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Abstract

:

Molecularly Imprinted Polymer (MIP) has a specific cavity in which the conformity of shape, size, and functionalities corresponds with its template molecule and has been widely used in separation processes. Therefore, this study aims to examine the application of MIP for the purification of andrographolide. The MIP was synthesized by precipitation polymerization using methacrylic acid (MAA) and ethylene glycol dimethacrylate (EGDMA) as the functional monomer and cross-linker, andrographolide as a template, and acetonitrile:toluene (3:1) as porogen solvent. The results showed that the binding capacity of Synthesized MIP was 1.2486 mg/g, while the particle size was 295.5 nm with a polydispersity index of 0.064. Furthermore, the imprinting and selectivity factors were 1.148 and 12.37, respectively. The purification process by MIP increased the purity from 55.37 ± 0.69 to 94.94% ± 0.34, while the isolate characterization showed that purified andrographolide had a similar character compared to the standard.
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1. Introduction


Andrographolide (Figure 1) is a major bioactive constituent of Andrographis paniculata (Acanthaceae) and has been designated as a prospective pharmaceutical entity. This Labdane diterpenoid lactone in traditional Chinese medicine is used as an immunostimulant, as well as for dyspepsia, blood purification, asthma, gonorrhea, piles, dysentery, influenza, gastric complaints, fever, diarrhea, pharyngotonsillitis, snake bite, myocardial ischemia, common cold, diabetes, respiratory tract infections, and jaundice [1]. Due to its important pharmacological activity, various studies which aim to obtain andrographolide in high purity have been investigated. Several isolation methods involving numerous recrystallizations steps as purification methods have been reported [2,3,4]. However, the purification of crude andrographolide by MIP has not been carried out previously. Considering that MIP is widely used as a sorbent in separation methods such as solid-phase extraction (SPE), namely molecularly imprinted solid-phase extraction (MISPE) and chromatography, the use of MIP in the isolation purification step might simplify the process.



Molecularly imprinted polymers (MIP) are synthetic polymers characterized by selective cavities for certain groups of structurally related molecules [5]. It is synthesized by free radical polymerization and the sol-gel process. Bulk polymerization was the first free radical method used to prepare MIP, but it has several drawbacks, such as, requiring grinding and sieving as post-treatment leads to multiple binding sites, time-consuming, varying size and shape, as well as deeply embedded recognition sites which decrease the accessibility of target molecules. Other methods have been developed to overcome these drawbacks, namely suspension, precipitation, and polymerization in heterogeneous systems [6,7,8,9,10]. However, the utilization of emulsifiers in suspension and dispersion processes which are adsorbed on the surface particles, interferes with the desired target selective recognition and binding molecule. Therefore, the polymerization process without an attractive and suitable emulsifier was developed for generating MIP particles. Precipitation polymerization involves homogeneous nucleation in MIP particles formation. Initially, all components were mixed, while the critical chain lengths insoluble in the continuous phase were grown after polymerization to form particles and precipitate [7,11,12,13,14,15,16].



MIP has been used in several fields, such as drug delivery with specific targets [16,17,18,19,20], separation of related molecules and food adulterants in chromatography, industrial safety, and environmental analysis or separation [16,21,22]. It is also employed in the purification of biological, chemical reagents, and natural products [16,23,24,25,26,27]; therefore, in this study, MIP prepared using andrographolide as a template molecule was used for the purification. The application of MIP in the andrographolide isolation process is expected to speed up the purification process that was previously carried out by recrystallization, which usually takes days.




2. Materials and Methods


2.1. Materials


The materials used in this study were andrographolide standard (Tokyo Chemical Industry, Tokyo, Japan), EGDMA and MAA (Sigma Aldrich, St. Louis, MO, USA), Benzoyl peroxide, Methanol pro-HPLC (Fulltime, Anqing, China), Water pro-HPLC (Merck, Darmstadt, Germany), Toluene (Merck, Darmstadt, Germany), Acetonitrile pro-HPLC (Merck, Darmstadt, Germany), while andrographolide crude with 55.37% purity was made in our laboratory. Moreover, the characterization of materials and isolates was performed by FTIR (Thermo Scientific Nicolet iS5 ATR -ZnSe, Thermo Fisher Scientific, Waltham, MA, USA), SEM (Hitachi SU 3500, Hitachi, Tokyo, Japan), particle size analyzer (Horiba Scientific SZ—10, Horiba Scientific, Piscataway, NJ, USA), melting point apparatus (STUART, Cole - Palmer, Staffordshire, ST15 OSA, UK), and HPLC (Waters, 1525, Waters Corporation, Millford, MA, USA). The software used in this study was Gaussian 09 W version 8.0 and Gauss view 5.0. (Gaussian Inc., Wallingford, CT, USA; licence owned by Sekolah Farmasi Bandung Institute of Thechonoly)



2.1.1. Synthesis of Molecularly Imprinted Polymer (MIP)


MIP was synthesized by the precipitation polymerization method adopted by Krishnan et al. [23]. A measure of 0.3 mmol andrographolide and 0.9 mmol methacrylic acid (MAA) were dissolved in 50 mL of acetonitrile with a toluene mixture of 3:1 and sonicated for 5 min 6 mmol of ethylene glycol dimethacrylate (EGDMA) and 20 mg of benzoyl peroxide were then added to the mixture and sonicated for 40 min. The final mixture was sealed and placed in the oven at 70 °C for 24 h. In contrast, non-MIP (NIP) was synthesized similarly without andrographolide addition; after 24 h, the precipitate was separated by centrifugation at 4000 rpm for 40 min. MIP was sonicated with methanol: acetic acid (9:1 v/v) to remove the template, followed by methanol and water to remove another reagent. The process was repeated until there were no andrographolide peaks in spectrophotometry UV-Vis spectrum and HPLC chromatogram. Then, the synthesized polymer was dried at 60 °C for 16 h.




2.1.2. Surface Morphology Characterization with Scanning Electron Microscopes (SEM)


The surface morphology of MIP and NIP was assessed using SEM, and the sample to be analyzed was placed on a double side metal plate and then gold-plated under vacuum. The scanning process was carried out with a current of 60 mA and electric power of 15 V.




2.1.3. Determination of Particle Size and Polydispersity Index (PI)


Determination of particle size and PI were carried out by dispersing a 0.25 mg sample in 5 mL of water and inserted into the PSA instrument at a temperature of 25 °C.




2.1.4. Characterization of MIP and NIP by Fourier Transform Infrared (FTIR)


The synthesized polymer was characterized using FTIR ATR Zn-Se at a wave number of 400–4000 cm−1. Then, the MIP and NIP FTIR spectrums were compared with the spectrum of constituent components.




2.1.5. Isotherm Adsorption Evaluation


Then, 20 mg of polymer were shaken with 5 mL of various concentrations ranging from 20–60 ppm andrographolide solution for 3 h and was left for 24 h. The residue and filtrate were separated by centrifugation at 4000 rpm for 40 min, while HPLC was used to determine the concentration of andrographolide left in the solution. The data were used to obtain the fit model of Freundlich, Langmuir, Temkin, and Henry.




2.1.6. MIP and NIP Performance Evaluation


The performance of MIP and NIP were evaluated by determining the imprinting and selectivity factors calculated by Equations (2) and (3). Quercetin was chosen as a comparison compound for determining the selectivity factor, which was evaluated by comparing the imprinting factor of MIP to that of andrographolide and quercetin [10,24,25,26].


  KD =    (  Ci − Cf  )  V    Cf   W     



(1)






  IF =   KDMIP   KDNIP    



(2)






  α =    IF   MIP   andro     IFMIP   quer     



(3)




where KD is the distribution coefficient, Ci and Cf (mg/L) are concentrations of andrographolide before and after adsorption experiments, W (g) is the weight of the polymer, while V (L) is the volume of andrographolide solution. Furthermore, IF stands for imprinting factor, KD MIP and NIP represent the distribution coefficient of MIP and NIP, respectively. IF MIP andrographolide is the imprinting factor of MIP to andrographolide, while IF MIPquer represents that of MIP to quercetin.




2.1.7. Reuse Ability Test


The reuse ability of MIP was evaluated by treating it with several isotherm adsorption cycles and template removal cycles with methanol:water (9:1). The adsorption capacity of MIP and NIP at each cycle was determined and tabulated into a graph.




2.1.8. Purification of Andrographolide Methanolic Extract


The procedure of purification andrographolide methanolilc extract was as follows, a 5 g extract, 100 mL methanol, and 5 g of MIP were shaken at 240 rpm for 2 h, and then separated by centrifugation. The residue was washed with hot water and cold methanol, then separated by centrifugation, while 25 mL of methanol at room temperature was used to wash the residue 3 times. After centrifugation, the filtrate was evaporated, and the white crystal of andrographolide isolate was collected for further characterization. The purity of purified andrographolide was calculated by Equation (4). Further, purified andrographolide was characterized by FTIR, Spectro-photometry UV-Vis, melting point, and HPLC.


   %   purity    =    AUC   sample     AUC   standard    ×  1   standard   purity    ×    C   standard    Csample   × 100 %  



(4)







AUC was area under curve, while C (mg/L) is the concentration of sample and standard.






3. Results and Discussion


3.1. Synthesis of MIP and NIP


MIP can be synthesized by free radical polymerization and the sol-gel process. This study synthesized MIP and NIP by the precipitation polymerization method, which is the most common and widely used. The precipitation polymerization method has advantages over the simple bulk polymerization method, namely, a spherical and uniform size [12,15]. It is advantageous if the sorbent is in the stationary phase for chromatography or SPE. Spherical and monodisperse particle shapes will produce a good separation profile. In addition, precipitation polymerization can prevent the destruction of particles due to grinding and filtering, which is usually performed in bulk polymerization [13]. This method begins with a homogenous system that becomes heterogeneous in the continuous phase. Initially, all components are completely soluble, but the polymer becomes insoluble and precipitates during initiation [28,29,30,31,32]. The interaction of andrographolide with MAA is depicted in Figure 2, while the scheme of reaction is shown in Figure 3.




3.2. Characterization of MIP and NIP by SEM


SEM analysis is an important morphological study for polymer particles that provides an idea about the shape and size. Figure 4 indicates that spherical particles are produced with the size of nanometers. This is because the polymer particles were synthesized by precipitation polymerization. According to Tamayo et al., the uniform size of imprinted polymers can be formed using a noncovalent imprinting approach by precipitation polymerization [33,34].




3.3. Determination of Particle Size and Polydispersity Index


The result of particle size determination is shown in Table 1. MIP had a smaller size than NIP. It can be caused by the presence of a template molecule in MIP, which influences MIP particle growth in the polymerization step [35,36,37]. This evaluation also provided size distribution data of MIP and NIP, which is depicted in Figure 5. From this figure, we could find out that MIP had wider size distribution than NIP.




3.4. Characterization MIP and NIP by FTIR


FTIR cannot be used for confirmation of hydrogen interactions between templates and functional monomers. It is also stated by other researchers, such as Hasanah, 2019 [35], Zhi, 2018 [38]. FTIR MIP and NIP characterization with FTIR was used to determine the functional group present in the polymer. The FTIR spectrum provided information about changes in the functional group of the components before and after the synthesis process. A spectrum of EGDMA (cross-linker) and MAA (methacrylic acid) differed from MIP and NIP. The disappearance of the peak at about 1600 cm−1, 1600–1635 cm−1, 990 ± 5 cm−1, and 910 ± 5 cm−1 due to the cleavage of the double bond during the polymerization process indicated the success of the synthesis process. Figure 6 shows the functional group of MIP and NIP compared to the monomer and cross-linker.




3.5. Isotherm Adsorption Evaluation


Based on the isotherm graph, several adsorption isotherm parameters were determined, as shown in Table 2. Due to the selective cavity for andrographolide, the adsorption capacity of MIP (1.2486 mg/g) was bigger than NIP (0.1681 mg/g). Meanwhile, the RL values of both MIP and NIP ranging from 0 < RL < 1 was an indication that the type of adsorption was the most preferred (favorable).



The adsorption intensity parameter obtained from the Freundlich isotherm describes the heterogeneity of the adsorption surface; the smaller the value of 1/n, the higher the heterogeneity. Furthermore, the value of n, which ranges from 0 to 10, indicates the desired adsorption process. The calculation of n and 1/n parameters showed that the n value ranges from 0 to 10, while the 1/n value was lower than 1, which indicates that the adsorption process was successful and occurred on a heterogeneous surface [39,40].



The Temkin isotherm is used to determine the heat of absorption, which can describe the adsorption process. A positive B value indicates an exothermic process and based on the Temkin adsorption parameter calculation, all adsorbents have a positive B value; hence, the adsorption process that occurred was exothermic [39,40,41].



The correlation coefficient (R2) is used to determine which isotherm model is suitable for the adsorbent. The model representing the adsorption isotherm of an adsorbent needs to have an R2 value greater than 0.95. According to the values of R2 Freundlich (chemical adsorption), the adsorption isotherm model was the most suitable to describe MIP [39,40,41]. Meanwhile, the Langmuir isotherm model was most suitable to describe the NIP adsorption and showed that the interaction between andrographolide and NIP was physical adsorption.




3.6. Imprinting Factor (IF) and Selectivity Factor (α) Determination


The imprinting and selectivity factors are used to determine the performance of MIP, where the greater the values, the better the performance. MIP showed good performance with an IF and selectivity factor of more than 1 [10]. Selectivity of MIP was higher than NIP due to the presence of a specific binding site to andrographolide. The result can be found in Table 3.




3.7. Reuse Ability Test


The adsorption capacity of MIP decreased approximately 12% in the second cycle and significantly in the third to fifth cycles. The graph in Figure 7 shows that MIP could be used two times without significantly reducing the adsorption capacity. The significant decrease is presumably due to residual andrographolide, which still remains in the polymer (MIP and NIP) that can be observed in the FTIR spectrum of polymer before and after five cycles (Figure 8).




3.8. Application of MIP for Andrographolide Purification


The organoleptic appearance of andrographolide extract changed into a whiter color after a purification procedure with MIP (Figure 9). The color change indicates that MIP purification has improved the purity of the crude andrographolide.




3.9. Characterization of Andrographolide Isolate


Andrographolide isolate was characterized by FTIR, spectrophotometry UV-Vis, HPLC, and melting point determination. The characterization method aims to confirm that the isolate obtained was andrographolide. The similarities in functional groups between standard andrographolide and isolate were determined using ATR-FTIR spectroscopy. The FTIR spectrum of the isolate showed characteristics of the lactone absorption band at 1722 cm−1, C=C at 1674 cm−1, C-O-C at 1218 cm−1, and methylene at 906 cm−1 (Figure 10). This absorption band was also detected in previous andrographolide IR spectrum studies [42]. The obtained ATR-FTIR spectrum showed close similarity between the transmittance signals of standard andrographolide and the isolate; therefore, the isolate was confirmed as andrographolide.



The HPLC method was used to examine the purity and confirm that the isolate was andrographolide by comparing the retention time with the standard. The chromatogram results showed the conformity of the isolate retention time with the standard (3.327 min). The isolate purity calculated by equation 4 was 94.94% ± 0.34, while the purity of extract was 55.37% ± 0.69. This result indicates that the purification of the extract sample with MIP had increased the purity. The chromatogram of the isolate, andrographolide standard, and crude is depicted in Figure 11.



Spectrophotometric UV-Vis was also used to evaluate the similarities between the isolate and standard spectrum. The result showed that the isolate had a similar spectrum pattern to the standard, as shown in Figure 12.



The melting point of the isolate was also determined and compared with the standard, and the result showed that the melting point of the standard was 228 °C, while that of the isolate was 229.8 °C. Additionally, the isolate characterization by FTIR, spectrophotometric UV-Vis, and melting point indicated similarity with the standard.





4. Conclusions


Synthesized MIP has a spherical shape and smaller size compared to NIP, as well as better adsorption capacity, along with imprinting and selectivity factors. The application in the purification of andrographolide methanolic extract increased the purity, while the characterization of an isolate from this purification process showed similarity with the standard, indicating that MIP can be used to purify andrographolide.
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Figure 1. Stucture of Andrographolide. 
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Figure 2. Predicted interaction between andrographolide and MAA (performed by Gaussian W 09). 
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Figure 3. Proposed scheme of reaction of MIP synthesis; a: extraction of template molecule; b: rebinding of template molecule. 
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Figure 4. Surface morphology of MIP (a) and NIP (b). 
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Figure 5. The size distribution curve of MIP (a) and NIP (b). 
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Figure 6. FTIR spectrum of MIP and NIP compared to EGDMA (cross-linker) and MAA (functional monomer). 
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Figure 7. The adsorption capacity of MIP and NIP after undergoing five cycles isotherm adsorption studies. 
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Figure 8. FTIR spectrum of MIP (a) and NIP (b) before and after undergo five cycles isotherm adsorption study. 
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Figure 9. Organoleptic appearance of andrographolide extract (a), isolate after purification (b), and standard (c). 
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Figure 10. FTIR spectrum of andrographolide standard (blue) and isolate (red). 
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Figure 11. Chromatogram of andrographolide standard (green), isolate (blue), and andrographolide extract (red). 
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Figure 12. Spectrum UV-Vis of andrographolide extract (purple), isolate (grey), and standard (black). 
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Table 1. Particle size and polydispersity index of MIP and NIP.
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	Sample
	Particle Size (nm)
	Polydispersity Index





	MIP
	295.5
	0.064



	NIP
	450.4
	0.222
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Table 2. Isotherm Adsorption parameters of MIP and NIP.
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Isotherm Adsorption Model

	
Parameters

	
Polymer




	
MIP

	
NIP






	
Langmuir

	
Qm (mg/g)

	
1.2486

	
0.1681




	
KL (L/mg)

	
4.1462

	
8.4509




	
RL

	
0.8599

	
0.7534




	
R2

	
0.9939

	
0.9929




	
Freundlich

	
Kf (mg/g)

	
1.6982

	
0.8784




	
1/n

	
0.5843

	
0.8235




	
n

	
1.7114

	
1.2143




	
R2

	
0.9981

	
0.9902




	
Temkin

	
Aϒ (L/mg)

	
0.623

	
0.2027




	
b

	
2.2188

	
0.3376




	
B (J/mol)

	
3.747

	
5.149




	
R2

	
0.9766

	
0.9382




	
Henry

	
KHE

	
0.3678

	
0.4922




	
R2

	
0.9929

	
0.9912
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Table 3. Imprinting factor and selectivity factor of MIP and NIP.
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Polymer

	
KDandro

	
KDquer

	
IFandro

	
IFquer

	
α






	
MIP

	
0.659

	
0.0102

	
1.148

	
0.0928

	
12.37




	
NIP

	
0.574

	
0.1094








Note: KDandro: distribution coefficient to andrographolide; KDquer: distribution coefficient to quercetin; IFandro: imprinting factor of polymer to andrographolide; IFquer: imprinting factor of polymer to quercetin; α: selectivity factor.
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