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Abstract

In this study, alginates, as the most versatile polymers, were employed to construct selective and effective molecular imprinted
polymer (MIP) as a solid phase extraction adsorber for the estimation of tenoxicam (TNX) in pharmaceutical formulations.
Based on the non-covalent approach, the polymerization reaction was performed with sodium alginate as a monomer, cal-
cium chloride as a crosslinking reagent, and TNX as a template. The formed polymer was characterized by means of scan-
ning electron microscopy (SEM), X-ray diffraction (XRD), differential scanning calorimetry (DSC), and Fourier transform
infrared spectroscopy (FTIR). The distribution ratio results showed that the particle formed ranges were less than 100 nm.
To evaluate binding capacity, batch binding assays were utilized, and the results were monitored using UV—Vis spectroscopy
at 369 nm. The drug delivery of the imprinted surface was studied in different acidic media that mimic the gastric medium,
intestine and blood plasma. The results show that the best way to deliver drugs is in the acidic environment of the stomach.
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Introduction

Molecularly imprinted polymers (MIPs) first appeared in
research in the early 1990s of the previous century and have
since grown in popularity. These synthetic polymeric mate-
rials, with specific receptor sites in their matrix, are one of
the most promising separation techniques. MIPs are used in
a wide range of applications as a separation technique for
complicated matrices, as evidenced by the growing number
of publications (Szatkowska et al. 2013; Hussein and Al-
Bayati 2021; Al-Bayati and Al-Safi 2018; Al-Abbasi et al.
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2020). These polymers are custom-made synthetic materials
with artificially made recognition sites that can effectively
bind a target compound even when other closely related
compounds are present (Tamayo et al. 2007).

A molecular imprinting guest—host framework enables
the embedding of specialized substrate recognition into
a chemically synthesized polymeric matrix. Imprinting
involves copolymerizing active monomers with a crosslink-
ing agent in the presence of a template molecule. To gen-
erate a hard polymeric matrix, the polymerization process
allows for a strong and sophisticated combination of both
functional monomers and templates. After rinsing and elu-
tion, the resultant polymer matrix is left with cavities that
are similar in spatial organization and molecular interaction
to template molecules, resulting in high affinity, selectivity,
and recognition toward the target template (Sarpong et al.
2019, Abood and Abbas, 2021).

Currently, the emphasis is on employing low-cost, envi-
ronmentally friendly materials. Furthermore, natural com-
ponents are becoming extremely prevalent in food, phar-
maceuticals, and cosmetics, according to recent trends. The
hydrocolloid alginate is a biodegradable and biocompatible
co-polymer of guluronic acid and mannuronic acid that
has already received FDA approval for human use (Ahmad
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et al. 2006; Alkhatib et al. 2020). Because of its low toxic-
ity, low cost, and moderate gelation by the addition of diva-
lent cations (Ca**"), a naturally occurring anionic polymer
(biomaterial), alginate, has been extensively explored and
employed for numerous biomedical science and engineering
applications (Cetinkaya et al. 2022; Gao et al. 2022; Hamed
et al. 2017). It has a number of attractive biopharmaceutical
features, including pH sensitivity, biodegradability, mucoad-
hesiveness, and non-immunogenicity, making it a good can-
didate for modified drug release (Prabaharan 2015; Hasseb
et al. 2022). As a consequence, the researchers considered
employing materials with these properties in the synthesis
of molecular imprinting polymers to separate vital materi-
als such as proteins (Herrero et al. 2010; Qi et al. 2019; Liu
et al. 2018), and different chemical compounds (Zhao et al.
2014; Chen et al. 2010).

The past century's achievements, mainly the discov-
ery of life-saving drugs, led to a dramatic improvement in
healthcare. The use of drug delivery systems (DDS) is one
method for improving the therapeutic effects of medications.
As attractive and efficient materials, molecular imprinted
polymers (MIPs) are a promising candidate for drug deliv-
ery. MIPs are one of the greatest materials for use as a scav-
enger in DDS because of their capacity to release a reliable
result of drug carrier that is proportional to increased load-
ing susceptibility and intelligent release of the therapeutic
(Mokhtari and Ghaedi 2019). One of the major qualities
necessary for the optimal design of therapeutic agents for
oral administration is the release of an imprinted molecule
in response to changes in the acidity of the surrounding
medium (Ciurba et al. 2021b). Additionally, its excellent
alternatives in the area of DDS are alginate MIP as pH-sen-
sitive polymer hydrogels with such a polymeric network that
is able to take or donate protons at a given pH, through a vol-
ume phase transition from a collapsed state to an extended
one (Puoci et al. 2008; Kurczewska 2022).

Tenoxicam (TX) (4-hydroxy-2-methylthieno[2,3-¢]
[1,2]thiazine-3-carboxylic acid 1,1-dioxide) (Fig. 1) is a
non-steroidal anti-inflammatory drug (NSAID) (Ciurba
et al. 2021a). It is rather frequently prescribed because
it specifically inhibits COX-2 (cyclo-oxygenase enzyme),
which could mean that negative side effects such as gastric

Fig. 1 Chemical structure of tenoxicam
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acidity occur less often (Arslan et al. 2011). Given the
importance of this drug, a review of the literature reveals
various methods for estimating TNX, including spectro-
photometers (Amin 2002), HPLC (Madni et al. 2016), flow
injection analysis (Chen and Zhao 2012), and the voltam-
metry method (Demiralay and Yilmaz, 2012).

The objective of this study was to develop a non-
covalent interaction procedure for the manufacture of
nanoscale molecular imprinting polymer (MIP) consist-
ing of alginate as the monomer, divalent metal (Ca>*) as
the crosslinker, and TNX as the template. The synthesized
MIP was then employed in the solid phase extraction of
the tenoxicam drug in bulk and pharmaceutical products,
which was afterward evaluated spectrophotometrically. In
a second part of this study, the capabilities of fabricated
MIP nanoparticles as drug delivery vehicles were evalu-
ated using in vitro release tests in varying pH ranges that
mimic body fluids (Fig. 2).

Experimental
Materials

Tenoxicam powder in a pure form (99.99%) was obtained
from Middle East Pharmaceutical Manufacturing Co. Ltd.,
Iraq. All of the chemicals used were of analytical grade, and
they were utilized just as they were received, with no further
purification.

Procaine (PRO) was bought from the state company for
drugs industry and medical appliances (SDI), Iraq. Niclosa-
mide, K,HPO,, and Na,HPO, were purchased from Sigma-
Aldrich Co. Ltd. (USA). To simulate stomach juices, a buffer
solution (pH 1) was made by adding 0.83 mL of HCI to a
50-mL volumetric flask and then filling the flask to the mark
with distilled water.

Preparation of MIP and NIP

In order to prepare the nanoaggregate particles for molecular
imprinting (MIP), 1.0 g of sodium alginate and 0.04 g of
TNX template are dissolved in 20 mL of distilled water and
stirred to ensure the dissolution of alginate and TNX tem-
plate. This takes 120-min period. Separately, 3.0 g of CaCl,
was dissolved in 20 mL of distilled water in a second flask.
The dissolved CaCl, salt was added to the alginate-TNX
mixture and stirred for a further 60 min. Then, 40 mL of
methanol was added to accelerate the synthesis of hydro-
colloid alginate particles of MIP. After polymerization, the
excess amount of solvent was removed by centrifugation of
the resulting suspension solution.
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Fig.2 Schematic illustration of
alginate-based MIP synthesis

and application Sodium alginate
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Elution of TNX template

The printed template (TNX) was removed from the MIP
polymer by repeatedly washing them in an ultrasonic bath
(SONOREX-Germany) for 30 min with a 15 mL solution of
methanol and acetic acid (3:1), leaving merely a molecular
imprint polymer (MIP). Each time, after centrifugation, the
absorbance of the supernatant solution was monitored by
UV-Vis spectrophotometer (UV-1900i Shimadzu) at 369 nm
to verify that the release process was completed and that the
resulting MIP polymer was empty of the TNX templates.
The synthesized MIP particles were then collected, filtered,
and air-dried for two days at room temperature. The obtained
nanopolymer (MIP) was ground and used for sorption and
desorption process in subsequent studies. As a reference,
non-imprinted polymer (NIP) was prepared using an identi-
cal procedure but without the template (TNX).

Pharmaceutical sample preparation

The sample preparation procedure includes mixing the
contents of 10 capsules, weighing a portion of the sam-
ple in which the amount of TNX is equivalent to 0.01 g
mixed with distilled water using an ultrasonic bath, until
the powder is completely disintegrated and the resultant
solution is allowed to settle. The solution was filtered, and
the insoluble residue was washed several times with dis-
tilled water. Then the washing was added to the filtrate
and diluted to a volume of 100 mL in a volumetric flask to
obtain a 100 pug mL-1 stock solution. Then, from the stock
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solution, three different volumes (0.7, 1.0, and 1.3 mL)
were taken and placed in a 10-mL volumetric flask and
diluted with distilled water.

Drug delivery study
Drug loading

0.5 g of polymeric matrix was immersed in 10 mL of TNX
solution (10 pg/L) and stirred continuously for 4 h at room
temperature. After that, the solvent was removed, and the
powder was left at room temperature for two days to dry.

Buffer media

A buffer solution with pH 6.8 was prepared by mixing
10.2 mL of sodium phosphate monobasic (monohydrate)
(0.5 mol/L) with 9.8 mL of sodium phosphate dibasic
(heptahydrate) (0.5 mol/L) solution and adjust the final
volume to 200 mL with distilled water (simulate intestinal
fluids). Buffer solution (pH 7.4)-simulated blood plasma
was prepared by mixing 3.8 mL of sodium phosphate
monobasic (monohydrate) (0.5 mol/L) with 16.2 mL of
sodium phosphate dibasic (heptahydrate) (0.5 mol/L) solu-
tion and adjust the final volume to 200 mL with distilled
water (Chandra Mohan 2003). To simulate stomach juices,
a solution of pH 1.0 was made by adding 0.83 mL of HC1
to a 5-mL volumetric flask and then filling the flask to the
mark with distilled water.
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Release of drugs in vitro

Tenoxicam (TNX) in vitro delivery behavior from MIP was
investigated in different pH media to determine how these
media could alter the TNX behavior under different condi-
tions. The experiment was carried out in a 50-mL solution
containing 10 pg.L~! of TNX at three release pH values
(1.0, 6.8, and 7.4) with continuous stirring at 37 °C. To keep
the pH constant, 3.5 mL of the sample was taken at speci-
fied time intervals and replaced with an equal volume of pH
buffer. The amount of TNX emitted at specific periods was
measured spectrophotometrically at 369 nm. The Higuchi
model, in accordance with Eq. 5, was used to investigate the
TNX release mechanism from MIP by plotting the cumula-
tive percentage of drug (%CRR) released against the square
root of time.

Adsorption equations

In five batches, 0.5 g of MIP and NIP was weighed and
placed in a separation column, in which they were activated
with 10 mL of distilled water. Then a 10 mL solution of
10 ug mL~! TNX was added into the column, followed by
a 10-min equilibrium time. The solution extracted from the
column was collected in a 10-mL volumetric flask after the
column was mechanically squeezed. A UV—-Vis spectropho-
tometer set at 369 nm was used to measure the absorption at
room temperature. The binding capacity of TNX and MIP
was calculated based on the following equation:

(Co - Ce) 4 (1)
Q0= —w

O (ug.g™") is referred to the binding capacity for the MIP,
C,(ug mL") is the concentration of template in the solution
before contact with the polymer, V is the template solution's
volume (mL), C, (ug mL™") is the equilibrium concentration
of the template in the solution phase, W (g) referred to the
polymer dry mass MIP (g).

The interaction between the template and adsorbent active
sites is estimated using the Scatchard equation (as a lin-
earized formulation of the Langmuir adsorption isotherm)
according to the following equation (Jaoued-Grayaa et al.
2022; Scatchard 1949):

0 _ Qmax -0
c. Tk @
in which Q,,,, refers to the maximum binding capacity of

the template (TNX), C, (ug mL™!) is the remained analytical
concentration of the TNX template at equilibrium, and K is
the dissociation constant; division constant correlated with
adsorption site attraction.
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The specific adsorption is the ratio of MIP Q, . (ug.g™!)
adsorption capacity to that of its NIP counterpart Q.. (ng.
g 1). The imprinting factor (IF) determined according to
Eq. 3 which defines this feature (Nantasenamat et al. 2007;
Decompte et al. 2020).

Qax( MIP)
Qnax (NIP)

IF = 3

Finally, the cumulative release rate (% CRR) was deter-
mined using the following equation (Zhang et al. 2017a):

%CRR = M, 100
oCRR =13, )% )

o)

where M, the total amount of TNX is released at time t,
and M, is the total quantity of TNX impregnated in the MIP
at an endless time.

The in vitro release performance of TNX from MIPs
was assessed using the release kinetics equations of the fre-
quently used mathematical Higuchi model (Eq. 5).

Ml
<M_) ZKH\/; 5)

[s9)

where ( %) is the release percentage (%),K, is the Higuchi

release rate constant, and ¢ is the release time (Zhu et al.
2017).

Statistical analysis

All studies were performed in triplicate, and results were
reported as means + SD. A one-way analysis of variance was
used to determine the significance of data variances in all
obtained results, at a significance level of smaller than 5%.

Results and discussion
Characterization

Scanning electron microscopy (SEM) (TESCAN MIRA
11I-Czech)

The morphological investigations (shape and size) of the
NIP and MIP were carried out using SEM analysis. An
SEM image has been taken at different magnifications.
Figure 3 demonstrates that the polymer has a spherical
shape and size in the nano-range, less than 100 nm. As
a result, it can be applied as a nano-size adsorbent for
more efficient extraction of TXN. The interaction between
monomers and template in MIP results in a considerable
difference in surface shape, and NIP has more regular
partials in size, shape, and smaller size. When tenoxicam
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Fig.3 SEM images of MIP (I)
and NIP (II) and dynamic light
scattering (DLS) graph(I1I)

WD: 7.01 mm 200 nm
View field: 1.04 ym _Date(m/dly): 11/16/21

25 ................. .......
A | P -

Intensity (Percent)

11 ] SEM MAG: 200 kx
WD: 6.29 mm

e ooty

1T S 4444444

S

D2=30.34 nm

W\ 3
Dl:‘ 38.08/nm
\
)

vy
Det: InBeam | MIRA3 TESCAN|

INENNERERR
BI: 7.00 200 nm

View field: 1.04 ym Date(m/dly): 11/16/21

(TNX) was added to the reaction mixture of alginate and
calcium chloride, irregular and large nanoparticle sizes
were observed. This can be explained by the fact that ten-
oxicam is an active oxygen scavenger in the monomer and
has a low solubility in the aqueous reaction medium (EI-
Gazayerly 2000).

Dynamic light scattering (DLS) (particle size analyzer,
SZ-100-HORIBA, Japan) was employed to measure the par-
ticle size and size distribution. Figure 3-III demonstrates that
the particle size of MINPs is less than 100 nm.

X-ray diffraction (XRD-Shimadzu 6000)

The X-ray diffraction structures of NIP and MIP with TNX
as a template are shown in Fig. 4. Two of the sharpest crys-
talline peaks 20 are found at 20 and 40 in the X-ray pattern.
When comparing MIP to NIP, the strength of each of these
peaks was reduced, indicating the decreasing MIP crys-
tallinity. This is due to the TNX template weakening the
polymer's crystal structure and decreasing coherent layer
scattering (Abdeen and Salahuddin 2013). Because of the
interaction, the carboxyl group became a source of particle
accumulation, and the pattern for MIP with the template
became less intense.
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Fig.4 Illustrate X-ray diffraction pattern by Cu K, radiation
(4=1.54060 A) of NIP and MIP -TNX

Fourier transform infrared spectroscopy
(FTIR-IRTracer-100- Shimadzu)

According to stretching vibrations of the polysaccharide's
characteristic hydroxyl group, both the NIP and MIP spec-
tra exhibit a significant broad band around 3421 cm™!,

which can be attributed to intermolecular hydrogen
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bonding between various alginate molecules (Fig. 5).
In the presence of TNX, the monomeric carboxylic acid
group's C = O stretching mode shifts from 1647 cm™! in
NIP to 1635 cm™! in MIP. The C = O stretching frequency
of alginate is further lowered in the presence of TNX due
to resonance stabilization (Geetha et al. 2016). A new
band corresponding to the carboxyl group occurred at
1716 cm™!, with MIP referring to the free group generated
after mixing with TNX. It is self-evident that the bands
relating to carboxylate groups can be utilized to correlate
variations in the structure of different alginate polymers.
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Fig.5 FTIR spectrum of MIP and NIP
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Fig.6 DSC/TGA thermogram for NIP and MIP
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Differential Scanning Calorimetry (DSC-TA
Instruments SDT-Q600)

Figure 6 displays a strong endotherm for NIP and MIP in the
DSC thermogram study of calcium alginate, which reflects
alginate decarboxylation and decomposition. While the algi-
nate decomposition peak shifted to higher temperatures in
MIP, the exothermic peak appeared at 296 °C, dependent on
the hardening time of beads and the amount of crystalline
TXN (Smrdel et al. 2006). The melting point of tenoxicam
was also not apparent in the beads. It was most likely owing
to the alginate exothermic decomposition and the tenoxicam
decomposition endotherm overlapping (You et al. 2018).

Maximum wavelength and calibration curve

TNX concentrations ranging from 0.5 to 14.0 ug mL ™" were
prepared by transferring various volumes of TNX from a
standard solution of 100 ug mL~! to a 10-mL volumet-
ric flask and then filling the volume with distilled water.
Absorption spectra and calibration curves are depicted in
Figs. 7 and 8, respectively.

Experimental optimization

TNX template weight, alginate amount, CaCl, weight, and
contact time, all of which affect the MIP's adsorption perfor-
mance, were optimized by altering one parameter at a time
while maintaining the other entire constant.

Three MIP polymers were synthesized using varied
weights of TNX template to produce the polymer with the
highest TNX content. The synthesized MIP, after leeching
the template by the washing solvent, loaded with 10 pg mL ™!

4
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Fig.7 Absorption spectrum of 10 ugmL™' of TNX at 369 nm A
against the blank solution B
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Fig. 8 Calibration curve linearity for TNX

TNX; after equilibration, an adsorbed TNX was monitored
spectrophotometrically at 369 nm. It is clear that using a
small amount of the template during MIP synthesizing
results in a small number of TNX imprinting, and thus the
amount of drug (TNX) remaining in the solution that is not
adsorbed by the MIP is large when compared to what is
available when using larger amounts of the template. Oth-
erwise, when higher amount of templates were used, a nega-
tive effect was detected. Table 1 shows that 0.04 g yields the
maximum binding capacity (Q) of 171 ug g~!, which was
preserved and utilized in the following experiments.

Three MIP polymers were synthesized with varying
weights of sodium alginate (ALG). After rinsing the tem-
plate, it was then applied to extract TNX solution contain-
ing 10 ug mL~!. The results show that as the concentration
of ALG increased, the binding capacity (Q) of TNX-MIP
improved, and the highest value of Q (171.67 ug g~!) was
found with 1.0 g of ALG (Table 2). It was attributed to
the fact that as the concentration of ALG increased, more

hybrid complex components were generated, resulting in an
increase in the number of imprinting holes (Ciurba et al.
2021a). The reduction in sodium alginate polymer chains
and hydroxyl groups that are attached to the calcium cation
was related to a decrease in alginate concentration, which
resulted in a reduction in MIP mean particle size. More func-
tional groups can congregate around calcium crosslinking
agents as alginate concentration increases, allowing for more
layers of alginate chains to connect the calcium cations.
Finally, as the concentration of alginate increases, the size
of MIP nanoparticles grows (Daemi and Barikani 2012).

Sodium alginate is a linear homo-polymer that may cross-
link with various multivalent cations, such as Zn**, Fe3*,
and Ca> (Wu et al. 2019; Chan et al. 2002). The Ca ions, on
the other hand, are preferred because it selectively binds the
alginate liner polymer at various places, resulting in egg-box
forms (Shalapy et al. 2020; Rastogi et al. 2007). As a result,
the amount of Ca* utilized as a crosslinker influences the
spherical form, size, entrapment ability, and harder texture
of the alginate polymer (Haldar and Chakraborty 2019).
Accordingly, to probe the effects of Ca ion, three separate
MIP samples were made, each with a different amount of
CaCl,. The extraction of a 10 g.mL~" TNX solution was car-
ried out. The results reported in Table 3 revealed that 3.00 g
of CaCl, has the best binding capacity of 175.40 pg.g~l.
The higher the CaCl, concentration, the more TNX leaks
along with water during the polymer's progress, making it
difficult to elute and increasing the binding capacity (Arslan
etal. 2011).

Effect of MIP weight

The MIP was weighed at various weights ranging from 0.1
to 0.7 g, and the extraction process was performed under
optimal conditions. According to the results in Table 4, the
greatest binding capacity of 175.4 pg.g~! was obtained with
0.50 g of MIP. Q values remain constant at higher weights.
This is owing to the saturation of the selective cavities in
MIP (Bereli et al. 2020).

Effect of temperature

At different temperature, various MIP and NIP models were
developed, and under identical conditions, MIP and NIP sep-
aration methods were carried out. The temperature of 50 °C
was found to have the best binding capacity of 192.0 ug.g™".
Modification in TNX cavity size, hydrophobic interaction,
and hydrogen bonding interaction were all linked to changes
in binding capacity (Q) with temperature. With tempera-
ture rising from 10 to 50 °C, there is a clear inclination that
the cavity size of the polymers increased, resulting in an
increase in Q values, which enables the approximation of
TNX molecules to the specific holes (Fig. 9).
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Fig. 10 Dynamic adsorption curves of the MIP a and NIP b to TNX
and AQ (MIP-NIP) ¢

Effect of equilibrium time

The extraction process was performed with differ-
ent equilibrium times for the same TNX concentration
(10.0 ug mL~") under the same conditions. The best bind-
ing capacity (198.56 g.g~!) was achieved using a 30-min
equilibration time, which was used in further studies.

The dynamic adsorption curves of the MIP and NIP
were recognized by observing the concentration of TXN
during a time period of 1 to 60 min. The Q values of the
MIP increased rapidly in the first 5 min, and the equi-
librium was established at about 10 min, as shown in
Fig. 10, while remaining almost unaffected from 10 to
60 min, indicating that the adsorption of TNX on the
MIP was saturated and stabilized. The specific adsorp-
tion (AQ) of TNX by MIP increased with time, revealing
that the imprinting procedure was effective. These results
show that MIP can be used to move TNX so that it can be
adsorbed and separated.
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Fig. 12 Scatchard plot showing TNX adsorption on NIP

Scatchard plot study

Scatchard plots, which are useful for measuring adsorption
sites, were used to further analyze the binding capacity. The
Scatchard plot for MIP in Fig. 11 showed two discontinuous
lines with different distinct slopes: one for the high affinity
site with the regression equation
cg, = —20.517Q + 4712.8(R? = 0.9964) and one for the low
a%ﬁnity site(cg = —0.7789Q + 3374.87) (R* = 0.9223). This
demonstrated that there were two types of binding sites in
the MIP able to adsorb TNX (surface sites and cavities). In
contrast to MIP, for NIP the plot of Q/C, against C, in

Fig. 12 showed only one line with regression equation
cg = —11.4050 + 1391.8 (R* = (0.9971). Table 5 shows the

estimated K, 4,and Q, . values for MIP and NIP based on the
negative slope and intercept of the regression equations
(Zhang et al. 2017b; Hou et al. 2014). NIPs had a lower

capacity for adsorption than MIPs. This could be due to the
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fact that in the absence of template molecules, the NIP was
unable to create voids and binding sites for the selective
adsorption of TNX. The NIPs, on the other hand, can adsorb
TNX molecules through non-selective surface sites via inter-
molecular interactions like Van der Waals forces. Scatchard
plots only revealed the existence of two types of MIP bind-
ing sites and only one type of NIP binding site, according to
a basic interpretation (Jaoued-Grayaa et al. 2022).

The main strength of the polymer binding with the tem-
plate is due to the formation of non-covalent interactions like
hydrogen bonds between the template atoms represented in
nitrogen, oxygen, and sulfur with what is on the polymer
(chemical adsorption). This is in addition to the existing and
printed cavities in the shape of the TNX in MIP that are not
present in the case of the NIP. Slightly, both polymers are
equal in their active centers located on the surface (physical
adsorption). Thus, it can be said that the binding opportuni-
ties in the case of the MIP of target molecules are greater
than those present in the case of the NIP (Zhang et al. 2018;
Huang et al. 2018).

Selectivity

This study was carried out to determine the extent to which
the MIP is selective toward the TNX when compared to the
NIP, in which, in a 10-mL volume flask, 10 pg mL~' TNX
was mixed with 10 ug mL~! procaine (PRO) and niclosa-
mide (NIC) independently to make two distinct solutions.
The tenoxicam presence in the two different matrixes was
separated, and then the recovery of the drug retained in the
MIP and NIP was computed. Table 6 shows that MIP has a
preferential propensity to tenoxicam, with a recovery rate of
84.54% compared to 38% in NIP.
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Fig. 13 TNX-MIP release curve at various pH mediums

In vitro drug release study

To demonstrate the effect of pH on the release process from
the polymer, the cumulative release rate (Eq. 4) of TNX drug
from MIP was measured at various pH values. Three solu-
tions were prepared: one with a pH of 1 to resemble stomach
fluids, another with a pH of 6.8 to simulate intestinal fluids,
and a third with a pH of 7.4 to simulate blood plasma. MIP
was used to extract a 10 ug mL~! TNX solution, after which
the MIP was placed in buffer solutions with different pH (1,
6.8, and 7.4) and the TNX concentrations were measured
in the solution over time at 37 °C + 1. The results in Fig. 13
reveal that the release rate was identical for all of the pH
values examined, starting with a 20-min initial release fol-
lowed by an 80-min steady release.

The release kinetics curve of MIPs for TMX at pH=6.8
and 7.4 fits to the Higuchi mathematical model, as illustrated
in Fig. 14 and Table 7, demonstrating that the release of MIPs
for TNX follows Fick's law. The linear (R?) regression coef-
ficient value of the fitted line can be used to estimate the drug
release mechanism. First, because MIPs have a limited num-
ber of TNX imprinting sites on their surfaces, MIPs loaded
with TNX released TNX to the buffer at a steady rate over a
fixed length of time (rather than in a burst release). The TNX
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Fig. 14 TNX release in vitro according to the Higuchi model at vari-
ous pH levels

Table 1 The influence of TNX mass on MIP binding capacity

TNX (g) C(ng mL™Y) £SE;SD* RSD O(pgg™
0.03 2.66+0.028; 0.049 1.857 146.87
0.04 1.45+0.015; 0.025 1.740 171.07
0.05 3.71+0.018; 0.031 0.824 125.87

*SE refers to the standard error, and SD was the standard deviation for
three replicate experiments (n=3).
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Table 2 The effect of alginate weight

Alginate (g)  C,(ug mL™)+SE, SD (n=3) RSD O(pg g’l)
0.5 3.09+0.030; 0.052 1.682  138.20
1.0 1.42+0.009; 0.015 1.078  171.67
2.0 1.45+0.007; 0.012 0.795 17093

Table 3 Study the effect of CaCl, weight on the binding capacity

CaCl, ()  C/(ugmL™)+SE;SD(n=3) RSD Onge™
1.0 1.45+0.015; 0.025 1.740 171.07
2.0 1.34+0.012; 0.021 1.550 173.13
3.0 1.23+0.012; 0.020 1.626 175.40
4.0 1.23+0.015; 0.025 2.052 175.47
Table 4 The effect of gram MIP on the binding capacity

MIP(g) C ugmL™)+SE;SD(n=3) RSD  Q(ugg™)
0.1 9.225+0.009; 0.015 0.165 75.33
0.3 5.71+0.018; 0.031 0.535 143.11
0.5 1.23+0.015; 0.025 2.052 175.47
0.7 1.23+0.020; 0.035 2.863 175.47

Table 5 The maximum binding capacity (Q,,,,) and imprinting factor
(IF) obtained from the Scatchard plot for TNX

Polymers K, O g™ IF
MIP-high 0.049 230.93 1.89
MIP-low 1.28 479.83 3.92
NIP 0.088 122.48 -

in MIPs then steadily diffused outward until the release rate
reached its maximum. The synthetic MIP is a good drug vehi-
cle as it does not have a burst release effect.

In general, drug release at pH 1 was faster than at pH 6.8
and 7.4. Diffusion through matrix swelling and dissolution/
erosion at the matrix periphery controls drug release. The
"swelling—dissolution—erosion" cycle is a complicated one.
The osmotic pressure differential that exists between the

Table 7 In vitro TNX-release kinetics at various pHs using the Higu-
chi model

pH Regression equation R?

1.0 My, 0.8355
6.8 Mi/yy = 627814/t +47.685 0.9009
7.4 M/ 1p = 6.01204/1 +27.649 0.9161

alginate gel and the environment is a key element in the swell-
ing process in systems based on sodium alginate crosslinked
with calcium chloride. Swelling of the calcium alginate beads
is rare under acidic circumstances (e.g., in the stomach) (Tgn-
nesen and Karlsen 2002). The physicochemical properties of
TNX helped to explain this phenomenon. In a pH 1 setting,
alginate could form particulate and absorbent structures on the
surface media. Swelling of TNX at pH 1 may compensate for
this structural defect, enhancing the ability to control release.

However, TNX is gradually released over time due to algi-
nate corrosion and minor breakdown at pH 6.8. The rate of
drug release at pH 7.4 is supposed to be higher than at pH
1 and lower than at pH 6.8. However, aberrant results were
detected in the release summaries, which could be linked to
the new mechanism of the TNX-alginate-based environment.
At pH 1, TNX was released from the TNX/MIP medium, fol-
lowed by pH 6.8, and finally pH 7.4.

Analytical application

Pharmaceuticals in the form of tenoxicam capsules were used
to test the proposed approach. Different volumes of pharma-
ceutical solutions were taken to make a final volume of 10 mL.
The separation process was done using MIP and NIP under
ideal conditions, and the results are shown in Table 8.

Conclusion

In conclusion, a new method to synthesize molecular
imprinted polymer (MIP) in nanoscale size from alginate
was established, and it was applied to the extraction and
estimation of tenoxicam (TNX) in pharmaceutical for-
mulations. Although alginates have been used as tools in

Table 6 Selectivity adsorption

Matrix TNX (C,=10 ug mL™")
of the MIP to TNX (10 pg mL™Y)
PRO MIP C,(ug.mL™Y) +SE; SD (n=3) O(ug.g™) Recovery* RSD
0.4 +0.006; 0.010 192.00 96.00 2.500
NIP 6.38 +0.046; 0.080 72.40 36.20 1.254
NIC MIP 0.25+0.003; 0.006 195.07 97.53 2.341
NIP 6.45+0.081; 0.140 70.93 35.47 2.177

“The recovery was calculated for the TNX that was retained in the MIP and NIP
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Table 8 Application of the
proposed method to the
separation and determination of
TNX in pharmaceutical sample,

recovery values are equal to the
extraction efficiency

Sample Taken C,(ug mL™)+SE; SD (n=3) Q Recovery RSD
TNX
(ug mL™")
Tenoksan Capsule (20 mg/Capsule) 7 MIP 0.80+0.012; 0.20 124.0 88.57 2.500
NIP 4.31+0.047;0.082 53.8 3843 1.903
10 MIP 1.17+0.012;0.012 176.6  88.30 1.795
NIP 5.95+0.019;0.033 81.0 40.50 0.555
13 MIP 2.01+0.012;0.007 219.8 84.54 0.597
NIP  7.64+0.021; 0.036 107.2 41.23 0.471

a variety of pharmaceutical and biomedical applications,
no pharmaceutical claims have been made on the alginate
molecule itself. The approach proved easy to use, effective,
and drug-responsive. This particular polymer can be made
in either a neutral or a charged state, and with or without
metal crosslinkers, making it suitable for a wide range of
applications. Alginate is generally thermally stable in neutral
conditions. The design of the molecule in drug delivery has
enabled the development of systems capable of regulating
drug release according to physiological needs due to its var-
ied reactivity to different pHs. Alginates possess adequate
physical and chemical characteristics to contribute signifi-
cantly to this sector.
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