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A B S T R A C T   

Clofazimine (CLF) is a riminophenazine derivative and a new therapeutic option with high effi-
cacy for patients with rifampicin-resistant tuberculosis (TB). The blood levels of CLF are low and 
suboptimal, so therapeutic drug monitoring is required. Prior to this study, there were no mo-
lecular imprinting–based solid phase extraction (SPE) sorbents that could be used to determine 
the blood CLF levels. Hence, we prepared a magnetic molecularly imprinted polymer (MMIPs) to 
capture CLF. We employed computational selection of a functional monomer and crosslinker and 
confirmed these selections based on the association constant (Ka) and a Job plot. We synthesised 
MMIPs with two surface modifiers and characterized the polymers. Our computational analysis 
based on the bond energy revealed that methyl methacrylate (MMA) was the most suitable 
functional monomer at a CLF-to-MMA molar ratio of 1:4. Based on the bond energy, the most 
suitable crosslinker was trimethylolpropane trimethacrylate (TRIM) at a CLF-to-TRIM molar ratio 
of 1:1. We determined the Ka of MMA and TRIM in different solvents. Isopropanol produced the 
highest Ka. The Job plot showed that a template-to-MMA-to-TRIM molar ratio of 1:4:20 was 
optimal to synthesize imprinted polymer in isopropanol. We prepared MMIPs using two different 
modifiers, namely aminopropyltrimethoxysilane (APTES) and oleic acid (OA), using the ratio 
determined from the Job plot. Physical characteristic tests carried out using FT-IR, SEM-EDS, PSA, 
BET and VSM, showed that the synthesis was success with a spherical and uniform agglomeration 
of particles, also a flat surface with many holes with a particle size of MMIP-APTES and MMIP-OA 
respectively 0.14 μm and 0.28 μm, showed a surface area for MMIP-APTES is 2874.51 m2/g and 
MMIP-OA 2913.07 m2/g, exhibiting superparamagnetic properties with a saturation magnetiza-
tion value of MMIP-APTES 21.1 emu/g− 1 and MMIP-OA 49.9 emu/g− 1. Adsorption capacity 
result showed that MMIP-OA fits well with the Langmuir model, while MMIP-APTES fits better 
with the Freundlich. Application of MMIP-SPE (Magnetic Molecular Imprinted Polymer-Solid 
Phase Extraction) APTES resulted 92.3 ± 6.1 % and MMIP-SPE-OA 51.5 ± 8.1 % for 
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recovering CLF in blood. The result of selectivity test also showed that MMIP-SPE-APTES is better 
than MMIP-SPE-OA and selectively recover CLF from human blood plasma existed together with 
other TB-Drugs. The study result shows that MMIPs with APTES modification can be used for CLF 
determination in human blood plasma.   

1. Introduction 

Clofazimine, a derivative of riminophenazine, shows inhibition against Mycobacterium tuberculosis in vitro and in vivo. In 2010, 
clofazimine began to be used to treat TB because cases of drug resistance M.Tuberculosis began to spread. Clofazimine used as second- 
line compound for used in combination with other drug in the treatment of multidrug-resistant TB (MDR-TB, defined as resistance to at 
least isoniazid and rifampicin) on 2019 by WHO as it can shortening the duration of treatment [1,2].CLF is highly protein bound and 
accumulates in macrophages and fat; thus, it has a very long half-life (70 days) increases the risk of side effects and the emergence of 
resistance due to decreased patient compliance and suboptimal blood levels [3,4]. Hence, therapeutic drug monitoring in patients with 
MDR-TB is crucial to ensure adequate and optimal levels of absorbed drugs in the body [5,6]. Due to the low serum levels, sensitive 
analytical methods are required to detect CLF [7–9]. The lowest concentration of CLF is < 48 ng/ml [10]. The analytical method used 
to determine CLF levels to date has been carried out by Machado et al. [11]. Analysis of clofazimine determination using the Chro-
matographic method of clofazimine in nanoformulation showed recovery of ≥86.2 %. Other method carried out by Du Preez et al. [12] 
used HPLC to analyze simultaneously artemisone, clofazimine and decoquinate showed recovery for clofazimine of 99 %. In this 
research, we will develop a method for analyzing clofazimine using magnetic solid phase extraction [13] that never been done by 
others, where the polymer is designed with the addition of clofazimine as a template for analysis of human blood samples. 

The molecular imprinted polymer (MIP) technique is a molecular imprinting method using target molecules (drug compounds or 
other analytes) in the form of a synthetic polymer matrix that can bind target molecules selectively [14]. The conventional method 
commonly used for the isolation of various analytes is solid phase extraction (SPE), which is a reliable and cost-effective technique for 
the selective isolation and concentration of various analytes and sample matrices [15]. The latest generation of MIPs involves the 
design and use of specific molecular recognition agents capable of mimicking the properties of natural recognition sites due to 
imprinting [16]. The polymer will have artificial recognition sites for the target molecule and its analogues [14]. MIP has been 
developed and used for sample preparation; it is selective and has a high recovery values [17]. As explained above, CLF requires a 
sensitive analysis method because the levels in blood serum are low. MIP can be used as a specific extraction method for CLF in blood 
samples. CLF is a strong base that has one hydrogen bond donor group and four hydrogen bond acceptor groups (PubChem). Thus, 
monomers with hydrogen bond donor or acceptor groups can be selected to form molecular recognition sites. MIPs made using the 
commonly used bulk polymerisation method have several weaknesses, including heterogeneous and irregular polymer shapes, in 
addition, the adsorption site on bulk polymers is too far from the surface, so the binding capacity of target ions is poor [18]. To 
overcome these problems, a MIP can fabricated on the surface of a magnetic substrate to generate a magnetic molecularly imprinted 
polymer (MMIP). This design allows magnetic separation [13]. There have been various modifications and iterations of SPE among 
which Karrat et al. [19] developed a new strategy incorporating magnetic molecularly imprinted polymer (MMIP) as an artificial 
antibody and confirmed the success of MMIP preparation. MMIP was synthesised through a radical polymerisation process and showed 
good average recovery results between 92.2 % and 104.7 %. Giebułtowicz et al. [20] has developed a magnetic molecularly imprinted 
nano-conjugate sorbent for effective dispersive solid phase extraction of antazoline (ANT) and its metabolite, hydroxyantazoline 
(ANT-OH) showing pharmacokinetic results that the new sorbent can be useful in the extraction of ANT and ANT-OH from human 
plasma. As also done by Sobiech et al. [21], they developed and validated a new analytical method to determine the pharmacokinetic 
profile hordenine in plasma samples with Magnetic Core− Shell Imprinted Nanoconjugates sorbents in the presence of magnets fa-
cilitates the pretreatment step with highly complex samples, thereby reducing time and costs. demonstrated the determined phar-
macokinetic profile of hordenine. Malik et al. [22] have also developed a magnetic molecularly imprinted polymer-based 
electrochemical sensor for dye quantification, showing the imprinted polymer has higher detection capability and selectivity to-
wards SY dyes as an electrochemical sensors compared to non-imprinted polymers. Research conducted by Wu et al. [23] has also 
developed quercetin molecular imprinted polymer using cellulose as a carrier (CMMs@MPS@MIPs), porous cellulose microspheres 
(CMMs) were successfully prepared with cotton as the raw material, and MIPs grafted after silanization modification showed selec-
tivity values which is high for quercetin. MMIP has the advantage of fast and effective binding to the template used. Physically, MMIP 
has a spherical polymer shape and the advantage of MMIP is that it is a sorbent that has magnetic properties, other properties are that it 
has high selectivity to the template and it can be easily isolated from samples with a magnet. This last advantage means that external 
filtration or centrifugation steps are not required, pre-treatment times are shorter and there is reversible and controlled flocculation 
[24–26]. 

Based on our search of mipdatabase.com, there are no MMIP-SPE sorbents for CLF. To achieve higher mass transfer and overcome 
the shortcoming of bulk MIP production, we prepared MMIP for CLF and then modified the surface with aminopropyltrimethoxysilane 
(APTES) or oleic acid (OA). OA as the organic anion chelator is commonly used to coated the Fe3O4 as it can makes the surface of 
polymer molecules amphoteric, which increases solubility in polar solutions (for example in water) [13]. Modification of the surface 
using APTES also done as the comparison as APTES is widely used because of its ability to bind to different functional groups and can 
provide a SiO2 layer [27]. The wide application capability of siloxane is due to its good properties, namely flexible, elastic, strong, 
resistant to physical and chemical factors, stable to heat and strong to pressure [28]. Research conducted by Lafarge et al. [29] sol–gel 
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molecularly imprinted silica (MIS) for fungicide using (3-Aminopropyl) trimethoxysilane showed higher imprinting factor 135 times 
higher than MIP without silica modification due to more chemically stable and specific toward the target species. In order to synthesize 
the Magnetic Molecularly Imprinted Polymers for CLF, we employed computational analysis as the first step to select the best func-
tional monomer and crosslinker and then validated these results. After synthesising MMIP-APTES and MMIP-OA, we assessed their 
physical characteristics, their ability to remove CLF from spiked human plasma samples and their ability to discriminate between CLF 
and other TB drugs. 

2. Materials and methods 

2.1. Materials 

CLF was obtained from Sigma-Aldrich, Novartis UK (CAS number 2030-63-9). High-performance liquid chromatography (HPLC)- 
grade acetonitrile was obtained from Fisher (Pittsburgh, PA, USA). Methyl methacrylate (MMA), a functional monomer; trimethy-
lolpropane trimethacrylate (TRIM), a crosslinker, azobisisbutyronitrile (AIBN), an initiator; 3-aminopropyltrimethoxysilane (APTES); 
oleic acid (OA); trifluoroacetic acid (TFA); methanol; acetonitrile; isopropanol; hexane; ammonium acetate and chloroform were 
obtained from Merck, Germany. Blood samples were obtained from the Indonesian Red Cross, Unless otherwise stated, all chemicals 
were of analytical grade. 

The Hyperchem 8.0.10 application is used for molecular geometry optimization to predict the binding sites and calculate the bond 
energy (ΔE). The sorbent’s surface area was analyzed using Brunauer, Emmett, and Teller (BET) Surface Area Quantachrome (Nova 
4200E, Boynton Beach, USA). 

Morphological evaluation included the use of scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS; JEOL 
JSM-6360 LA Japan), Fourier-transform infrared (FTIR) spectroscopy (IR Prestige-21, Shimadzu Japan) and particle size analysis 
(PSA) (Beckman Coulter, LS 13,320, United States). An ultraviolet–visible (UV–Vis) spectrophotometer (Shimadzu, Japan) was used to 
measure UV absorbance to determine the association constants (Ka) and to generate a Job plot. A digital balance (Ohaus Pioneer, USA), 
ultrasonicator 50 W 40 kHz (NEY 19H, Houston, Texas, United States), and Centrifuge (Hettich, Germany). 

The HPLC conditions for CLF have been described previously [29]. HPLC conditions for CLF have been described previously [29]. 
This procedure used a Waters Alliance e2695 HPLC device with a Photo Diode Array (PDA) detector, US. As a mobile phase, a gradient 
elution of orthophosphate buffer and acetonitrile (45:55 v/v, pH 3) and a Reliant C18 column (4.6 × 250 mm, 5 μm) were used. The 
injection volume is 20 μl with a flow rate of 1.0 ml/min, and the wavelength for CLF detection is 280 nm. 

2.2. Computational selection of functional monomer 

Computational determination of functional monomers was done by drawing the three-dimensional (3D) structure of the molecule 
template and monomer using the Hyperchem 8.0.10 application. Structure optimization used the semi-empirical restricted Hartree- 
Fock (RHF) [30]. The PM3 method is used to optimize complexes between functional monomers and templates using 
self-consistent fields (SCF) used RHF. Optimization of molecular geometry using the "Polak Ribier" gradient conjugation process, the 
convergence value is 0.01 kcal [31]. The calculation of ΔE during complex formation is calculated using the equation:  

ΔE = (E complex) – (E CLF-E functional monomer)                                                                                                                             

2.3. Computational selection of the crosslinker 

Computational determination of functional monomers was done by drawing the three-dimensional (3D) structure of the molecule 
template and crosslinker using the Hyperchem 8.0.10 application. Structure optimization used the semi-empirical restricted Har-
tree–Fock (RHF) method [30]. The PM3 method is used to optimize complexes between functional monomers and templates using 
self-consistent fields (SCF) used RHF. Optimization of molecular geometry using the "Polak Ribier" gradient conjugation process, the 
convergence value is 0.01 kcal [31]. The calculation of ΔE during complex formation is calculated using the equation:  

ΔE = (E complex) – (E CLF-E crosslinker)                                                                                                                                                  

2.4. Determination of the Ka for the template–functional monomer complex 

The computational results of the interaction between monomers and templates were evaluated before polymer synthesis. The 
evaluation was carried out using UV–Vis spectrophotometry. For this effort, functional monomers were added in increasing amounts 
up to 0.020 mol/l CLF in isopropanol or chloroform until an excess of functional monomers was reached. The absorbance results 
obtained and the delta absorbance curve for monomer concentration were used to determine Ka. 
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2.5. Stoichiometric analysis (Job’s plot) 

Stoichiometric analysis was performed by systematically varying the molar ratio of CLF-to-MMA in isopropanol to obtain a molar 
ratio plot. The values used for CLF were 0.002 and MMA 0.01. The total volume of CLF-MMA was 3 ml. The wavelength used was 284 
nm, and the absorbance was plotted against the molar concentration of CLF. 

2.6. MMIP and magnetic non-imprinted polymer (MNIP) preparation 

2.6.1. Fe3O4 preparation 
To prepare Fe3O4, 0.01 mol (NH4)2Fe(SO4)2⋅6H2O and 0.02 mol FeCl3⋅6H2O were dissolved separately in 100 ml of distilled water. 

Meanwhile, 50 ml of 3 M NaOH was prepared and placed in a 50 ml syringe, which was used to pierce the rubber of a three-neck flask. 
Next, 3.92 g of (NH4)2Fe(SO4)2⋅6H2O and 5.42 g of FeCl3⋅6H2O were weighed and added to this flask. One hundred millilitres of 
distilled water was added to the three-neck flask filled with nitrogen gas and stirred at 600–1000 rpm at 60 ◦C (in an oil bath) for 1 h. 
NaOH was added drop by drop until a black precipitate formed. After 1 h, the precipitated Fe3O4 was isolated from the solvent and 
washed several times with water [32,33]. 

2.6.2. MMIP-APTES preparation 

2.6.2.1. APTES-modified Fe3O4. Synthesis began by adding 200 mg of Fe3O4 to a vial containing 1 ml of APTES. The mixture was 
dispersed in methanol and sonicated for 5 min. Then, 500 μl of TFA was added slowly to the solution (heated at 60 ◦C) for 20 min. The 
synthesised Fe3O4-APTES was rinsed with distilled water and dried at 60 ◦C for 5 h to obtain Fe3O4-APTES [34]. 

2.6.2.2. Synthesis of MMIP-APTES. Synthesis was carried out in a 20 ml vial containing 1 g Fe3O4-APTES dispersed in 5 ml of iso-
propanol; 0.02 mmol (9.468 mg) CLF and 0.08 mmol (8.5 μl) MMA were added to the mixture and sonicated for 2 h. Then, 20 mmol 
(128 μl) TRIM and 2 ml AIBN were added to the mixture. The mixture was subjected to a nitrogen flow for 5 min directly into the vial. 
The vial was closed tightly and sonicated for 15 min. Polymerisation was carried out by heating the mixture in an oven at 60 ◦C for 20 
h. The solid polymer that resulted from the process was still wet, so it was separated and further dried, crushed in a mortar to make a 
fine powder, and sieved with 80 mesh. The yield is 2.1 % for MMIP-APTES and 3.9 % for MNIP-APTES. The template molecules were 
extracted by sonicating for 9 h until there were no template molecules (determined by monitoring with a UV–Vis spectrophotometer). 
MNIP as a control was synthesised in the same way, but the template molecule was omitted [34]. 

2.6.3. MMIP-OA preparation 

2.6.3.1. Fe3O4 modification of OA. The synthesis began by coating Fe3O4 with OA: 1 ml of OA was added to 500 mg of Fe3O4, and the 
mixture was sonicated for 15 min [35]. Thus producing Fe3O4-OA. 

2.6.3.2. Synthesis of MMIP-OA. Synthesis was carried out in a vial containing Fe3O4-OA. The following was added: 0.02 mmol (9.468 
mg) CLF, 5 ml of isopropanol, 0.08 mmol (8.5 μl) MMA, 20 mmol (128 μl) TRIM and 2 ml of AIBN. Nitrogen flowed through the 
solution for 5 min and the mixture was sonicated for 15 min. The mixture was incubated in an oven at 60 ◦C for 24 h. The polymer was 
still wet, so it was separated and dried, ground in a mortar to make a fine powder and sieved with 80 mesh. The template molecules 
were extracted by sonicating for 9 h until there were no template molecules (determined by monitoring with a UV–Vis spectropho-
tometer). MNIP was synthesised in the same way, but the template molecule was omitted [34]. 

2.7. Physical characterization 

MMIP and MNIP were characterized by FTIR spectroscopy to evaluate the functional groups in the polymer. MMIP and MNIP, as 
much as 2 mg, were added with potassium bromide (KBr) for as much as 200 mg, then ground until smooth and made into pellets. The 
infrared spectrum of MMIP or MNIP was measured at 4000–400 cm− 1. The functional groups of MMIP/MNIP sorbents were deter-
mined before and after extraction. The polymer surface morphology and elemental composition were observed using SEM-EDS. MMIP 
or MNIP were placed in silicon and then inserted into the SEM. PSA was used to generate particle size distribution data of MMIP and 
MNIP. The specific surface area of MMIP and MNIP was determined using BET. In the BET method, the specific surface area flows with 
nitrogen gas, resulting in the amount of nitrogen gas adsorbed on the surface. For this procedure, 0.5 g of beads was placed in a sample 
holder and degassed in a nitrogen gas stream at 150 ◦C for 1 h. Nitrogen gas adsorption was carried out at 210 ◦C, while the desorption 
was carried out at room temperature. The instrumental values obtained in the desorption step were used to calculate the specific 
surface area of the beads. 

2.8. Evaluation of the adsorption capacity 

CLF solution at 0, 0.25, 0.5, 0.75, 1, 1.5, 2 and 2.5 mg/l was used to evaluate the adsorption capacity of the MMIP-APTES and 
MMIP-OA sorbents. For this experiment, 1.5 ml of CLF solution was added to a vial containing 20 mg of MMIP sorbent, then allowed to 
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stand for 24 h at room temperature. Next, the area under curve was measured using HPLC. The experiment was also performed using 
MNIP sorbent. Langmuir and Freundlich isotherm adsorption curves were used to analyze MMIP adsorption capacity results. 

2.9. Use of MMIP to extract CLF from human plasma 

2.9.1. Optimization of the extraction conditions 
For optimization, 20 mg of MMIP-APTES or MMIP-OA was weight in a 5 ml vial. Then a conditioning step was carried out by adding 

1 ml of chloroform and sonicating for 10 min, separating MMIP-APTES or MMIP-OA with an external magnet and discarding the 
supernatant. The loading stage involved adding 1 ml of 2 mg/l CLF standard solution in chloroform then sonicating MMIP-APTES or 
MMIP-OA for different times (10, 15, 20, 25, 30 and 60 min), separating MMIP-APTES or MMIP-OA with an external magnetic and 
discarding the supernatant. MMIP-APTES or MMIP-OA was washed with 1 ml of water, sonicated for 5 min and then separated with an 
external magnet. The supernatant was separated and filtered, and then injected into the HPLC instrument. Finally, the elution stage 
involved adding 1 ml of isopropanol, sonicating it for 10 min and then separating MMIP-APTES or MMIP-OA with an external magnet. 
The supernatant was injected into the HPLC instrument [17]. 

2.9.2. Validation of the optimized extraction procedure to extract CLF from spiked human plasma samples 
First, samples were prepared by adding 25 mM ammonium acetate (pH 9) to plasma to reduce proteins; this step increases recovery. 

The samples were centrifuged at 6000 rpm for 60 min. Centrifugation was done to separate plasma and proteins after adding 
ammonium acetate and to produce clear plasma. After centrifugation, the clear part of the plasma is taken. Finally, 2 mg/l CLF was 
added to the treated plasma [36], the concentration was used to see the capability of the material that has been synthesised on 
selectively bind to CLF in blood matrices. Next, 20 mg of MMIP-APTES or MMIP-OA was weighed in a 5 ml vial. A conditioning step 
was carried out by adding 1 ml of chloroform, sonicating it for 10 min, separating MMIP-APTES or MMIP-OA with an external magnet 
and discarding the supernatant. In the loading stage, MMIP-APTES or MMIP-OA was added to CLF-spiked blood plasma, sonicated for 
the optimal time (determined according to section 2.9.1) and separated with an external magnet; the supernatant was discarded. 
MMIP-APTES or MMIP-OA was washed with 1 ml of water, sonicated for 5 min and then separated with an external magnet; the 
supernatant was separated. Finally, for elution, 1 ml of isopropanol was added; the mixture was sonicated for 10 min and then 
separated with an external magnet. The solution from the elution stage was injected into the HPLC instrument [17]. 

2.9.3. Determination of MMIP-SPE selectivity for CLF compared with other TB drugs in spiked human plasma 
First, samples were prepared by adding 25 mM ammonium acetate (pH 9) to plasma to reduce proteins; this step increases recovery. 

The samples were centrifuged at 6000 rpm for 60 min. Treated blood plasma was spiked with CLF, isoniazid (INH), rifampicin (RIF) 
and ethambutol (ETH), each at 2 mg/l. The spiked plasma was then passed through MMIP-SPE or MNIP-SPE sorbents. Analysis of the 
elution results was performed using HPLC. The percentage recovery was calculated for each compound on each MMIP and MNIP 
sorbent [37]. 

3. Results and discussion 

3.1. Computational selection of a functional monomer 

Functional monomers influence the success of MMIP manufacturing. In MMIP pre-polymerisation, the functional monomer in-
teracts with the template molecule [14]The monomer provides functional groups that can form complexes with the template molecule 
via covalent or non-covalent interactions. The accuracy and selectivity of MMIP and MIP recognition depend on the strong interaction 
between the template molecule and the monomer, which affects the affinity of MMIP and MIP. 

We analyzed the interaction between CLF and each functional monomer by calculating ΔE and evaluating the non-covalent bonds 
formed in the complex, especially hydrogen bonds. First, we checked whether the interaction occurred at the correct position by 
examining the electronic data of the CLF, which is seen in the total charge density on the contour map and the electrostatic data-
—prediction of interactions that occur between functional monomers and templates using electrostatic potential [31]. 

The formation of stable complexes in the synthesis of MMIP and MIP occurs when producing low ΔE computationally on the 
complex that occurs between the interaction of functional monomers and CLF [31,38]. Optimization of the functional monomer 
complex and template using the PM3 method to find the best functional monomer for CLF. This method is used with SCF at the RHF 
level. The selection of the PM3 method was based on the consideration that this method is fast, accurate results in the simulation of 
intramolecular and intermolecular interactions, and can use large molecules. We calculated ΔE during complex formation. Table 1 
shows ΔE for the interaction between the template (CLF) and 11 functional monomers commonly used to produce printed polymers. ΔE 

Table 1 
Template-functional monomer complex ΔE values.  

Template-functional monomer complex ΔE (Kcal/mol) Compotition 

Clofazimine-Itaconic Acid − 24,83 1:4 
Clofazimine-Acrylamide − 21,46 1:4 
Clofazimine-Methyl methacrylate − 29,96 1:4  
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indicates the formation of complex stability. The lower and most negative ΔE value, A low ΔE value will produce stable complex 
interactions, resulting in selective MMIP and MIP synthesis results. The lowest energy interaction energy of the three complexes 
between the CLF structure and functional monomers methyl methacrylate (MMA), itaconic acid (ITA) and acrylamide (AAM), with ΔE 
of − 29.96, − 24.83 and − 21.46 kcal mol/l, respectively. Each complex with low ΔE indicates that the formed MMIP and MIP will 
provide very good selectivity. Initial predictions using computation in determining the amount of monomer that interacts with the 
template produce reaction stoichiometry for determining the MMA: CLF molar ratio that will be used in the synthesis process. 
Description of complex interactions between CLF and monomers, namely in MMA monomers (Fig. 1a), ITA (Fig. 1b) and AAM (Fig. 1c). 
In computational testing, the interaction between template-monomer did not occur due to the formation of hydrogen bonds in the 
template-monomer complex. Instead, the interaction is mediated by dispersion forces (also known as the van der Waals forces) [39]. 
This force arises because local fluctuations in one particle induce, through the propagation of electromagnetic waves, a response that 
appears due to correlation in the other particle. The dispersion force is based on the number of dipole interactions. The attractive 
potential due to dispersion forces between two particles depends on the distance [40]. Computational simulations found that four 
MMAs would form a stable complex with one CLF showing the lowest ΔE (Table 1). We further validated the computational results by 
determining the stoichiometry with Job’s plot. 

3.2. Computational selection of a crosslinker 

A crosslinker fixes the functional monomer groups around the template molecule, allowing the formation of a crosslinked rigid 
polymer. After the removal of the template molecule, the hole formed must completely complement the target molecule in form and 
functional group. The type and amount of crosslinker have a major influence on the selectivity and binding capacity of a MIP. When the 
crosslinker concentration is too low, the MIP cannot maintain a stable cavity configuration due to the low degree of cross-linking. 
However, when the crosslinker concentration is too high, there will be fewer recognition sites per unit mass of MIP. The most 
frequently used crosslinkers are TRIM, divinylbenzene (DVB), and ethylene glycol dimethacrylate (EGDMA) [41]. We used Hyperchem 
software to evaluate these three crosslinkers; the process involves bringing the crosslinker close to the template. Crosslinkers with low 
ΔE will compete with functional monomers to form complex bonds with the template, and will affect the synthesis process of MMIPs 
and MIPs, which will ultimately affect their analytical performance. We chose the crosslinker with the highest ΔE because it would 
have a weaker interaction with the template [30,41]. Polymer selectivity will increase when the crosslinker-template complex 
interaction is weaker than the functional monomer-template interaction [30]. Based on the results in Table 2, we performed 
computational modeling for the cosslinkers EGDMA, TRIM, and DVB. TRIM has a higher ΔE (− 3.46 kcal mol/l) compared to DVB 
(− 5.93 kcal mol/l) and EDGMA (− 7.13 kcal mol/l). Thus, TRIM was selected as the best crosslinker for CLF imprinting in the synthesis 
of MMIPs and MIPs. Fig. 2 illustrates the interaction between CLF and each crosslinker, namely in the crosslinker DVB (Fig. 2a), TRIM 
(Fig. 2b) and EDGMA (Fig. 2c). 

3.3. Determination of the Ka for the template–functional monomer complex 

We used UV–Vis spectrophotometry to determine the Ka for template–functional monomer complexes. We considered MMA, ITA 
and AAM, based on the computational results. The Ka is associated with the binding affinity of the functional monomer to the template. 
When calculating the CLF–MMA Ka, we added an increasing amount of functional monomer to the CLF solution (0.05 mol/l) in four 
solvents, namely isopropanol, acetonitrile, chloroform and a mixture of acetonitrile and isopropanol (1:2). We recorded and plotted 
delta absorbance. Ka calculations are carried out by collecting absorption data and making graphs based on the intersection using 
"Benesi Hildebrand" data analysis. The highest Ka value for the CLF–MMA complex is in isopropanol solvent (Table 3). CLF (pKa =
8.51) will bind more strongly to MMA because this functional monomer is a strong base (pKa = 6.8) in isopropanol (pKa = 17.1) 
compared with ITA (pKa = 3.84) [42] and AAM (pKa = 15.35). The selected porogen isopropanol, which is a polar protic solvent, will 
prevent hydrogen bonding between the template and the functional monomer in the pre-polymerisation solution [43]. The higher Ka 
for MMA compared with ITA and AAM means that the bond strength for the CLF–MMA interaction is greater than that of the CLF–ITA 
and CLF–AAM interactions [14]. 

Fig. 1. Illustrations of interactions between Clofazimine and functional monomers: (a) MMA, (b) ITA, and (c) AAM.  
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Table 2 
Template-crosslinker complex ΔE values.  

Template-crosslinker complex ΔE (Kcal/mol) compotition 

Clofazimine-TRIM − 3.46 1:1 
Clofazimine-DVB − 5.93 1:1 
Clofazimine-EDGMA − 7.13 1:1  

Fig. 2. Illustrations of interactions between Clofazimine and crosslinker: (a) DVB, (b) TRIM and (c) EDGMA.  

Table 3 
Association constant value of CLF.  

Monomer Solvent Ka (M− 1) 

MMA Isopropanol 813.85 
Chloroform 174.94 
Acetonitrile 99.24 
Acetonitrile: Isopropanol 182.73 

ITA Isopropanol 297.36 
Chloroform 99.13 
Acetonitrile 283.55 
Acetonitrile: Isopropanol 148.79 

AAM Isopropanol 214.77 
Chloroform 23.10 
Acetonitrile 244.69 
Acetonitrile: Isopropanol 155.93  

Fig. 3. Jobs plot of CLF-MMA complex.  
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3.4. Stoichiometry analysis (Job plot) 

Analysis of complex molecular ratios may assist in the design of a polymer synthesis protocol. We evaluated the pre-polymerisation 
CLF–MMA complex by using the Job’s Plot method (Fig. 3). A method is often used to determine the stoichiometry of complex in-
teractions, and this analysis is applied in various techniques, such as UV–Vis spectrophotometry [44]. This method is based on 

Fig. 4. Spectrum of spectrophotometry Infra red: (a) MMIP-APTES and (b) MMIP-OA  
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Fig. 5. Scanning electron microscope (SEM) of (a) Fe3O4, (b) Fe3O4-APTES, (c) MMIP-APTES, (d) MNIP-APTES, (e) Fe3O4-OA,(f) MMIP-OA and (g) 
MNIP-OA. 
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Fig. 6. EDS analysis of (a) Fe3O4, (b) Fe3O4-APTES and (c) Fe3O4-OA.  
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Fig. 7. EDS analysis of (a) MMIP-APTES Before extraction, (b) MMIP-APTES after extraction and (c) MNIP-APTES (d) MMIP-OA Before extraction, 
(e) MMIP-OA after extraction and (f) MNIP-OA 
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Fig. 7. (continued). 
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observed spectral changes for both the guest molecule (functional monomer) and the host molecule (CLF). Measurement of the 
absorbance of both component solutions in isopropanol solvent at a wavelength of 284 nm. We found that the absorbance increased as 
the CLF concentration increased, reaching a maximum at a template-to-functional monomer molar ratio of 1:4. The absorbance de-
creases when more functional monomers are added. This is because higher molar concentrations of some monomers will cause such 
effects [44]. This shows that one molecule of CLF and four molecules of MMA (molar ratio 1:4) produce the most stable 
pre-polymerisation complex, which confirms the computational results. 

3.5. Physical characterization 

3.5.1. FTIR spectroscopy 
The characteristic peaks of MMIP and MNIP indicate the vibration types of functional groups in IR spectrum at 1735 and 1677 

cm− 1, respectively, originate from the stretching vibration of the double bonds in the –C––O and –CH––CH2 groups of the TRIM 
molecule. These peaks indicate the existence of a TRIM structure and thus successful synthesis [45,46]. 

Fig. 4a shows the FTIR spectrum of MMIP-APTES. There are CLF peaks (red band) for N–H groups at 1563− 1620 cm− 1 and C––N 
groups at 1625.09 cm− 1 [46]. There is a broad peak in the black band (Fe3O4) showing functional groups Fe–O at 589 cm− 1 [47]. 
Fe3O4-APTES (blue band) shows a broad peak at 596.16 cm− 1 indicating Fe–O, and at 1000.35 cm− 1, which is from Si–O–Si groups 
(based on the literature, the Si–O–Si band is reported to be at 1015–1073 cm− 1). Before extraction, MMIP-APTES had an Fe–O band at 
589.42 cm− 1 and a CLF band at 1629.88 cm− 1. After extraction, there is an Fe–O band at 587.47 cm− 1 but no CLF band. MNIP-APTES 
shows a Fe–O band at 583.76 cm− 1 as well as a band in the range of 1015–1073 cm− 1, indicative of Si–O–Si [48]. 

Fig. 4b shows the FTIR spectrum of MMIP-OA. There are CLF peaks (red band) for N–H at 1563− 1620 cm− 1 and C––N at 1625.09 
cm− 1 [49]. There is a broad peak in the black band (Fe3O4) showing Fe–O at 582.60 cm− 1. Fe3O4-OA (blue band) shows a broad peak at 
589.98 cm− 1, indicating Fe–O [47], and at 2852.15 and 2922.25 cm− 1, indicating –CH2– and –CH3 stretching, respectively, of OA. The 
bands at 1432.30 cm− 1 and 1586.20 cm− 1 are attributed to the stretching vibrations of the –COO functional group, indicating that the 
Fe3O4 surface was successfully coated with OA. Before MMIP-OA extraction, there is an Fe–O band at 589.98 cm− 1 and a CLF band (for 
N–H) at 1550–1620 cm− 1. After MMIP-OA extraction, there is an FeO band (589.98 cm− 1) but no CLF band. MNIP-OA shows an Fe–O 
band at 589.98 cm− 1 and a band for –CH2– and –CH3 stretching of OA at 2852.15–2922.25 cm− 1. The bands at 1710.01 cm− 1 (CO 
group) and 1404.35 and 1586.20 cm− 1 (–COO functional group) indicate that OA successfully coated the MNIP surface [50]. 

3.5.2. SEM/EDS 

3.5.2.1. SEM. MMIP particles were visualized using SEM at 5000 × and 25,000 × magnification. The Fe3O4 magnetic nanoparticles, 
shown in Fig. 5a, have an irregular crystalline shape. The morphology of Fe3O4-APTES particles in Fig. 5b shows an irregular crystal 
shape, Fe3O4-OA in Fig. 5e shows a regular crystal shape, and surface morphology analysis shows a hexagonal particle agglomeration 
shape. In SEM analysis, it can be seen that the surfaces of Fe3O4-OA and Fe3O4-APTES are smoother than Fe3O4 nanoparticles because 
the Fe3O4 magnetic nanoparticle layer is coated with SiO and OA, respectively. MMIP-APTES and MNIP-APTES (Fig. 5c and d) and 
MMIP-OA and MNIP-OA (Fig. 5f and g) show a round and uniform particle shape and have a flat surface with many holes [51]The most 
significant difference between MMIP and MNIP is that MMIP’s distribution is more homogeneous compared to MNIP. This phe-
nomenon may be related to the presence of template molecules in the polymerisation medium. MMIP’s structural properties indicate 
higher adsorption ability. 

3.5.2.2. EDS. Based on Fig. 6a, the percentage of Fe and O in Fe3O4 nanoparticles is 57.25 % and 42.75 %, respectively. The chemical 
composition of Fe3O4-APTES (Fig. 6b) is 0.98 % Si and 41.17 % Fe. The weak Si and strong Fe peaks indicate the formation of a thin 
silica shell on the surface of the Fe3O4 nanoparticles. Finally, Fig. 6c shows the chemical composition of Fe in Fe3O4-OA. The EDS 
results of MMIP-OA before extraction contained the chemical composition C, O, Fe, and N, in MMIP before extraction (67.34 %, 15.12 
%, 3.56 %, and 13.98 %) and MMIP after extraction (59, 52 %, 24.36 %, 6.80 % and 9.33 %) and the chemical composition of C, O, Fe 
in MNIP (98.77 % and Fe elements 1.23 %). There were OA elements, namely C and O [50]. 

EDS analysis provides the chemical composition of the nanoparticles and the percentage of the elements [52]. Before extraction, the 
chemical composition MMIP is 65.28 % C, 12.60 % O, 0.01 % Si, 0.06 % Fe and 22.05 % N (Fig. 7a). After extraction, the chemical 
composition of MMIP is 63.71 % C, 20.61 % O, 0.15 % Si, 0.71 % Fe and 14.82 % N (Fig. 7b). Finally, the composition of MNIP-APTES 

Table 4 
The result of Particle size analysis (PSA).  

No Polymer Particle Size (μm) 

1. Fe3O4 0.15 
2. Fe3O4-APTES 0.13 
3. MMIP-APTES 0.14 
4. MNIP-APTES 0.58 
5. Fe3O4-OA 0.11 
6. MMIP-OA 0.29 
7. MNIP-OA 0.18  
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is 78.49 % C, 20.42 % O, 0.24 % Si and 0.85 % Fe (Fig. 7c). The presence of a weak Si peak and a strong Fe peak indicates the formation 
of a thin silica shell on the MMIP-APTES and MNIP-APTES surfaces [51]. MMIP before extraction contains 3.56 % Fe and 13.98 % N 
(Fig. 7d). After extraction, MMIP contains 6.80 % Fe and 9.33 % N (Fig. 7e). Finally, MNIP contains 1.23 % Fe and 98.77 % other 
elements (Fig. 7f). 

3.5.3. PSA 
With PSA, we generated particle size distribution data. MIP particle laser diffraction analysis provides information regarding 

volume size distribution [53]. In MMIP synthesis, the physical properties of nanoparticles with small and uniform sizes are required, so 
that a more stable protective layer is formed [54]. Table 4 shows that MMIP-APTES particles were notably smaller than the MMIP-OA 
particles. 

3.5.4. BET 
The BET method assumes that there are uniform pore walls. The MIP surface area and porosity are influenced by the presence of 

template molecules in MIP polymerisation [53]. We detected the BET surface area with nitrogen adsorption measurements. As shown 
in Table 5, the specific surface area was 2913.07 m2/g for MMIP-OA and 2874.51 m2/g for MMIP-APTES. MMIP has a specific surface 
area that is almost three times larger than MNIP due to the presence of cavities formed by the imprinting process. SEM and BET 
characterization results show an increase in the surface area of MIP due to the imprinting of template molecules [30]. The large surface 
area is likely due to the small particle size according to the PSA analysis (Table 4) and this is correlate with the research by Mukami & 
Batlokwa 2018, and Stevens & Batlokwa, 2017 [55,56], the size is small enough to be associated with an increase in surface area which 
results in increased sorbent capacity. The smaller the particle size, the higher the surface area. 

3.5.5. VSM 
The magnetization curve of the product was obtained using a PPMS-9T vibrating sample magnetometer (VSM) (VSM 

OXFORD1.2H) with an applied field between − 15,000 and 15,000 Oe at room temperature. 
The saturation magnetization of MMIP-APTES (21.1 emu/g) showed in Fig. 8a and MMIP-OA (49.9 emu/g) showed in Fig. 8b is 

smaller compared to Fe3O4 (50.0 emu/g). Despite the saturation magnetization of MMIPs, MMIPs still show sufficient attraction for 
separation. The decrease in magnetization value is caused by the presence of APTES and OA coatings and a molecular imprinting layer 
on the surface of the Fe3O4 [57]. MMIP features a typical magnetic hysteresis loop. Nearly zero coercivity and zero remanence in the 
magnetization curve indicate the are superparamagnetic. This can be ascribed to the small size of MMIP-APTES and MNIP-OA which 
are critical sizes of superparamagnetism [58]. The output is a hysteresis curve, which shows the relationship between the induced 
magnetic flux density and the magnetization force and provides important information about magnetic saturation, remanence, and 
coercivity and the degree of residual magnetism remaining in the material. MMIP-APTES had a lower magnetization value, possibly 
because the level of residual magnetism in the polymer decreases [59], but it still provides sufficient magnetization effect [57]. 

Based on Sobiech et al. [60] and Wo’znica et al. [28] Increasing the number of functionalized siloxane cores decreases the per-
centage of organic layers in the material and results in a thin shell layer on the molecularly imprinted polymer. The thickness of the 
imprinted layer affects the polymer’s magnetic properties but does not affect the adsorption process on the polymer surface. The results 
show that with the presence of the Si layer on MMIP-APTES, the magnetization decreases compared to oleic acid (without the Si layer). 

3.6. Evaluation of the adsorption capacity 

We determined the adsorption capacity of MMIP and MNIP by using adsorption isotherm models. The adsorption capacity results 
are shown in Table 6, the KF value for MMIP-APTES is 1.48 mg/g and MNIP-OA 35.56 mg/g. Differences in polymer adsorption in-
tensity indicate large differences in binding site affinity [30,61]. Based on the correlation coefficients, the Langmuir isotherm best 
described MMIP-OA, indicating the homogeneous nature of the binding sites, while the Freundlich isotherm best described 
MMIP-APTES, indicating the heterogeneous nature of the binding sites. These data indicate that MMIP-APTES has heterogeneous 
binding sites compared to MMIP-OA. The differences in binding sites indicate differences in the intensity of polymer adsorption ability 
[62]. The results also show that chloroform is the best solvent in adsorption ability testing. 

Table 5 
The result of Brunauer, Emmett and Teller (BET).  

No Polymer Surface Area (m2/g) 

1. Fe3O4 314.66 
2. Fe3O4-APTES 343.95 
3. MMIP-APTES 2874.51 
4. MNIP-APTES 1201.29 
5. Fe3O4-OA 11.81 
6. MMIP-OA 2913.07 
7. MNIP-OA 974.38  
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3.7. Use of MMIP to extract CLF from human plasma 

3.7.1. Optimization of the extraction conditions 
We optimized the extraction conditions by using a standard solution of 2 mg/l CLF in chloroform, which was the best solvent in the 

absorption capacity test. We investigated the following SPE parameters: conditioning, loading, washing, and elution solvent. First, we 
used chloroform to determine the solvent in the conditioning step and conducted experiments on vials containing MMIP and MNIP. 
Changes in the surface area and pore volume of the polymer due to organic solvents will affect the polymer network [30]. We used 
chloroform for the loading solvent. We had to consider the influence of the loading solvent’s polarity to ensure good CLF–MMIP 
interaction. We chose chloroform because it had relatively low polarity and is not expected to interfere with the MMIP–CLF interaction. 

Fig. 8. Vibrating Sample Magnetometer (VSM) curve of: (a) MMIP-APTES and (b) MMIP-OA.  

Table 6 
The result of adsorption capacity.  

Freundlich isotherm Langmuir isotherm  

1/n n logKF KF (mg/g) R2 1/Qm Qm 1/KL⋅Qm KL R2 

MMIP-APTES − 2.522 − 0.396 0.171 1.484 0.9944 12.289 0.081 0.465 26.454 0.9528 
MNIP-APTES − 2.954 − 0.338 − 3.292 0.001 1.0000 8.926 0.112 − 0.249 19.214 0.9915 
MMIP-OA 0.397 2.518 1.551 35.563 0.9942 7.259 0.138 − 0.064 − 113.460 0.9998 
MNIP-OA − 0.278 − 3.601 0.857 7.198 0.7958 3.625 0.276 2.423 − 56.659 0.9993  

N.M. Zamruddin et al.                                                                                                                                                                                                



Heliyon 10 (2024) e33396

16

Based on optimization of the adsorption conditions, the adsorption percentage of CLF was optimal when we used chloroform as a 
solvent. We performed the loading step at six sonication times – 10, 15, 20, 25, 30 and 60 min. The next step is to carry out the washing 
optimization stage. Washing is an essential step in the MMIP-SPE procedure because a standard procedure to reduce nonspecific 
absorption problems is the appropriate selection of solvents at the washing stage. Strong trace–analyte interactions must be destroyed 
to achieve high extraction recoveries. Protonation of CLF is expected to encourage disruption of the hydrogen bonds between CLF and 
MMIPs [30]. We evaluated elution with 1 ml of elution solvent and six loading contact times – 10, 15, 20, 25, 30 and 60 min – to 
determine the best recovery. 

We found that the optimal loading time was 20 min for MMIP-APTES and 60 min for MMIP-OA. The final recovery at a loading time 
of 20 min was 104.43 % ± 11.75 % for MMIP-APTES and 33.95 % ± 8.19 % for MNIP-APTES (Fig. 9a). The final recovery at a loading 
time of 60 min was 105.07 % ± 14.71 % for MMIP-OA and 95.42 ± 32.03 % MNIP-OA (Fig. 9b). 

3.7.2. Validation of the optimized extraction procedure to extract CLF from spiked human plasma samples 
We determined the real performance of MMIP-APTES and MMIP-OA in MMIP-SPE (MMIP-SPE-APTES and MMIP-SPE-OA, 

respectively) to extract CLF from human plasma using blood plasma spiked with 2 mg/l CLF in chloroform. We compared MMIP- 
SPE with MNIP-SPE (using MNIP-APTES or MNIP-OA – MNI-SPE-APTES and MNI-SPE-OA, respectively). We performed the test 
three times to evaluate the repeatability of each test and calculated the recovery and imprinting factor (IF). The IF indicates the 
distribution of a particular analyte in the MIPs versus the NIPs; an IF > 1 indicates good printing [14]. MMIP-SPE-APTES resulted in an 
average recovery of 92.3 % ± 6.1 % while MNIP-SPE-APTES provided an average recovery percentage of 56.7 % ± 4.6 % with an IF of 
1.6 (Table 7). The chromatograms for MMIP-SPE-APTES and MNIP-SPE-APTES are shown in Fig. 10a. MMIP-SPE-OA had an average 
recovery of 51.5 % ± 8.1 % while MNIP-SPE-OA had an average recovery of 34.1 % ± 5.0 % with an IF of 1.5 (Table 7). The chro-
matogram for MMIP-SPE-OA and MNIP-SPE-OA are shown in Fig. 10b (see Fig. 11). 

The higher IF of MMIP-SPE-APTES compared with MMIP-SPE-OA indicates better printing in MMIP-APTES, likely because MMIP- 
APTES particles are smaller than MMIP-OA particles. Hence, there was stronger attraction to CLF. Based on the recovery results, MMIP- 
SPE-APTES meets the requirements for recovering analytes from biological samples, which is >80 % [61]. 

3.7.3. Determination of MMIP-SPE selectivity for CLF compared with other TB drugs in spiked human plasma 
We tested the selectivity of MMIPs to extract CLF from blood plasma compared with other TB drugs, namely INH, ETH and RIF. We 

spiked blood plasma with 2 mg/l of each drug (Fig. 10). The percentage recovery of MMIP-SPE-APTES was 94.6 % ± 10.0 % for CLF, 
36.3 % ± 4.6 % for INH, 36.1 % ± 1.8 % for ETH and 22.9 % ± 8.2 % for RIF. The percentage recovery of MMIP-SPE-OA was 86.9 % ±
14.9 % for CLF, 61.1 % ± 5.1 for INH, 22.4 % ± 11.9 % for ETH and 33.2 % ± 8.0 % for RIF. 

Fig. 9. MMIP-SPE and MNIP-SPE optimization of the extraction conditions graph (a.) MMIP-SPE-APTES and MNIP-SPE APTES (b.) MMIP-SPE-OA 
and MNIP-SPE-OA. 
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Overall, MMIP-SPE-APTES showed good selectively from CLF. APTES has been widely used in biosensors and to facilitate the 
immobilization of biomolecules in polymers. APTES is affinity based because the silane group can bond tightly to silicon or glass 
substrates, while the amine group can form covalent bonds with carboxyl groups (functional groups commonly found in biomolecules) 
[63]. Moreover, it showed a faster absorption rate to reach 80 % recovery (20 min) compared with OA (60 min) [31]. OA is a surfactant 
that is commonly used to stabilise magnetic nanoparticles. Strong chemical bonds are formed between carboxylic acids and amorphous 
iron and amorphous iron oxide. A layer of OA balances van der Waals forces and the osmotic pressure, and there are two different types 
of binding energies between OA molecules and the surface of particles [64]. We suspect that the MMIP-APTES bond with CLF is more 
stable than the MMIP-OA bond with CLF. 

Table 7 
Result of CLF recoveries extracted from human plasma sample.  

Polymer %Recovery SD IF 

MMIP-SPE-APTES 92.3 6.1 1.6 
MNIP-SPE-APTES 56.7 4.6 
MMIP-SPE-OA 51.5 8.1 1.5 
MNIP-SPE-OA 34.1 5.0  

Fig. 10. Chromatogram of MMIP-SPE and MNIP-SPE a) blank serum samples (black), MMIP-SPE-APTES (blue) and MNIP-SPE-APTES (green) b) 
blank serum samples (black) MMIP-SPE-OA (blue) and MNIP-SPE-OA (green). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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4. Conclusion 

In conclusion, we demonstrated at the computational stage a handy tool for rapidly selecting functional monomers and crosslinkers 
for template molecules in the synthesis of MMIPs and MIPs. Physical characteristic tests carried out using FT-IR, SEM-EDS, PSA, BET, 
and VSM showed that the synthesis was successful with a spherical and uniform agglomeration of particles. Also, a flat surface with 
many holes with a particle size of MMIP-APTES and MMIP-OA showed a surface area and exhibited superparamagnetic. MMIP-SPE- 
APTES meets the requirements for recovering analytes from biological samples, which is more than 80 %, and selective toward other 
compounds belonging to drugs. 
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[43] M.P. Pešić, M.D. Todorov, G. Becskereki, G. Horvai, T. Verbić, B. Tóth, A novel method of molecular imprinting applied to the template cholesterol, Talanta 217 

(2020) 121075, https://doi.org/10.1016/j.talanta.2020.121075. 
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