to remove unreacted substances. After the washing process, DMIPNPs were
stirred in methanol/acetic acid (4:1) solutions for 4 days and in 1 M of NaCl/
methanol (1:1) solution for 3 days with orbital stirring to remove SAM and FLU
molecules from DMIPNPs. After this times, DMIPNPs were washed several times
again with water to remove desorption agents. Finally, DMIPNPs were resuspended
in water and stored at 4 °C until using in the experiments.

Non-imprinted nanoparticles (NIPNPs) were also prepared using the same meth-
ods without SAM and FLU molecules with using MAH, MAAL, and HEMA mono-
mers. In addition, p(HEMA) nanoparticles containing only HEMA monomers were
synthesized by the same method for characterization studies. A similar washing pro-
cess was applied to these nanoparticles. In the synthesis of DMIPNPs, the potential
interactions between drugs and monomers during the formation of precomplexes are
shown in Fig. 1.

Characterization of DMIPNPs

The characterization of DMIPNPs were performed with attenuated total reflection-
Fourier transform infrared spectrometer (ATR-FTIR), and scanning electron
microscope (SEM). Detailed characterization of DMIPNPs has been mentioned
in the previous study [23]. The functional groups of DMIPNPs were investigated
by FTIR (ATR-PerkinElmer) using dried DMIPNPs in the oven. The surface
morphology of DMIPNPs was analyzed by SEM (Quanta 250 S FEG). For this
analysis, DMIPNPS nanoparticles were dried in an oven. Then, DMIPNPs were
covered with gold for 2 min to increase conductivity of particles surfaces.

In vitro SAM and FLU loading and release studies
In the drug release studies, for drugs loading, the SAM and FLU drugs and

DMIPNPS were mixed in methanol at a concentration of 1500 ppm SAM and
FLU at 55 °C for 45 min. At the end of the time, DMIPNPs were centrifuged at
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Fig. 1 Schematic illustration of potential interaction between drugs and monomers. This figure was cre-
ated with ChemSketch application

14,500 rpm for 20 min, and the supernatant was analyzed by HPLC [28] to
determine drug amounts. Shimadzu SCL-10AVP HPLC was used in the analysis
with C18 column ODS-3 (4.6 150 mm, 5 um of pore diameter; equipped with a
guard column) as the stationary phase. Acetonitrile: 20 mM phosphate buffer pH
6.2 (70:30, %, V:V) was used as the mobile phase. Flow rate of mobile phase was set
1.5 mL/min, and temperature of column oven was also set to 30 °C. SAM and FLU
drugs were analyzed at 228 nm wavelength. Before the HLP analysis, all samples
were diluted with methanol 2 times and filtrated in the 0.45 um porous membranes.

The amount of loaded SAM and FLU molecules on the DMIPNPs was calculated
using the following equation [27, 29],

(C;—C)xV
mx 1073

where Q is the amount of SAM and FLU adsorbed on unit mass of the DMIPNPs
(mg/g), C; and C; are initial and final concentration of SAM and FLU molecules
(mg/L), respectively. V is the total volume of the solution (mL); and m is the dry

0= )
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Fig.2 Chromatogram of the initial and final concentrations of SAM and FLU solutions
(Cipiia= 1000 ppm SAM and FLU in the methanol at 37 °C; retention time of SAM and FLU =1.35 min,
3.15 min, respectively

mass of DMIPNPs (mg). The chromatogram of initial and final concentration of
SAM and FLU solutions obtained by this method is given in Fig. 2.

The release studies of SAM and FLU from DMIPNPs were carried out to investigate
the effect of the pH, temperature, and initial drug concentration. In the pH studies, the
experiments were performed in the different medium conditions in the range of pH
2.2 and pH 10.4. In order to effect of temperature on the SAM and FLU release, the
experiments were practiced in the different temperature as 4, 25 and 37 °C. Choosing
of these pH and temperature values were based on both chemical properties of drugs
and monomers and physiological properties in the literature. Investigating the effect of
loading drugs concentrations on the drugs release, the experiments were carried out
with the 100, 500 and 1000 ppm drugs loading DMIPNPs. In these release studies, the
loading SAM and FLU molecules on the DMIPNPs were carried out in the methanol
for 45 min, at the 1000 ppm SAM and FLU solutions and in the 37 °C due to obtained
maximum Q values from adsorption experiments.

In the drug release studies, dialysis membranes were used to separate DMIPNPs
from the release medium. The 200 uL SAM and FLU loaded DMIPNPs was added
into the dialysis membranes. These dialysis membranes were placed into 6 mL release
medium and stirred in the water bath in 37 °C. After a certain time, samples were taken
from the release medium and the same amount of fresh buffers were added into the
release medium to keep the initial volume constant. The release of SAM and FLU from
DMIPNPs were continued until reaching equilibrium in 48 h. Then, samples were
measured using HPLC method as a mentioned above to determine amounts of SAM
and FLU. The cumulative amounts of SAM and FLU (mg/g) were calculated against
time.

The encapsulation efficiencies (EE) and loading capacities (LC) of DMIPNPs were
also calculated using these following equations [30]:
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EE (%) = (Total drug amounts — free drug amounts)

% 100
Total drug amounts @

( Total drug amounts — free drug amounts)

LC (%) =
(%) DMIPNPs weight

x 100 3)

In vitro SAM and FLU release from DMIPNPs in SLF medium

In the other part of release studies, simulated lung fluid (SLF) were prepared
for investigated to in vitro SAM and FLU release behavior in the lung medium.
Therefore, Gamble’s solution which mimics the fluid environment deep in the
lungs were prepared according to literature [31]. For this study, the optimum drug
release conditions such as temperature, pH and initial drugs concentrations were
chosen as 37 °C, pH 7.4 and 100 ppm, respectively. The SAM and FU release
studies were performed as described above using Gamble’s solution as a release
medium. After taken samples, they were measured at 228 nm wavelength using
HPLC method. Investigated of SAM and FLU release kinetics from DMIPNPs
in SLF medium, five different kinetic models were used including zero-order
kinetics, first-order kinetics, Higuchi model and Hixson—Crowell models,
Korsmeyer—Peppas models. The equations of these release kinetic models are as
follows:

M,
Zero-order kinetics : M_t = k,t 4)

. . . Mt
First-order kinetics : log { 100 — )= log100 — k¢ 5)

M,
Higuchi model : M—‘ = ky\/t (©6)
M, \: 1
Hixson-Crowell model : <100 - M_> = 1003 — kyct (N
Mt

Korsmeyer-Peppas model : Y kt" (8)

(9]

In these kinetics equations, the cumulative fractional drug release is shown
in Mt/Mo. The release time is stated by z. The zero-order rate constant, the first-
order rate constant, the Higuchi rate constant, and the Hixson—Crowell rate
constant are expressed by ky, ki, ky, and kyc, respectively. The kinetic constant
for Korsmeyer—Peppas model and the diffusional exponent related to transport
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mechanism Korsmeyer—Peppas model are stated by k and n, respectively. These
equations are valid for the first 60% of the fractional release [32-35].

The Korsmeyer—Peppas model, also known as the power law, can be used to
define the release behavior of Fickian diffusion, non-Fickian transport, and Case-II
transport (zero-order (constant-rate)). The Korsmeyer—Peppas model equation can
be also applied to different geometrical matrices such as spherical, cylinders, and
thin film. For spherical geometries, when the value of n is 0.43, Fickian diffusion is
defined. The non-Fickian transport, also known as anomalous transport, is described
by 0.43 <n<0.85. The zero-order release (Case-II transport) is identified with the
value of n is 0.85 [36].

Results and discussions
Synthesis and characterization of DMIPNPs

In the previous study, novel dual imprinted nanoparticles with dual functional mon-
omers were prepared and characterized. Also their usability for adsorption of two
drug molecules was demonstrated in detail [23]. In this study, DMIPNPs were syn-
thesized in a similar way to investigate the usability of these DMIPNPs in controlled
drugs release. For using in the FTIR analysis, p(HEMA-MAH) NPs and p(HEMA-
MAAL) NPs were also prepared with same method as mention literature [27]. In
the release experiments, nanoparticles whose drug adsorption conditions were deter-
mined in the previous study were used. Therefore, it could not optimize the drug
loading conditions. The data obtained in this study were used. Because, SAM and
FLU are often used treatment of respiratory disease such as asthma, these drugs
are chosen as model drugs for novel developed imprinted nanoparticles. Schemati-
cally representation of usability of DMIPNPs in the treatment of asthma is shown in
Fig. 3.

In the characterization studies, FTIR and SEM analysis were carried out. The
FTIR spectrum of SAM and FLU imprinted DMIPNPs, NIPNPs, and p(HEMA)
NPs is shown in Fig. 4. In the FTIR spectrums, O-H stretch vibration band (alco-
hol) is usually between 3300 and 3500 cm~'. The spectrums of DMIPNPs, NIPNPs,
and p(HEMA) NPs have O-H stretch vibration band around 3525.98, 3503.99, and
3444.95 cm™!, respectively. The O-H stretch band of p(HEMA) NPs is sharper than
the others spectra. Therefore, we can say that the hydroxyl groups of p(HEMA) NPs
participate in bond formation. The alkane group of C-H stretch band is between
3000-2800 cm™~!. This C-H stretch bands of DMIPNPs, NIPNPs, and p(HEMA)
NPs are shown at 2955.96, 2954.98, and 2952.94 cm™!, respectively. In the all spec-
trums, the C=0 (carbonly) stretch bands are founds around 1722 cm™'. The spec-
trum of DMIPNPs has amine I bending band around 1637.97 cm™! [23, 26, 27].
According to the SEM image in Fig. 5, DMIPNPs have almost spherical morphol-
ogy. The particle size of DMIPNPs is about 269.6 +20.10 nm.
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Fig.3 Schematic representation of usability of DMIPNPs in the treatment of asthma. This figure was
created using images from Servier medical art by Servier is licensed under a creative commons attribu-
tion 3.0 unported license, https://smart.servier.com

In vitro SAM and FLU loading and release studies

In the previous study, SAM and FLU adsorption conditions were investigated in
drug adsorption studies and their adsorption came to equilibrium at a concentration
of 1500 ppm SAM and FLU concentration in 45 min at 55 °C. The maximum
SAM and FLU adsorption capacities of nanoparticles were found to be 537.64 and
393.32 mg/g, respectively, at 1500 ppm drugs concentration [23]. In drug release
studies, the effect of the initial SAM and FLU concentrations, temperature and
the pH was investigated to optimize the release conditions of SAM and FLU from
DMIPNPs. The all release studies were performed in 48 h, and samples were taken
at certain times.

The effect of initial drugs concentration

In the investigation of the effect of the initial SAM and FLU concentrations on
the drug releases, releases studies were carried out with different drug loaded
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Fig.5 SEM photograph of DMIPNPs

Table1 SAM and FLU

. L Drugs Drug Encapsulation Loading
;:::;[I)]sulauon.e.fﬁcm;n](;leMsI;I;\?P concentration efficiency (%) capacity
g capacities o S (ppm) %)

SAM 100 12.95 4.34

SAM 500 20.74 8.60

SAM 1000 14.73 43.94

FLU 100 3.23 0.90

FLU 500 9.62 2.19

FLU 1000 14.07 33.43

DMIPNPs. For this purpose, SAM and FLU loading to DMIPNPs was performed
by mixing 100, 500 and 1000 ppm SAM and FLU in methanol in a 37 °C water
bath for 45 min. The encapsulation efficiencies (EE) and loading capacities (LC)
of DMIPNPs are calculated and given Table 1. As seen Table 1, the encapsulation
efficiencies of DMIPNPs to SAM and FLU were found to vary between 3.23% and
20.74% according to SAM and FLU concentrations. Similarly, the loading capaci-
ties of DMIPNPs to SAM and FLU were also found to vary between 0.90 and
43.94% according to SAM and FLU concentration. As given Fig. 6, when loaded
SAM and FLU concentration were increased, the release amount of the SAM and
FLU was also increased. At the end of 48 h, the maximum release of SAM and
FLU amounts were determined as 19.30, 4.85 mg/g respectively, at 1000 ppm drugs
concentrations.

The effect of pH

In the effect of pH on the SAM release studies, the maximum release was deter-
mined at pH 7.4 in phosphate buffer and the amount of the SAM was found as
20.34 mg/g at the end of the 48 h (in Fig. 7). In the synthesis of DMIPNPS nanopar-
ticles, it is thought that hydrogen bonds, van der Waals interactions and hydropho-
bic interactions are dominated between SAM and MAAL monomers as seen Fig. 1.
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Fig.6 Effect of the initial drug conditions on the SAM (A and B) and FLU (C and D) release from
DIMPNPs (Time: 48 h, Temperature: 37 °C, in pH: 7.4 phosphate buffer)

Also because of the cavity on the nanoparticles in the synthesis of DMIPNPs which
occur in the pH 6.4, this pH value is in the most suitable conformation for bonding
to template. For this reason, it thought that the minimum release amount of the SAM
was seen in the pH 6.4. Similarly, the maximum release of FLU was determined
at pH 7.4 in phosphate buffer and the amount of the FLU was found as 4.85 mg/g
at the end of the 48 h. In the synthesis of DMIPNPs, it is thought that electrostatic
interactions and hydrogen bonds are dominated between FLU and MAH monomers
as seen Fig. 1. The pKa value of imidazole in the histidine is approximately pKa~ 6.
Furthermore, three protonation states are observed between pH 1-14 correspond-
ing to the imidazolium cation (at low pH), neutral imidazole-phenol (pH= 5-9),
and the imidazole-phenolate anion (at high pH) [37]. For this reason, in pH 7.4,
pH 6.4, and 8.2, the neutral imidazole is observed and the electrostatic interactions
are decreased. Consequently, the FLU release is also increased. Because the cavity
on the nanoparticles occurred at pH 6.4 in the synthesis of DMIPNPs, the binding
cavity is the most suitable conformation for bonding to templates in this pH value.
Therefore, the release amount of FLU was also decreased according to pH 7.4 and
pH 8.2. In pH 2.2, the imidazole group is loaded with a positive charge, and the
electrostatic interactions are increased. Therefore, the FLU release from DMIPNPs
was also decreased. For this reason, the minimum FLU release was seen at a pH of
2.2.
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The effect of temperature

In the effect of temperature on the SAM and FLU release studies, the maximum
release amount of SAM and FLU were found as 26.53 and 8.44 mg/g at the end
of the 48 h, respectively, as seen Fig. 8. The secondary interactions (hydrogen
bonds, van der Waals interactions and hydrophobic interactions vb.) are domi-
nated on the SAM and FLU adsorptions. When the temperature is increased, these
interactions are also increased, and drug releases are decreased. Consequently, in
accordance with adsorption studies, a decrease was observed in the amount of
drug released as the temperature increased.

In Vitro SAM and FLU release from DMIPNPs in SLF medium

SLF medium was used to investigate the in vitro behavior of the release of SAM
and FLU from DMIPNPs in the mimic lung environment. As given Fig. 9, the
release amount of SAM and FLU were determined as 4.79, 5.68 mg/g at the end
of 48 h, respectively, in the SLF medium. When the release amount of SAM com-
pared with the release amount in 37 °C, pH 7.4 phosphate buffer, it appears to be
lower in the SLF medium. Hydrogen bond, van der Waals and hydrophobic inter-
actions are thought to be predominate between SAM and MAAL monomer. The
pH value of SLF medium is 7.4 and contains lots of salts. As the amount of salt in
the medium is increased, the hydrophobic interactions are also increased. There-
fore, the amount of release is also decreased. For this reason, the lower amount
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Fig.9 SAM and FLU release from DIMPNPs in the simulated lung fluids (Drug loading: 1000 ppm in
the methanol, 37 °C, 45 min; Release condition: in the SLF medium, 37 °C)
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of SAM was obtained. While the amount of SAM released from DMIPNPs in the
5th hour is 82% of the total amount of SAM released, the amount of FLU is 84%
of the total amount of FLU released. 50% of the release amount of SAM and FLU
were found in 50th and 60th minutes respectively. Here, it is thought that be from
the first burst effects. The first burst effect is due to drugs dispersed on the surface
of the nanoparticles [38].

Release kinetics of SAM and FLU

Investigated to release kinetics of SAM and FLU from SAM and FLU imprinted
DMIPNPs in the SLF medium, five different kinetic models were used to includ-
ing zero-order kinetics, first-order kinetics, Higuchi model and Hixson—Crow-
ell models, and Korsmeyer—Peppas models. The graphs of these kinetic models
were plotted using the equations given above. These graphs are shown in Fig. 10.
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Fig. 10 Different kinetic release models of SAM and FLU. A Zero-order kinetic models, B First-order
kinetic models, C Higuchi kinetic models, D Hixson—Crowell kinetic models and E Korsmeyer—Peppas
kinetic models
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Table2 Drug release kinetic data obtained from SAM and FLU release experiments (n, diffusion expo-
nent, k, kinetic constant; R?, correlation coefficient)

Zero-order First-order Higuchi model Hixson—Crowell Korsmeyer—Peppas
kinetic kinetic model model
ky R? k, R k R? kye R n k R?

SAM 0.009 09131 0.011 0.8513 0.057 0977 0.006 0.8734 0.44 0.113 0.9769
FLU 0.005 0.9482 0.006 0.8902 0.0817 0.9689 0.003 0.9029 042 0.086 0.9647

The drug release kinetic data were calculated using the slope of these each
graphs and given in Table 2. As seen Table 2, release kinetics models of SAM
and FLU drugs were determined to be suitable with Higuchi model. Accord-
ing to the Higuchi model, the release of the drug from the matrix returns as the
square root of a time-dependent process based on Fickian diffusion [33]. Peppas
was used to diffusional exponent (n) for describe to drug transport mechanisms.
According to SAM and FLU release from DMIPNPs results, it was determined
that FLU release behavior from DMIPNPs was conformed to Fick diffusion
model (n=0.42), while SAM release behavior from DMIPNPs was also com-
plied with non-Fickian transport model (n=0.44). Fickian diffusional release
occurs by the usual molecular diffusion of the drug due to its chemical potential
[33].

In the literature, there are a few studies about encapsulated and released
of SAM and FLU simultaneously. In the one study, fluticasone propionate
and salmeterol xinafoate were microencapsulated in the modified chitosan
microparticles [39]. In this study, trans-aconitic acid, succinic anhydride,
2-hydroxyethyl acrylate, and acrylic acid derived chitosan microparticles were
prepared with particle size ranging from 0.4-22 ym. SAM and FLU loading
capacities and encapsulation efficiency were calculated. It has been determined
that SAM loading capacities vary between 2.1 and 11.18%, whereas FLU
loading capacities are determined to change between 3.04 and 19.8%. The
encapsulation efficiency of microparticles are also established to vary between
11.13 and 55.47%. In the drug release experiments, the release amount of
SAM and FLU are found to be 25 and 9.5%, respectively, at the end of 100 h
in the phosphate buffer adjusted at pH=7.4. In the other study, fluticasone
propionate and salmeterol xinafoate were nanoencapsulated by nanoaggregates
using polyamides based on L-lysine [40]. These nanoaggregates were prepared
by interfacial polycondensation method, and a nanocapsule with an average
particle size of 226.7 +35.3 nm was obtained. The entrapment efficiency and
encapsulated efficiency of nanoaggregates were calculated, and the entrapment
efficiencies of nanoaggregates were found to change between 79.8 and 99.17%.
The encapsulated efficiency of nanoaggregates were also determined to vary
between 0.33 and 1.67%. The drug release studies were performed in phosphate
buffer for 24 h. The release amount of SAM and FLU are found to be approximate
80 and 100%, respectively. At the end of study, five kinetic models such as zero-
order kinetics, first-order kinetics, Higuchi model and Hixson—Crowell models,
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and Korsmeyer—Peppas model parameters were calculated. It was found that the
release profile of both FLU and SAM was suitable with the Higuchi model. Also,
Korsmeyer—Peppas models were shown high correlation, and the value of n for
FLU was found as 0.42 which indicated Fickian transport. The value of n for
SAM was also determined as 0.44 which demonstrated non-Fickian diffusion.

Conclusions

In recent years, the use of molecular imprinted polymers as drug delivery systems
has attracted attention. For this purpose, molecularly imprinted polymers with
different forms and chemical structures are being developed. Although same dual/
multi template imprinted polymers (MIPs) are reported in the literature, dual-
template molecular imprinted nanoparticles with dual monomers are very few
publications. For these reason, the usability of the previously synthesized novel dual-
template molecular imprinted nanoparticles with dual monomers as drug delivery
systems was investigated in this study. For this, the SAM and FLU drugs were used
as dual templates. Because, these drug combinations are frequently used in the
treatments of respiratory diseases such as asthma and COPD. In the drug release
studies, the effect of drug release conditions such as initial drug concentration,
pH and temperature on the drug release was investigated, and the maximum drug
release was found at pH 7.4, in 1000 ppm, at 4 °C. Also, in the simulated lung fluid,
the release amount of SAM and FLU were determined as 4.79, 5.68 mg/g at the end
of 48 h, respectively. At the end of the study, drug release kinetics were calculated.
The release behavior of SAM and FLU were found to be suitable with Higuchi
model. While the diffusion of FLU from DMIPNPs occurred in accordance with
Fickian diffusion modes, the diffusion of SAM was also occurred in accordance with
non-Fickian transport. Considering all these results and compared with data in the
literature, we can say that SAM and FLU imprinted DMIPNPs are hopeful novel
dual-template molecular imprinted nanoparticles for drugs release.
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