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Abstract In the present study, a molecularly imprinted poly-
mer (MIP) was prepared for Furosemide drug as template
molecule in H2O/THF (1:1 v/v) medium using Fe3+ as metal
ion mediator. Acrylic acid, acrylamide, and N,N ′-
methylenebis(acrylamide) were used as functional monomer,
comonomer, and cross-linking agent, respectively. Different
binding and selectivity parameters of the prepared system
were studied and compared with the corresponding metal
ion-free MIP and non-imprinted polymer (NIP). The presence
of the metal ion during pre-assembly step showed a significant
influence on the imprinting ability of the resulting polymeric
network due to its strong interactions with the template mol-
ecule and the functional monomer. Besides, structural, ther-
mal, and morphological characterizations of the prepared sys-
tem were investigated. In the final step, the in vitro release
study of Furosemide from the synthesized polymers was car-
ried out in pH = 7.41 phosphate-buffered saline solution at
37 °C. Results indicated that the Fe3+-mediated MIP (Fe-
MIP) has larger drug loading capacity and higher amount of
drug release at its equilibrium state. Moreover, according to
the drug release profiles, the drug release rate of the Fe-MIP is
more controlled than that of the MIP and the NIP, especially at
the early stages of release.

Keywords Drug delivery system . Furosemide .Metal ion
mediator .Molecularly imprinted polymer

Introduction

In recent years, the molecular imprinting technology has
attracted much more attention due to its widespread applica-
tions. The resulting molecularly imprinted polymer (MIP) as a
macromolecular network has specific binding sites to recog-
nize the target molecule named as template [1].

To prepare MIPs, a typical synthesis route is the radical
polymerization of functional monomer(s) pre-assembled
around the template in the presence of a suitable cross-linker
monomer [2]. The cross-linker monomer fixes the pre-
assembled monomer(s) in a spatial arrangement and retains
the shape of the resulting polymeric network. Then, the tem-
plate is removed from the MIP structure and results in shape-
specific cavities matching the template molecule [3].

To date, many researches have been published developing
imprinting protocols in different fields such as chiral separa-
tion [4], solid-phase extraction (SPE) [5], chemical catalysis
[6], and drug delivery systems [7]. Most of the developed
protocols in the molecular imprinting technology are pro-
duced in organic solvents [8, 9] due to their lower polarity
and hydrogen bonding ability compared to aqueous media.
The higher polarity and hydrogen bonding ability of water
compete with functional monomer(s) to assemble around the
template and reduce the recognition ability of the MIP toward
the template molecule [10]. However, due to the undeniable
advantages of water as a green, non-toxic, and abundant sol-
vent (which is especially important in the field of drug deliv-
ery), researchers are seeking ways to employ water in the
preparation of MIPs. By now, a number of successful MIP
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preparations in aqueous or water/organic solvent media have
been reported [11, 12].

One of the most common solutions to avoid the disturbance
caused by water during polymerization is to use metal ions as
mediators in the pre-assembly step [13]. In these systems,
stronger ionic interactions created between monomer-metal
ion and template-metal ion replace the unwanted hydrogen
bonding [14].

Furosemide (Fig. 1a), systematically named as
5-(aminosulfonyl)-4-chloro-2-([2-furanylmethyl]amino)benzoic
acid, is a highly effective and quick-acting diuretic drug whose
action, like all of the examined loop diuretics, is associated with
blocking reabsorption of ions in the ascending bend of Henle’s
loop [15]. This medication is used for the treatment of congestive
heart failure [16], chronic renal failure [17], and cirrhosis of the
liver [18]. But as a conventional treatment, it is used for the
treatment of high blood pressure [19, 20].

Besides serious side effects of Furosemide including elec-
trolyte abnormalities and hearing loss, the most common side
effect is sudden decrease in blood pressure [21]. Hence, the
controlled usage of this drug is necessary.

The employment of slow release systems is one of the
most prevalent ways to control the released amount of
drug. There are some researches published about
Furosemide slow release [22, 23], but only a few publica-
tions are about the employment of molecular imprinting
technology [24].

In this study, a Furosemide-imprinted drug delivery sys-
tem was prepared using acrylic acid (AA) and acrylamide
(AAm) as the functional monomer and comonomer, N,N′-
methylenebis(acrylamide) (MBAAm) as the cross-linking
agent, and Fe3+ ions as the mediator in H2O/tetrahydrofu-
ran (THF) (1:1 v/v) medium. The effect of the mediator on
the binding ability and selectivity of the prepared system
was investigated and compared with the corresponding
Fe3+-free MIP and non-imprinted polymer (NIP) in differ-
ent parts of the study. Finally, the in vitro release study of
Furosemide was carried out from the synthesized carriers.
In order to simulate the normal arterial blood pH value and
normal body temperature, the release study was performed
in pH = 7.41 phosphate-buffered saline (PBS) solution at
37 °C.

Experimental

Materials

AA (≥99% Merck) was distilled under reduced pressure be-
fore use, and α,α′-azobis(isobutyronitrile) (AIBN) (≥98%
Merck) was recrystallized from hot (50 °C) methanol and kept
away from light before use. AAm (≥99% Merck) and
MBAAm (≥98% Merck) were used without further purifica-
tion. Furosemide (FR) (MW = 330.74) (20 mg/2 ml vials,
10,000 ppm solutions in deionized water) (Alborz Darou
Pharmaceutical Co., Qazvin, Iran), Midazolam (MD)
(MW = 325.77) (5 mg/1 ml vials, 5000 ppm solutions in
deionized water) (Tehran Chemie Pharmaceutical Co.,
Tehran, Iran), and Salbutamol (SL) (MW = 239.31) (0.5 mg/
1 ml vials, 500 ppm solutions in deionized water) (Exir
Pharmaceutical Co., Boroujerd, Iran) were used as received.
The chemical structures of the drugs are depicted in Fig. 1.
Diluted solutions of the drugs were prepared from the above-
mentioned stock solutions. For swelling and in vitro drug
release studies, PBS solution (0.01 M, pH = 7.41) was used
as the medium.

Apparatus and software

The FT-IR and UV-Vis spectra were recorded by Thermo
Nicolet NEXUS 670 FT-IR (Thermo Scientific, USA) and
Agilent 8453 Diode Array UV-Vis spectrophotometer
(Agilent Technologies, USA), respectively. The cyclic volt-
ammetry (CV) analysis was performed with SAMA 500
Electroanalyzer System (Sama Research Center, Iran). The
scanning electron microscopy (SEM) images were obtained
from LEO 1430 VP (Leo ElectronMicroscopy Ltd., UK). The
thermogravimetric analysis (TGA) was studied by STA
PT1000 TG-DSC (STA Simultaneous Thermal Analysis)
STA (TG-DSC/DTA) Thermogravimetric Analyzer (Linseis
Thermal Analysis, Germany) at a heating rate of 10 °C/min
under N2 atmosphere. The equilibrium concentration of com-
ponents in competitive media was estimated using the multi-
variate curve resolution-least squares (MCR-LS) method
which was performed on MATLAB R2015a (8.5).

Fig. 1 The chemical structures of a Furosemide (FR), b Midazolam (MD), and c Salbutamol (SL)
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Synthesis of the MIPs and NIP

The amounts of chemicals used to synthesize theMIPs and the
NIP are according to Table 1. The synthesis route for the
preparation of the metal ion-free MIP is as follows: firstly, a
solution of 40mg FR in 10ml H2O/THF (1:1 v/v) mixture was
prepared in a 25 ml two-necked round-bottom flask. Then,
AAwas added to the solution and the mixture was stirred for
2 h at room temperature to complete the pre-assembly step.
AAm and MBAAm were then added to the pre-assembly
solution and the solution was degassed with argon for
20 min to remove the dissolved oxygen followed by adding
AIBN to the degassed solution. The polymerization reaction
was completed after 8 h at 60 °C under inert atmosphere. The
resulting bulk rigid polymer was crushed, ground into fine
powder, and washed with distilled water and acetone several
times. The template molecule was extracted from the polymer
structure using acetone in a Soxhlet extraction system during
24 h. The corresponding NIP was prepared in the absence of
the template using the same procedure.

In order to synthesize the Fe3+-mediated MIP (Fe-MIP), a
0.25-M solution of FeCl3·6H2O in distilled water was pre-
pared first. Then, a total amount of 10 ml H2O/THF (1:1 v/v)
solution containing Fe3+, AA, and FR was prepared by adding
1 ml of the Fe3+ solution into 5 ml of THF in a 25-ml two-
necked round-bottom flask followed by adding AA. After an
hour of stirring, 4 ml of FR solution (40 mg of FR) was added
to the mixture. The final solution was let to be stirred for
additional 2 h at room temperature to complete the pre-
assembly step. Then, the procedure was continued as de-
scribed for the MIP. The final polymer, after crushing and
grinding, was introduced into 100 ml of HCl solution (1 M)
and stirred for 48 h at room temperature until complete remov-
al of Fe3+ from the polymer structure. The template was then
extracted as described above.

Cyclic voltammetry

Cyclic voltammetry analysis was carried out in order to prove
whether Fe3+ ions bridged between the template (FR) and the
functional monomer (AA). For this purpose, three different

solutions containing pure Fe3+, Fe3+ with AA (Fe-AA), and
Fe3+, AA, and FR (FR-Fe-AA) were prepared and analyzed.
The latter solution was prepared by adding the drug to the
premixed Fe-AA solution to ensure that the ternary complex
has been formed. The experimental conditions were as fol-
lows: platinum plate electrodes with electrochemically active
surface area of 6 and 9 cm2 were used as working and auxil-
iary electrodes, respectively, and Ag/AgCl was used as refer-
ence electrode. The scanning potential range was set between
200 and 700 mV with the scan rate of 20 mV s−1.

Swelling studies

The swelling behavior of the polymers was studied in
pH = 7.41 PBS solution. Briefly, 10 mg of each polymer
was weighed precisely and placed into separate pre-weighed
wet tea bags. Then, the tea bags were immersed in 200 ml of
the buffer solution. At specific time intervals, the tea bags
were lifted from the solution and reweighed. The swelling
ratios (SRs) were calculated from the equation as follows:

SR ¼ Wt−W1−W0ð Þ
W1

where theWt,W1, andW0 represent the total weight of swollen
polymer and wet tea bag at the specified time, the weight of
dry polymer, and the weight of wet tea bag, respectively.

The equilibrium swelling ratio (ESR), which is attributed to
the amount of water absorbed by polymer at equilibrium state,
was also calculated by the same equation, exceptWeq that was
placed instead of Wt, referring to the total weight of swollen
polymer and wet tea bag at equilibrium state (no changes in
weight over time). The ESR values are shown in Table 3.

ESR ¼ Weq−W1−W0

� �
W1

Equilibrium binding studies

In order to study the equilibrium binding capacity, 10 mg of
each polymer was added into 20 ml of FR solutions ranging

Table 1 Composition of the
samples Sample Templatea (mg) AA (mg) AAm (mg) MBAAmb (mg) Fe3+c (ml) AIBNd (mg)

Fe-MIP 40.00 34.86 34.39 372.91 1.00 1.59

MIP 40.00 34.86 34.39 372.91 – 1.59

NIP – 34.86 34.39 372.91 – 1.59

a The molar ratio of the template to each of the monomers is 1:4
b The molar ratio of the template to MBAAm is 1:20
c The molar ratio of Fe3+ to AA is approximately 1:2
d The amount of AIBN is 2 mol% of AA
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from 1 to 80 ppm (3.02 to 241.88 μmol l−1) in 50-ml glass
vials. The vials were sealed and slowly shaken overnight at
room temperature, and then each solution was filtered and
centrifuged for 10 min at 4000 rpm. The supernatants were
analyzed by UV-Vis spectrophotometer at 330 nm according
to the FR UV-Vis spectrum (Fig. 7a). The binding parameters
of the polymers were further processed using the Scatchard
equation defined as follows:

Q
Cs

¼ Qmax−Q
Kd

where Q (μmol.g−1) is the equilibrium adsorption capacity
(amount of template bound to the sorbent), Cs (μmol l−1)
is the equilibrium concentration of template in solution,
Qmax (μmol g−1) is the maximum binding capacity (max-
imum number of binding sites), and Kd (μmol l−1) is the
dissociation constant. The Kd and Qmax can be estimated
from the slope and y intercept of the Scatchard plot (Q/Cs

versus Q) (Fig. 10). The Q was also calculated from the
equation as follows:

Q ¼ Ci−Csð Þ V
m

� �

where Ci (μmol l−1) is the initial concentration of the
solution, V (l) is the volume of the solution, and m (g)
is the amount of the sorbent. The Scatchard analysis data
are shown in Table 3.

Selectivity studies

To study the selectivity of the MIPs and the NIP, MD and SL
drugs were selected as competitive molecules. For this pur-
pose, for each of the polymers, two binarymixtures containing
FR-MD and FR-SL and a ternary mixture containing FR,MD,
and SL were prepared. The concentration of each component
was 10 ppm. To carry out the experiment, 10 mg of the poly-
mer was introduced into 20 ml of each solution in 50-ml glass
vials. The vials were sealed and slowly shaken for 24 h at
room temperature. Then, the solutions were filtered and cen-
trifuged for 10 min at 4000 rpm, and the supernatants were
analyzed. The distribution constant (KD) which reflects the
migration and separation capacity of a solute in two phases
is defined as follows:

KD ¼ Ci−C f

C f

� �
V
m

� �

KD (l g−1), Ci, and Cf (μmol l−1) represent the distribution
constant, the initial, and equilibrium concentration of each
component, respectively. Also, V (l) and m (g) demonstrate
the volume of the solution and the amount of the sorbent,
respectively. The selectivity coefficient (k) which shows the

selectivity of a component toward other component(s) for a
specific sorbent was calculated from the following equation:

k ¼ KD templateð Þ
KD analogueð Þ

The relative selectivity coefficient (k′) of the template for
the Fe-MIP and the MIP against the NIP was further calculat-
ed for each of the binary and ternary mixtures using the equa-
tion below:

k
0 ¼ kMIP

kNIP

The selectivity data are shown in Tables 4, 5, and 6.

Drug loading and in vitro release studies

To carry out the loading process for each of the polymers via
soaking procedure, 4 ml of the 10,000 ppm FR solution was
introduced into separate falcon conical centrifuge tubes. Then,
a precisely weighed amount of each polymer was added into
the tubes and the tubes were kept in the dark and agitated
slowly for 48 h at room temperature until complete uptake
of the drug. The loaded polymer was then collected via cen-
trifugation and washed with distilled water to remove any
surface-adhered drug, and then dried at room temperature.

To calculate the loading capacity (LC), the loaded polymer
was reweighed after complete drying. Therefore, the net weight
of the drug could be determined by weight subtraction of the
loaded and unloaded polymer. The loading capacity percentage
(LC%) was calculated using the following equation:

LC% ¼ W
W 0 � 100

where theW is the net weight of the drug andW′ is the weight
of the dry polymer before loading. The LC% data are shown in
Table 7.

In order to determine the imprinting factor (IF) of the two
MIPs toward the NIP, the partition coefficient (P) was calcu-
lated for each of the polymers from the equation as follows:

P ¼ Q
Cs

TheQ and Cs are defined in the “Equilibrium binding stud-
ies” section. The IFs were further determined from the follow-
ing equation:

IF ¼ PMIP

PNIP

The P and IF values are also shown in Table 7.
To study the in vitro release process, 20 mg of the loaded

polymer was introduced into a dialysis tube and immersed in a
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vial containing 50 ml of pH = 7.41 PBS solution placed in a
thermostatic bath adjusted at 37 °C without stirring. At spe-
cific time intervals, the supernatant was analyzed with UV-Vis
spectrophotometer at 330 nm. The release diagram of the drug
for each of the polymers was drawn in the form of cumulative
drug release percentage as a function of time (Fig. 12).

Results and discussion

Preparation of the MIPs and the NIP

The key step in the preparation of a successful MIP is the
formation of an appropriate complex between the template
and the functional monomer. In the present paper, Fe3+ ions
were employed as a mediator to bridge between the template
(FR) and the functional monomer (AA) in order to enhance
the complex formation. To prove this claim in which the Fe3+

ions have successfully played the role of a mediator, cyclic
voltammetry analysis was carried out. Since Fe3+ ions are
electroactive species, the coordination of any ligand and for-
mation of complex causes a negative shift in the reductive
peak potential demonstrating higher negative potential to re-
duce Fe3+ ions. The larger negative shift in the reductive peak
potential indicates higher stability of the formed complex.
Figure 2 shows the cyclic voltammograms of the Fe3+, the
Fe-AA, and the FR-Fe-AA solutions, and Table 2 shows the
related data. As shown in this figure, the negative shift is
observable in the reductive peak potential through the forma-
tion of the complex between AA and Fe3+ ions (ΔE = −41). A
larger negative shift is also found for the FR-Fe-AA complex
(ΔE = −87) suggesting a successful and more stable ternary
complex formation before polymerization.

To compare the efficiency of the metal ion-mediated com-
plex formation against conventional method which is the hy-
drogen bond complex formation, the metal ion-free MIP was
also prepared. Different parameters such as binding, selectiv-
ity, swelling, drug loading, and in vitro release behaviors of

the prepared Fe-MIP were investigated alongside with the
MIP and the corresponding NIP which are further discussed
in the following sections.

Structural characterization

Figure 3 shows the FT-IR spectrum of the Fe-MIP. The sharp
absorption band at 1657 cm−1 is attributed to the amidic car-
bonyl groups, and the band at 2940 cm−1 is related to the C-H
bond stretching vibrations. The N-H bond stretching and
bending vibrations are also appeared at 3424 and
1527 cm−1, respectively. It is noteworthy to mention that the
absorption band of acidic carbonyl groups related to AA is
overlapped with the amidic carbonyl groups due to their lower
amount present in the polymer structure compared to the
amidic carbonyl groups of both MBAAm and AAm. But on
the other hand, the broadening of absorption bands in the
region between 2700 and 3700 cm−1 could be as a result of
the –COOH presence in the polymer structure.

To investigate the thermal stability of the prepared system,
TGA analysis was carried out. Figure 4 shows the TGA ther-
mogram of the Fe-MIP. As shown in this figure, the prepared
polymer is thermally stable up to 300 °C. Above this temper-
ature, two-step degradation is observable. The first degrada-
tion step between 300 and 450 °C is attributed to the disjunc-
tion of cross-linking and pendant groups which cause the
emission of CO, CO2, and NH3. The main backbone of the
polymer is destructed above 450 °C up to about 700 °C.

In order to study and compare the surface morphology of
the prepared polymers, SEM technique was employed.
Figure 5 shows the SEM images of the samples. As shown
in Fig. 5a, which is related to the Fe-MIP, a rather uniform
structure with compact globular particles and almost equal-
shaped cavities is observable. This could be as a result of the
metal-ion mediation in which the stable complex formation
caused isometric cavities after the template removal. Figure 5b
shows the SEM image of theMIP. As shown in this figure, the
rock-shaped structure with unequal-sized cavities is indicativeFig. 2 Cyclic voltammograms of Fe3+, Fe-AA, and FR-Fe-AA

Table 2 Cyclic voltammetry analysis data

Sample Reductive peak
potential (mV)

ΔEa (mV)

Fe3+b 435 −
Fe-AAc 394 −41
FR-Fe-AAc 348 −87

aΔE = E − E(Fe3+ )
b 5 mM solution in H2O/THF (1:1), KCl (0.1 M) as the supporting
electrolyte
c 5 mM solution of Fe3+ in H2O/THF (1:1) with the same molar ratios as
described in Table 1, KCl (0.1 M) as the supporting electrolyte

Colloid Polym Sci (2017) 295:945–957 949



of an inappropriate interaction between FR and AA during
pre-assembly step, compared to the Fe-MIP. Also, Fig. 5c
shows the SEM image of the NIP. In this figure, a very tough
and flat surface is observable. This could be due to the high
amount of cross-linker and the absence of the template which
caused a rigid structure with tiny cavities.

Besides binding and selectivity, the morphological struc-
tures of the polymers affect directly on the swelling behavior
and subsequently on the drug loading and releasing. These
behaviors are discussed in the following sections.

Swelling studies

Swelling behavior is one of the key parameters in polymeric
drug carriers used in the controlled drug delivery. Based on
Flory’s network theory [25], water absorption and SR in a
polymeric network are functions of cross-linker density. In
the molecular imprinting technology, since higher amounts
of cross-linker is used in order to reach a rigid structure with
stable pore shapes, lower SRs in these systems are inevita-
ble. On the other hand, lower SRs reduce the drug loading
capacity of polymers due to smaller pore sizes. Therefore,

there should be a balance between the SR and the rigidity
for the MIPs used in drug delivery systems. One of the
solutions to overcome this issue is to use a comonomer
alongside with the main functional monomer. AAm is a very
suitable comonomer which is used with AA to improve the
swelling behavior [26]. According to Yao et al. [27], copo-
lymerization of AA with AAm in lower molar ratios of
AAm to AA enhances the SR in distilled water due to the
collaborative effect of –CONH2 and –COO− groups. By
increasing the molar ratio of AAm to AA, the SR decreases
because the number of –COO− groups as ionic and more
hydrophilic species reduces in the resulting polymer struc-
ture. In saline solutions, higher molar ratios of AAm to AA
increase the SR. In these solutions, the cationic counterion
(Na+, K+, Ca2+, etc.) interacts with the ionized –COO−

groups, reduces the negative charge repulsion, and leads to
the lower SRs, the so-called “charge screening effect” phe-
nomenon [28]. In our study, PBS medium as a saline solu-
tion with pH = 7.41 was used in order to simulate the nor-
mal body pH value. Therefore, to improve the swelling be-
havior of the prepared polymers, an equal molar ratio of
AAm to AA was selected.

Fig. 4 TGA thermogram of Fe-
MIP

Fig. 3 FT-IR spectrum of Fe-
MIP
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Figure 6 shows the swelling diagrams of the polymers dur-
ing 5 h and 2 days, respectively. As shown in this figure, the
water uptake is increased as a function of time for all of the
samples, but the NIP reaches to the relatively lower SRs. This
can be attributed to the tiny cavities in the NIP structure
(Fig. 5c) which leads to absorb less water. The template re-
moval after the MIP preparation leaves larger cavities in the
polymer structure; hence, it is expected that MIPs show higher
SRs than NIPs. As shown in Fig. 6, both the Fe-MIP and the
MIP show higher SRs than the NIP, and the higher SR of the
Fe-MIP is attributed to the more regular pore shapes and the
presence of Fe3+ ions during polymer preparation which leads
to remain larger cavities after the template and metal ion re-
moval. The highest SR which is achieved at the equilibrium
state ratio (ESR) is calculated for each of the samples, and the
related values are shown in Table 3.

Equilibrium binding studies

To determine the equilibrium adsorption capacity (Q) of the
samples in solutions with various FR concentrations, firstly,
the UV-Vis spectrum of FR (5 ppm solution) was obtained
(Fig. 7a). From the UV-Vis spectrum, the corresponding cal-
ibration curve was plotted at 330 nm (Fig. 8).

Fig. 5 SEM images of a Fe-MIP, b MIP, and c NIP

Fig. 6 Swelling diagrams of the samples a during 5 h and b during 48 h
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The binding isothermal curves of the samples in various
concentrations of FR are shown in Fig. 9. It is indicated that
the adsorption capacities of the polymers increased with the
increasing of the FR initial concentration. As shown in this
figure, the Fe-MIP showed higher binding capacity than the
MIP and the NIP indicating the higher affinity of this polymer
toward the template. Moreover, due to its non-specific binding
sites, the NIP showed the lowest binding capacity in various
concentrations of the template.

The Scatchard plots of the samples are shown in Fig. 10.
The two distinct linear portions with different slopes in the
Scatchard plots of the Fe-MIP and the MIP (Fig. 10a, b) indi-
cate that there are two kinds of binding sites present in the
polymer structure: specific binding sites and non-specific
binding sites. The specific binding sites with a lower Kd value
(left part of the Scatchard plot) have higher binding energy
and higher affinity toward the template while non-specific
binding sites with a higher Kd value (right part of the
Scatchard plot) have lower binding energy and lower affinity
toward the template. This is a usual phenomenon in Scatchard
analysis and shows that there are two different kinds of inter-
actions between the functional monomer and the template
molecule in MIP samples. One interaction occurs in cavities
with a particular frame which acts as a memory for the tem-
plate and other interaction which occurs in holes that were not
particularly framed during the polymerization process. As

Fig. 7 UV-Vis spectra of a FR, b MD, and c SL

Table 3 ESR and equilibrium
binding data of the samples Sample ESR Scatchard analysis

Linearity Kd (μmol l−1) Qmax (μmol g−1)

Fe-MIP 8.26 Q/Cs = −0.5783Q + 15.4330a 1.73 26.70

Q/Cs = −0.0112Q + 4.0723b 89.29 363.62

MIP 7.44 Q/Cs = −0.3381Q + 9.5319a 2.96 28.21

Q/Cs = −0.0089Q + 3.3568b 112.36 377.17

NIP 7.20 Q/Cs = −0.0135Q + 3.7764 74.07 279.72

a High affinity sites
b Low affinity sites

Fig. 8 Calibration curve of FR at 330 nm
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expected, the NIP does not have this character; therefore, the
Scatchard plot of this sample showed only one linear regres-
sion (Fig. 10c) indicating that there is only one type of binding
sites in the polymer structure. The Scatchard analysis data
were calculated for all of the samples and are summarized in
Table 3. From the Kd and Qmax values shown in this table, it is
obvious that although the number of high affinity sites in the
MIP structure is slightly more than that of the Fe-MIP, their
affinity toward the template is lower than Fe-MIP’s high af-
finity sites (higher Kd value). Therefore, the MIP has a weaker
ability to adsorb the template than the Fe-MIP.

Selectivity studies

To estimate the equilibrium concentration of each drug in both
binary and ternary mixtures, the MCR-LS method was
employed. The required data matrix (6 × 180) was created
by placing the spectra of mixtures and standard solutions of
the pure drugs beneath each other. Non-negativity constraint
was applied on both concentration and spectral profiles while
equality constraint was applied only on spectral profiles.
Decomposition of data matrix led to determine the concentra-
tion of each component in its corresponding solution.

During the Fe-MIP synthesis process, the Fe3+ ions were
acting as the mediator to keep the main functional monomer
(AA) and the template (FR) together by forming a ternary
complex. This complex formation enhances the pre-
assembly of the AA around the template, compared to the
hydrogen bonding between functional monomer and template
in conventional methods. Therefore, the cavities formed after
the template and the mediator removal from the resulting Fe-
MIP structure leads to a more compatible shape structure for
the template. Hence, the selectivity of the Fe-MIP for the
template toward other components in competitive media in-
creases, compared to the MIP.

Table 4 shows the KD values of each component in com-
petitive media. According to this table, FR has higher KD

values toward other components in the presence of the Fe-
MIP and the MIP, meaning the higher affinity of the template
to interact with the sorbent. However, by comparing the FR
KD values for the Fe-MIP and the MIP, it is clearly observable
that the values for the Fe-MIP are more than those of the MIP.
Therefore, the migration trend of the template to the Fe-MIP is
more than the MIP. Unlike the Fe-MIP and the MIP, in the
solutions containing the NIP, besides lower KD values of the
template, these values are even less than those of MD in both
FR-MD binary and FR-MD-SL ternary mixtures. This is a key
factor that shows that the NIP is not particularly framed for
any of the components.

The k values of FR toward other components in different
solutions are shown in Table 5. For the values which are more
than unity, it means that the inclination of the sorbent to adsorb
the template is more than the other component and vice versa.Fig. 10 Scatchard plots of a Fe-MIP, b MIP, and c NIP

Fig. 9 Binding isotherms of the samples
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Moreover, the higher the k value is, the more selective is the
polymer for the template toward the other components. For
the solutions containing the Fe-MIP, the values are remarkably
more than that of those of the MIP, demonstrating the higher
selectivity of the Fe-MIP toward the template. For the NIP, the
k values are less than those for the two MIPs, and for the case
for MD, the k values are less than unity meaning that the
polymer has tend to adsorb the other component, not the tem-
plate molecule. Therefore, the NIP does not have a selective
behavior for the template in the presence of the other
components.

In order to compare the efficiency of the two MIPs for
selective separation of the template in competitive media
against the NIP, the k′ values were also calculated and are
shown in Table 6. Similar to that of the k values, the higher
the k′ value is, the more selective is the imprinted polymer
against its corresponding non-imprinted polymer for the tem-
plate toward the other component. According to Table 6, in all
of the cases, the Fe-MIP has a remarkable difference in the k′
values toward the MIP, demonstrating that the prepared Fe-
MIP is more efficient than the conventionally prepared MIP.

Figure 11 shows the adsorption histograms of each compo-
nent in different solutions in the presence of the polymers. As

Fig. 11 Adsorption percentage of components in a FR-MD binary
mixture, b FR-SL binary mixture, and c FR-MD-SL ternary mixture

Table 5 Selectivity coefficient values of FR toward other components
for each of the samples in different solutions

Sample k

Binary mixtures Ternary mixture

FR/MD FR/SL FR/MD FR/SL

Fe-MIP 9.58 72.50 41.11 185.00

MIP 2.46 5.98 2.08 6.75

NIP 0.95 2.02 0.93 2.09

Table 6 Relative selectivity coefficient values of FR for the imprinted
samples against the NIP in different solutions

Sample k′

Binary mixtures Ternary mixture

FR/MD FR/SL FR/MD FR/SL

Fe-MIP 10.08 35.89 44.20 88.52

MIP 2.59 2.96 2.24 3.23

Table 4 Distribution constant values for each component in different
solutions in the presence of the samples

Sample Component KD (l g−1)

FR-MD
Binary
mixture

FR-SL
Binary
mixture

FR-MD-SL
Ternary
mixture

Fe-MIP FR 3.64 2.90 3.70

MD 0.38 – 0.09

SL – 0.04 0.02

MIP FR 1.60 2.81 1.89

MD 0.65 – 0.91

SL – 0.47 0.28

NIP FR 1.40 1.23 1.59

MD 1.47 – 1.71

SL – 0.61 0.76
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this figure shows, the adsorption of FR as the template mole-
cule to the Fe-MIP is tangibly more than that of the MIP and
the NIP, indicating the successful preparation of the metal ion-
mediated MIP.

Drug loading and in vitro release studies

The LC% values and imprinting data of the polymers are
shown in Table 7. As the LC% values show, the Fe-MIP has
larger LC% than the other two samples. This can be attributed
firstly to its higher SR and ESR than those of the MIP and the
NIP which was discussed in the “Swelling studies” section.
Also, the presence of specific binding sites in the polymer
structure (“Equilibrium binding studies” section) is the other
factor of having larger LC% which means that the polymer
has higher tendency to adsorb FR. Likewise, the LC% values

of the other two samples can be explained according to
“Swelling studies” and “Equilibrium binding studies” sec-
tions. Moreover, the partition coefficient (P) values for each
of the polymers were calculated according to their LC%, and
the IFs of the imprinted samples were further calculated
(Table 7). According to the IF values, the Fe-MIP with a
higher IF value than the MIP has superior binding properties
for FR.

Figure 12 shows the in vitro release profiles of FR during
8 h and 2 days, respectively. Also the maximum drug release
data of the samples are summarized in Table 8. As shown in
Fig. 12b, the samples reached to their equilibrium state after
2 days (no more drug release over time), but the maximum
drug release percentages were different for each of the poly-
mers. According to LC%values, as expected, the Fe-MIPwith
the largest LC% released the highest amount of drug at its
equilibrium state. Surprisingly, the NIP released a higher
amount of drug than the MIP, although it had lower LC% than
that of the MIP. This phenomenon is attributed to the lower
inclination of the NIP to hold the drug, since its cavities are not
particularly framed for the template, compared to the MIP (the
presence of specific binding sites with lower Kd values in the
MIP structure, see the “Equilibrium binding studies” section).
Another key point which should be mentioned here is to con-
trol the drug release rate especially at its early stages. To reach
a suitable slow-release drug delivery system, it is important to
restrain the drug release rate and prevent rapid diffusion of the
drug (so-called burst release). As shown in Fig. 12a, the Fe-
MIP and the MIP have more controlled drug release rate than
the NIP which has a sudden drug release at the early stages.
This can also be attributed to the higher inclination of
imprinted samples to hold the drug due to their specific bind-
ing sites; thus, they release the drug rather gently. By compar-
ing the Fe-MIP and the MIP, the Fe-MIP with larger LC% and
higher amount of released drug at the equilibrium state is a
much more appropriate drug carrier for FR.

Conclusion

In this study, a Furosemide-imprinted drug delivery system
was synthesized and characterized using metal ion mediator
in H2O/THF medium. Acrylic acid (AA), acrylamide (AAm),

Fig. 12 Drug release profiles of the samples a during 8 h and b during
48 h

Table 7 LC% and
imprinting data of the
samples

Sample LC% P (l g−1) IF

Fe-MIP 22 0.49 × 10−1 1.81

MIP 17 0.30 × 10−1 1.11

NIP 16 0.27 × 10−1 –

Table 8 Drug release
data of the samples at the
equilibrium state

Sample Maximum FR release

% ppm mg

Fe-MIP 92.50 81.44 4.07

MIP 82.06 55.81 2.79

NIP 90.94 58.10 2.91
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and N,N′-methylenebis(acrylamide) (MBAAm) were used as
functional monomer, comonomer, and cross-linking agent,
and also, Fe3+ was used as mediator, respectively. Different
binding and selectivity parameters of the prepared carrier were
calculated and compared with the corresponding metal ion-
free MIP and non-imprinted polymer. Results showed higher
efficiency in binding and selectivity for the Fe3+-mediated
MIP (Fe-MIP). Moreover, the loading and in vitro release
capacity of the prepared system were studied and compared
with the two other corresponding samples. According to the
drug release results, the Fe-MIP showed a larger drug loading
capacity and a higher amount of drug release at its equilibrium
state. Moreover, the drug release rate of the Fe-MIP was more
controlled than that of the MIP and the NIP, especially at the
early stages of release.
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