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Synthesis of molecularly imprinted polymer with
a methacrylate derivative monomer for the

isolation of ethyl p-methoxycinnamate as an active
compound from Kaempferia galanga L. extractst

Marisa Dwi Ariani,® Ade Zuhrotun,® Panagiotis Manesiotis ¢

and Aliya Nur Hasanah (& *2d

Kaempferia galanga rhizome is traditionally used as a treatment for various diseases. Ethyl p-

methoxycinnamate (EPMC), which constitutes up to 31.77% of the total essential oil, is the main/marker

compound. EPMC is responsible for various pharmacological activities of Kaempferia galanga rhizome.

According to the existing research, the isolation yield of EPMC is still meager, namely 0.50-2.50%; thus,
a new EPMC isolation method is needed to produce better results. In this study, after determining the
association constant and obtaining the Jobs plot between methacrylate derivative monomers and EPMC,

a molecularly imprinted polymer for solid phase extraction (MI-SPE) was synthesized through bulk

polymerization with EPMC as a template, methacrylic acid as a monomer, TRIM/EDGMA as a crosslinker
in a ratio of 1:4:20 (MIP1) or 1:7:20 (MIP2). BPO was used as an initiator and n-hexane was used as
a porogen. The synthesis of the NIP was also conducted using the same ratio but without the template.
The MIPs were then characterized using Fourier transform infrared (FTIR) spectroscopy, scanning
electron microscopy (SEM), and Brunauer—Emmett-Teller (BET) measurements, and their analytical

performance was evaluated through adsorption capacity and selectivity. The results indicate that MIP2

exhibits better analytical performance with an adsorption capacity value of 0.0813 mg g™*. The selectivity
of MIP2 was tested using EPMC analog compounds, namely ethyl cinnamic (EC), cinnamaldehyde (CD),
and kaempferol (KF), with imprinting factor (IF) values of 17.436, 1.539, and 0.06, respectively. Lastly,
MIP2 was applied to the SPE cartridge for the isolation of EPMC from Kaempferia galanga rhizome

extract, and showed a percentage recovery of 82.40% for the ethanol extract, 68.05% for the ethyl
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acetate extract, and 65.27% for the n-hexane extract. MI-SPE 2 gives high purity results for the ethanol,

ethyl acetate, and n-hexane extracts, with purities of 97.00%, 97.63%, and 99.59%, respectively. These

DOI: 10.1039/d4ra01018c

rsc.li/rsc-advances with high yield and purity.

1. Introduction

Zingiberaceae is a diverse plant family consisting of 52 genera
and approximately 1587 plant species. One of the best-known
genera among the Zingiberaceae family is Kaempferia, which
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results indicate that the MI-SPE technique shows great potential as a new method for isolating EPMCs

consists of 126 species that are widespread worldwide with wide
distribution throughout tropical Southeast Asian countries
such as Indonesia, Malaysia, Myanmar, Cambodia, Thailand,
and even the South Asian region, namely India."” Kaempferia
galanga L., which is known in Indonesia as kencur, has been
used empirically by approximately 109 ethnic groups. In Indo-
nesia, Kaempferia galanga is present in several regions, such as
Sumatra, Java, Kalimantan, East Nusa Tenggara, Sulawesi, and
Maluku.? It is ranked 16th as the most widely used medicinal
plant.* Kaempferia galanga rhizome has traditionally been used
as an anti-inflammatory, analgesic, antimicrobial, antioxidant,
nematicidal, and vasorelaxant.>™** The rhizome and leaves of
Kaempferia galanga L. have properties for the treatment of
wounds, headaches, ulcers, the common cold, coughs, asthma,
and breast cancer.® In 2014, Kumar reported that the
rhizome of Kaempferia galanga L. contains up to 50 volatile oil
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constituents (97.19% oil content), including ethyl-p-methox-
ycinnamate, ethyl cinnamate, y-carene, y-cadinene, 1,8-cineole,
camphene, borneol, linoleoyl chloride and pinene.***

Ethyl p-methoxycinnamate (EPMC) is the main component
of the essential oil of Kaempferia galanga L., comprising 31.77%
of the total essential 0il (24.06% of the total metabolite content).
EPMC is an ester compound responsible for the pharmacolog-
ical activity and scent of Kaempferia galanga L.*° EPMC is
responsible for various pharmacological activities, such as
nematicidal, mosquito repellent, antimicrobial, analgesic,
wound  healing, antiangiogenic, and antineoplastic
activity.”***>**?2 The isolation yields of EPMC range from 0.50—
2.50% using various isolation methods ranging from conven-
tional column chromatography to CO, supercritical
chromatography.®**** This isolation yield is still meager
considering that EPMC is the dominant component of the
essential oil of Kaempferia galanga L.; thus, an EPMC isolation
method is needed to produce better results. Chanvimalueng
et al. (2022) isolated EPMC from Kaempferia galanga in several
stages, namely, maceration, fractionation, initial sub-
fractionation, and advanced sub-fractionation, and obtained
an EPMC yield of 2.68%.>° On the other hand, using the
Molecularly Imprinted Polymer-Solid Phase Extraction (MI-SPE)
technique for EPMC isolation requires only two steps in the
process, which are maceration and SPE.

The molecularly imprinting technique (MIT) is one of the
most promising techniques for preparing polymers with high
selectivity and specific binding sites in molecularly synthesized
polymers. Molecular imprinted polymers (MIPs) have advan-
tages, because the use of cross-linkers will result in relatively
stable binding sites on the polymer, allowing them to withstand
high pressures without being damaged and remain stable
under various pH and extreme chemical conditions. MIPs are
currently widely used to isolate active compounds from natural
materials because of their good selectivity and high
reusability.?”** Saad et al. (2021)** conducted a study to develop
a robust and selective method for the extraction of rosmarinic
acid from the plant Rosmarinus officinalis L. using the molecu-
larly imprinted solid phase extraction (MI-SPE) technique. The
results showed that the MI-SPE technique was able to selectively
extract rosmarinic acid from a very complex extract of Rosmar-
inus officinalis L. with a high yield and purity of 81.96 + 6.33%
and 80.59 + 0.30%, respectively.* Zhu et al., (2010)* conducted
a study for the isolation of vinblastine using the MIP technique.
The results showed that the MIP cartridge had a high-capacity
factor of 750 g ¢~ in toluene, 625 g g~ ' in chloroform, and
250 g g ' in methanol. In addition, the resulting MIP sorbent
has a high selectivity, which is indicated by the almost complete
lack of selective binding of the sorbent to vincristine (an analog
of vinblastine). The isolation yield of vinblastine from the
extract of Catharanthus roseus applied to the MIP cartridge was
also very high at 93.8%.%®

Based on existing research results related to the isolation of
secondary metabolites from this natural product, the MIP
technique produces MIP sorbents with high selectivity and high
yield. The MIP technique has not previously been reported for
the isolation of EPMC compounds from Kaempferia galanga L.
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Therefore, the MIP technique can be used as a novel and
promising method to improve the EPMC results from Kaemp-
feria galanga L. This study will synthesize a molecularly
imprinted functional polymer material with bulk polymeriza-
tion. The synthesis is carried out by screening methacrylate
monomer derivatives with the best template interactions and
synthesizing them using bulk polymerization. The resulting
material is characterized and used to isolate ethyl p-methox-
ycinnamate from a Kaempferia galanga L. rhizome extract that
was extracted using two different solvents.

2. Materials and methods

2.1. Chemicals and reagents

Kaempferia galanga L. rhizome extract was provided by Herbal
Study Center, Faculty of Pharmacy (Universitas Padjadjaran).
Ethyl p-methoxycinnamate (EPMC), cinnamaldehyde (CD),
and kaempferol (KF) were purchased from MarkHerb (Ban-
dung, Indonesia). Benzoyl peroxide (BPO), 2-hydroxyethyl
methacrylate (HEMA), methacrylic acid (MAA), benzoyl
peroxide (BPO), ethyl cinnamate (EC), methyl methacrylate
(MMA), and trifluoroacetic acid (TFA) were purchased from
Sigma-Aldrich (Missouri, USA). 2-(Trifluoromethyl)acrylic acid
(TFMAA), ethylene glycol dimethacrylate (EGDMA), and tri-
methylol propane trimethacrylate (TRIM) were purchased
from Tokyo Chemical Industry (Tokyo, Japan). Acetic acid,
ethanol, ethyl acetate, HPLC-grade acetonitrile, isopropanol,
and n-hexane were purchased from Merck (Darmstadt, Ger-
many). All materials other than those described were of pro
analysis grades.

2.2. Instruments

The instrumentation that was used in this research consisted of
an analytical balance (Ohaus Pioneer), Fourier transform
infrared (FTIR) spectrometer (IR Prestige-21 Shimadzu), JSM-
6510 LA scanning electron microscope (JEOL), ultrasonicator
(NEY 19H), ultra-high-performance liquid chromatography
acquity H-Class PLUS core system with PDA detector dual pump
with quartenery solvent manager (Waters), UV-Visible spectro-
photometer (Analytical Jena Specord 200 using a 1.0 cm quartz
cell), and ordinary glassware in the laboratory.

2.3. Ultra-performance liquid chromatography (UPLC)

EPMC content was analyzed using a Waters ultra-performance
liquid chromatography (UPLC) system coupled with a PDA
detector. The chromatographic system used a C-18 (150 X
4.6 nm, 5 pm) column (Luna from Phenomenex). The mobile
phase was acetonitrile and water (55 : 45) with 0.2% trifluoro-
acetic acid at a flow rate 1.0 mL min~". The wavelength was set
to 310 nm and the injection volume was 10 pL. EPMC was
measured at concentrations of 0.25, 0.50, 0.75, 1.00, 1.50, 2.00,
and 2.50 mg L~". A calibration curve was then created, which
can be seen in Fig. 1, and the linear equation y = 546 96x +
865.79 was obtained, with the LOD and LOQ values being
0.07 mg L ™" and 0.20 mg L™, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Calibration curve of EPMC.

2.4. Kaempferia galanga L. extract sample collection

Kaempferia galanga L. extract was obtained by the maceration
method using three different solvents, namely, ethanol, ethyl
acetate, and n-hexane. For each solvent, 250 grams of Kaempferia
galanga L. dried rhizome were used. After extraction, the filtrate
was evaporated using a rotary evaporator. The residue (crude
extract) was collected and stored at 18-20 °C until use.> The
EPMC contents of all extracts were determined using UPLC. The
calibration curve was prepared by the appropriate dilution of the
EPMC standard in ethanol aliquots to obtain concentrations of
5.0, 10.0, 20.0, 70.0, 100.0 mg L~'. The sample extract was
prepared using as much as 100.0 mg crude extract, then dissolved
in a 100 mL volumetric flask. It was diluted by piping 1 mL of the
solution into a 10 mL volumetric flask up to the mark; this was
repeated three times. The extract samples were then filtered and
analyzed using UPLC with a mobile phase of acetonitrile : water
(55:45 v/v) 0.2% TFA using C-18 (150 x 4.6 nm, 5 pm) column
with a 1.0 mL min* flow rate, and a UV detector at 310 nm.*

2.5. Determination of the template-functional monomer
association constant using a UV-Vis spectrophotometer

Prior to synthesis, the functional monomer (FM) with the best
interaction with the template (EPMC) was selected from among
several methacrylic acid derivatives, namely, methacrylic acid
(MAA), 2-hydroxyethyl methacrylate (HEMA), 2-(trifluoromethyl)
acrylic acid (TFMAA), and methyl methacrylate (MMA). The
structure of each monomer can be seen in Fig. S1 in the ESLf
The EPMC-FM interaction was studied using the UV titration
method, referring to the research of Hasanah et al. (2019) with
modification of the concentration of template molecules.*® 1.5
x 10~* M EPMC was dissolved in two solvents, namely n-hexane
and isopropanol. Then, 0.01 M FM solution was gradually

Table 1 Composition of the synthesized MIPs and NIPs
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added from 0 pL to 300 pL (until the absorbance remained
constant). Absorbance measurements were carried out using
a microplate reader and UV detector with a single wavelength
(310 nm) (the UV spectrum for determining the maximum
wavelength of EPMC is shown in Fig. S27). The absorbance at
each addition was recorded and plotted on a curve of the FM
concentration and the absorptive delta. The association
constant was calculated using the Benesi-Hildebran equation.

2.6. Stoichiometry reaction analysis (Job plot)

A stoichiometric reaction analysis was carried out to determine
the equilibrium reaction between EPMC and the monomer to
compare the composition of the best synthetic formula. A Job
plot analysis was constructed by systematically varying the
molar ratio of EPMC and monomer in the solvent, and was
monitored using UV-Vis spectrophotometry referring to the
study of Suryana et al., 2021 with modification of the solvent
and the initial concentration of the template and functional
monomer.* The initial values of EPMC and the monomer were
2 x 107 and 2 x 10~* M, respectively. The total volume was
3 mL and all absorbance was recorded at 310 nm; the delta of
absorbance was plotted against the molar fraction of EPMC.

2.7. Preparation of molecularly imprinted polymers (MIPs)
and non-imprinted polymers (NIPs)

The MIPs were synthesized via bulk polymerization using two
template : FM : crosslinker (T :FM : Cl) ratios, namely, 1:4:20
(the most common ratio used in the literature),>**® and the ratio
obtained from the Job plot analysis. The MIPs were synthesized
using 0.25 mmol of EPMC and 1 mmol of the selected FM. The
EPMC and FM were dissolved in 5 mL of the selected solvent in
avial and then sonicated until fully dissolved. Then, 5 mmol of
the crosslinker (EGDMA/TRIM) was added to the vial and
sonicated until dissolved. Then, 0.206 mmol of the initiator
BPO was added to the solution and sonicated for 5 minutes. The
vial was sealed and transferred to an oven at 70 °C for 18 hours.
The obtained polymer was ground and sieved using an 80-mesh
sieve. The polymer was then rinsed with 20 mL of methanol to
remove the remaining unreacted reagent and dried in an oven
at 50 °C for 18 hours. The non-imprinted polymer (NIP) was
prepared simultaneously under the same conditions without
the addition of the template. Each polymer was synthesized
twice. The composition of each MIP and NIP can be seen in
Table 1.

Template Functional monomer Crosslinker Ratio T: FM: Cl
Polymer (T) (FM) (@) (mmol)
MIP 1 EPMC MAA TRIM 1:4:20
NIP 1 — MAA TRIM 0:4:20
MIP 2 EPMC MAA TRIM 1:7:20
NIP 2 — MAA TRIM 0:7:20
MIP 3 EPMC MAA EGDMA 1:4:20
NIP 3 — MAA EGDMA 0:4:20
MIP 4 EPMC MAA EGDMA 1:7:20
NIP 4 — MAA EGDMA 0:7:20

© 2024 The Author(s). Published by the Royal Society of Chemistry
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A soxhlation method was used to remove EPMC from the
resulting MIP. The soxhlation was carried out for 24 hours using
a mixed methanol-acetic acid solution (9: 1, v/v). The extracted
polymer was rinsed with 20 mL of methanol and water and then
dried at 50 °C for 18 hours. Monitoring of the completeness of
the template removal from the MIP was done using the EPMC
peak in adsorption studies.

2.8. Characterization of prepared MIP and NIP with Fourier
transform infrared (FTIR) spectroscopy, scanning electron
microscopy (SEM), a particle size analyzer (PSA) and
Brunauer-Emmet-Teller (BET) analysis

Polymer characterization was performed to determine the prop-
erties of each polymer. Characterization was carried out using
FTIR, SEM, PSA, and BET instruments. A total of 2 mg of the
polymer was placed into a mortar, to which 198 mg of potassium
bromide was then added. They were then mixed until homoge-
neous and formed into pellets. The pellets were then analyzed
using FTIR in the 4000-400 cm™ ' wavenumber range to confirm
the synthesis process.*® SEM was carried out to determine the
morphology of the resulting polymer. The polymers were coated
with a thin layer of the gold film under vacuum and placed in the
SEM instrument.”” The particle size of the polymer was analysed
using a particle size analyzer (PSA). A test using a BET instrument
was carried out to obtain a quantitative isothermic data curve,
which was obtained by plotting the total volume of nitrogen gas
adsorbed and desorbed against pressure.*®

2.9. Adsorption capacity evaluation

The evaluation of adsorption capacity was based on the report
of Suryana et al. (2021)** with several modifications. EPMC
solutions with several concentrations, namely 0.25, 0.50, 0.75,
1.00, 1.50, 2.00, and 2.50, 5, 7.5 mg L™, were prepared for the
adsorption capacity evaluation. 1.5 mL of EPMS was added to
avial containing 20 mg of the MIP or NIP sorbent and allowed to
stand for 24 hours. The mixture was then filtered and measured
using UPLC. The amount of EPMC absorbed was calculated
based on the difference between the initial and final concen-
trations of EPMC in the filtrate. The results were plotted using
the Freundlich and Langmuir isotherm adsorption models.**

2.10. Selectivity evaluation

Sorbent selectivity evaluation of EPMC was conducted towards
analogs of EPMC, namely, the compounds EC, CD, and KF.
Standards of EPMC, CD, EC, and KF with a concentration of
2 mg L' each were placed into a vial containing 20 mg of the
sorbent and then shaken for 5 minutes. The concentration of
each compound was measured using UPLC. Selectivity was
calculated according to the values of the distribution, selectivity,
and relative selectivity coefficients using the equation below.

Kd = (Cl — Cf)V/CfW

where Ky represents the distribution coefficient; v represents
the volume; W represents the mass (g); and C; and Cy represent
the initial and final concentration (mg L"), respectively.*

13524 | RSC Adv, 2024, 14, 13521-13534
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k = Kq1/Kg»
k' = knplknre

where Kg; and Ky, represent the distribution coefficients of
EPMC and another compound, respectively; k and k' represent
the selectivity coefficient and relative selectivity coefficient or
imprinting factor (IF).>**°

2.11. Application to real samples

2.11.1. EPMC isolation from Kaempferia galanga L.
rhizome extract using solid phase extraction (SPE). The
synthesized MIP and NIP were applied to extract EPMC from
Kaempferia galanga L. rhizome extract obtained using the
solvents ethanol, ethyl acetate, and n-hexane. A PTFE frit was
placed at the bottom of the SPE cartridge, 200 mg of MIP
sorbent was packed into the SPE cartridge, and a second frit was
placed at the top. The Kaempferia galanga L. rhizome extract was
dissolved in the loading solvent to give a final concentration of
100 mg L. The final SPE extraction protocol was initiated by
a conditioning stage using 1 mL of ethyl acetate and a loading
stage using 1 mL of the extract sample, followed by washing
using 1 mL water and a four-time elution using 1 mL of the
mixed solution (methanol : acetic acid, 9:1 v/v). Each stage is
given a contact time of 5 minutes. The collected fractions from
each stage were analyzed by UPLC with a mobile phase of
acetonitrile : water (55 : 45 v/v) with 0.2% TFA using a C-18 (150
X 4.6 nm, 5 um) column with a 1.0 mL min~ " flow rate, and the
UV detector set at 310 nm.**

2.11.2. SPE selectivity. The MI-SPE selectivity evaluation of
EPMC in the extracts was carried out using analog compounds
and compounds usually contained in Kaempferia galanga
extract, namely EC, CD, and KF.

The test was carried out by first preparing a 100 mg L™*
extract solution. Each of the standard compounds EPMC, EC,
CD, and KF was spiked into the n-hexane extract solution, and
the solution was then extracted using MI-SPE and non-
imprinted polymer-solid phase extraction (NI-SPE).

3. Results and discussion

3.1. Kaempferia galanga L. extract sample collection

Kaempferia galanga L. rhizome dried simplicia was extracted by
maceration using various solvents, namely ethanol, ethyl
acetate, and n-hexane. The selection of extraction solvents was
based on the solvents generally used at each stage of the
conventional EPMC isolation method, namely the extraction,
fractionation, sub-fractionation, and isolation stages.**** Thus,
this extraction process is expected to cover the EPMC with-
drawal of Kaempferia galanga rhizome extract from the extrac-
tion process to sub-fractionation. In addition, the solvents used
also match the solubility profile of EPMC.

The maceration process was carried out three times for each
solvent. First, 250 grams of Kaempferia galanga L. dried rhizome
were used for each solvent. From the maceration of Kaempferia
galanga L. rhizome, an average viscous extract of 65.40 grams
was obtained for the ethanol extract, 71.18 grams for the ethyl

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 EPMC content in Kaempferia galanga L. rhizome extract (n =
3)

% assay
Extraction solvent average % RSD
Ethyl acetate 85.83 3.49%
Ethanol 71.00 1.85%
n-Hexane 96.10 1.11%

acetate extract, and 80.15 grams for the n-hexane extract with
extraction yields of 26.16 + 0.31%, 28.48 £ 0.15%, and 32.06 +
0.09%, respectively. Furthermore, the EPMC levels were
analyzed in the extract using UPLC. The obtained EPMC levels
in each extract are shown in Table 2.

From Table 2, it can be seen that EPMC compounds accu-
mulate more in the n-hexane extract, with an assay average of
96.10 + 1.11%. This is in accordance with the nature of EPMC,
which tends to be non-polar;* this, it is contained in many n-
hexane extracts. The calibration curve for the EPMC content in
the extract, along with the detailed experimental results, are
presented in Fig. S3 and Table S1.¥

3.2. Determination of the template-functional monomer
association constant using a UV-Vis spectrophotometer

The association constant value represents the ability of a mono-
mer to bind to a template molecule to form a stable complex
before the polymerization process. The higher the association
constant value, the more stable and rapid the formation of the
monomer-template complex during the polymerization process,
thus resulting in a high imprinting factor.*** In this study, the
association constant value was determined using the monomers
methacrylic acid (MAA), 2-hydroxyethyl methacrylate (HEMA),
trifluoromethyl acrylic acid (TFMAA), and methyl methacrylate
(MMA) on the EPMC template, with isopropanol and n-hexane as
the porogen using the UV titration method. The association
constant (K,) value was calculated using the Benesi-Hildebrand
equation using the slope and intercept values in the linear
regression.”® The resulting association constant values can be
seen in Table 3 below.

The results showed that a higher association constant value
was obtained using n-hexane than isopropanol as the solvent for
each monomer in the test. This is because n-hexane (K4 1.88)
has a lower dielectric constant than isopropanol (19.92), so n-
hexane is more non-polar than isopropanol. Polar solvents can

Table 3 EPMC-functional monomer association constant values (K3)

Monomer Solvent K, value (M) R?
MAA n-Hexane 6569 0.997
Isopropanol 359 0.997
HEMA n-Hexane 264 0.997
Isopropanol 97 0.960
TFMAA n-Hexane 3378 0.993
Isopropanol 192 0.991
MMA n-Hexane 259 0.998
Isopropanol 89 0.998

© 2024 The Author(s). Published by the Royal Society of Chemistry
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disrupt the hydrogen bonds formed between the monomer and
the template; thus, the porogen n-hexane will not interfere with
the interaction between the monomer and the EPMC
template.””** Using the methacrylic acid monomer with n-
hexane as the solvent gives a higher K, value of 6569 M~ ' and R*
= 0.9970 compared to other monomers, so it can be considered
to produce the most robust and stable complex to the EPMC
template. Therefore, methacrylic acid was used as the func-
tional monomer in the EPMC MIP polymerization synthesis
process. The linear regression curve can be seen in Fig. S4.

The Benesi-Hildebrand method has several limitations in
determining association constants from UV spectrum titrations,
such as the existence of zero and negative intercepts, which can
cause the calculations to be invalid. Variations in the values
obtained from the Benesi-Hildebrand method calculations can
also be caused by unbonded guests in the complex bonds, which
can affect the instrument signal. This contribution from the
unbound guest response will cause potential errors in the slope
and intercept of the Benesi-Hildebrand plot.*

3.3. Stoichiometry reaction analysis (Job plot)

The Job plot is a chemical method used to determine the stoi-
chiometric proportion of bonds, from which we can determine
the number of monomer molecules (guests) that will bind to the
template (host).* In this study, various additions of monomer
and template were carried out from 0 to 3 mL, which were then
measured using UV spectrophotometry. A curve is then made
between the template mole fraction and the absorbance delta
multiplied by the template mole fraction. The template and
monomer will form a complex, and when the reaction equilib-
rium point is reached, the concentration of the template-
monomer complex will be at the maximum position, and the
concentration of each template and monomer will be at
a minimum approaching zero, so that the template and
monomer will have equations that will be combined into a new
equation to extrapolate the ratio of the template and monomer
required to reach the reaction equilibrium point.** Based on the
calculations in Fig. S5 of the ESI,{ the maximum peak value of
the host fraction (XH) is 0.129, and the monomer template
concentration ratio is 1:7. Moreover, the maximum value can
also be seen using a tangent line, as shown in Fig. 2.

3.4. Preparation of MIPs and NIPs

The MIP and NIP were synthesized by bulk polymerization
using the following two T : FM : Cl ratios. MIP 1 and MIP 3 were
synthesized in a ratio of 1:4:20, which is a common ratio in
MIP synthesis.” Meanwhile, MIP 2 and MIP 4 were synthesized
using the ratio of 1:7:20 based on the results of the Job plot
analysis. The bulk polymerization method is simple, relatively
fast, and does not require specific instruments.*® The MIP
synthesis in this study required EPMC as a template, printed in
a polymer matrix of methacrylic acid functional monomers, and
used EGDMA or TRIM as the crosslinkers and benzyl peroxide
(BPO) as the initiator in the solvent n-hexane.

TRIM and EGDMA, which act as crosslinkers, play a role in
controlling the morphology and stabilizing the bonding sites on
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Fig. 2 Job plot of the complexion between EPMC and MAA (n = 3).
Remark: XH: host fraction.

the formed polymer so that the polymer can be chemically and
physically stable. In this study, two different crosslinkers were
used to determine which crosslinker would provide a better
adsorption capacity on the EPMC MIP. The polymerization
process was carried out at 70 °C, the temperature at which the
initiator BPO decomposes.>® The template-monomer interac-
tions expected to form during polymerization are non-covalent,
such as hydrogen bonds. Interactions through hydrogen bonds,
such as between the -OH from methacrylic acid and -C=0 from
EPMC (Fig. 3), will form the basis for the specific binding in the
MIP. Non-covalent interactions tend to be weaker than covalent
interactions; thus, template release and the rebinding process in
the MIP can easily occur.” NIP synthesis was performed with the
same procedure as MIP synthesis but without adding the EPMC
template. The NIP was used to compare the results obtained from
the MIP and ensures that the interactions that occur are molec-
ular interactions, not non-specific interactions.

After the polymer is formed, the template is removed or
extracted from the MIP by the soxhlation method. Extraction
aims to remove the EPMC template from the MIP polymer
matrix so that specific empty cavities remain. Under the right
conditions, the cavity can re-bind the template molecule.>

3.5. Characterization of the prepared MIP and NIP using the
Fourier transform infrared (FTIR) spectroscopy using
attenuated reflectance, scanning electron microscopy (SEM),
a particle size analyzer (PSA), and Brunauer-Emmet-Teller
(BET) analysis

The FTIR analysis results in Fig. 4a show the spectra of MAA,
TRIM, EGDMA, MIP, and NIP. In the MAA FTIR spectrum, the
peak at 2927 ecm ™! corresponds to the C-H stretch, the peaks at
1680 cm ™' and 1201 cm ™' correspond to the C=0 and C-O

hydrogen bond

Fig. 3 EPMC-MAA interaction.
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MIP before
extraction

Fig. 4 (a) FTIR spectrum of MIP 2 (blue), NIP 2 (light blue), TRIM
(green), MAA (yellow), and EGDMA (gray); (b) FTIR spectrum of MIP 2
before soxhlation (green), MIP 2 after soxhlation (red) and NIP 2 (blue).

groups, respectively, and the peak at 1632 cm ™" corresponds to
the C=C stretching of the vinyl functional group. The FTIR
spectra of EGDMA and TRIM show peaks at similar positions. In
the spectra of the MIP and NIP, peaks for several groups
remained, but no peak was observed in the area around 1630-
1640 cm ', which indicates the absence of the C=C from the
vinyl group. The absence of this peak indicates that the poly-
merization process has run perfectly.””

Fig. 4b presents a comparison of the MIP after and before
soxhlation and the NIP. In general, the MIP before soxhlation,
MIP after soxhlation, and NIP show similar spectra, but for the
peak around 1700 cm™*, which is the C=0 band, there is
a difference in intensity for the MIP before soxhlation and MIP
after soxhlation, where the intensity for the MIP before soxhlation
is lower than that for MIP after soxhlation. A plausible reason for
this phenomenon is that the template molecule (EPMC) is
assembled with the monomer (HEMA) via hydrogen bonding with
C=O0 during the preparation of the MIP prior to washing.

The particle size measurements in Table 4 show that all the
MIPs have smaller particle sizes than the NIPs. MIP 2 has the

Table 4 Particle size of MIPs and NIPs

Polymer Average particle size (um)
MIP 1 0.828
NIP 1 1.038
MIP 2 0.782
NIP 2 1.128
MIP 3 1.021
NIP 3 1.488
MIP 4 0.815
NIP 4 0.978

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EDS analysis of MIP 2.

smallest particle size (0.782 pm) compared to the other poly-
mers. Smaller particle sizes lead to higher surface areas. This
increased surface area will provide more binding sites for the
template molecule, leading to increased adsorption capacity.*®

Quantitative energy dispersive X-ray (EDS) analysis was per-
formed to observe the main atomic components that make up
the polymers, such as carbon (C) and oxygen (O). Fig. 5 shows
that the atomic components in MIP 2 are carbon and oxygen,
with amounts of 83.49% and 16.51%, respectively. EDS for other
polymers can be seen in ESI Fig. S6.1%

The SEM results in Fig. 6 show that all the polymer
morphologies are spherical and non-uniform, with particle
sizes of around 500-900 nm. From the SEM results, it can also
be concluded that the MIP and NIP polymers with the TRIM
crosslinker (Fig. 6a-d) produce larger and more uniform
particle sizes than the MIP and NIP polymers with the EGDMA
crosslinker (Fig. 6e-h). TRIM has a three-branched chain con-
taining three vinyl groups that can participate in polymer
formation, while EGDMA has two vinyl groups. Therefore, the
TRIM crosslinker will produce polymers with larger particle
sizes and greater rigidity compared to EGDMA.*°

The BET instrument test results provided a quantitative
isothermic data curve, which was obtained by plotting the total
volume of nitrogen gas adsorbed and desorbed against pres-
sure. Based on the IUPAC classification, the obtained polymer
isothermic adsorption curve belongs to the type-V category.*®
Type-V isotherms represent adsorption on mesoporous
surfaces, which has a tendency to occur through the formation
of multiple layers followed by capillary condensation. The type-
V isotherm results from low interaction between the adsorbent
and the adsorbate, which causes the absorption of the adsor-
bate to be small at low pressure and results in an increase in
exchange with the rise in relative pressure. The curves can be
seen in Fig. 7. A type-V isothermic adsorption curve is also
usually shown by a mesoporous adsorbent solid (2-50 nm).****
In MIP 3 and MIP 4, desorption does not start from zero. This
shows that a certain amount of adsorbate remains in the
adsorbent, even at low pressure. This could be because the
adsorbate may have a strong affinity for the adsorbent, which
makes it difficult for the adsorbate to desorb, so desorption
does not occur at low pressure.®

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.6. Adsorption capacity evaluation

The adsorption capacity is used to determine the mechanism of
the rebinding interactions between template molecules and
polymers. The adsorption capacity test was determined using
an adsorption isotherm model that describes the characteristics
of the MIP and calculates the relationship between the binding
parameters and the affinity distribution.®®*** Isotherm adsorp-
tion analysis was carried out using the Freundlich and Lang-
muir isotherm models. The adsorption capacity results show
that the tested MIP and NIP polymers are better fitted by the
Freundlich isotherm model because the linearity value (R*) of
the Freundlich isotherm model is greater than that of the
Langmuir isotherm model.® The Freundlich isotherm model
shows that adsorption occurs on the surface of a heterogeneous
multilayer with a weak bond affinity.*>*¢

The Freundlich adsorption model has two parameters: 1/n
and Kg. The Ky value indicates the affinity of the sorbent; the
higher the affinity obtained, the greater the capacity of the
sorbent to adsorb the target analyte.*® The 1/n value describes
the degree of bond heterogeneity (homogeneity index) with
avalue between 0 and 1.°® A value of 1/n close to 1 indicates that
the adsorption occurs homogeneously,
approaching 0 means that the adsorption occurs heteroge-
neously.®” A value of 1/n greater than 1 (as observed for NIP 3,
MIP 3, and MIP 4) indicates a value of n < 1. This can be
interpreted as meaning that adsorption energies are exponen-
tially distributed. When n < 1, the Freundlich isotherm indi-
cates a greater proportion of sorption sites with lower energies
than those with higher energies. This leads to a decreasing rate
of adsorption with increasing solute concentration.®*

Table 5 shows that the MIP 2 polymer had a higher bond
affinity (K) value of 0.0813 compared to MIP 1, MIP 3, and MIP 4.
The Kruskal-Wallis test was carried out to determine whether MIP
1, MIP 2, MIP 3, and MIP 4 affect the adsorption capacity. The
Kruskal-Wallis test revealed that there is a significant difference
between MIP 1, MIP 2, MIP 3, and MIP 4 on the dependent vari-
able, adsorption capacity, with a p-value of 0.036 (« = 0.05). Thus,
with the available data, the null hypothesis is rejected.

Furthermore, the bond affinity value of MIP 2 was higher
than that of NIP 2 (0.0400). A Wilcoxon signed-rank test
showed that MIP 2 and NIP 2 had statistically significant

while a value
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Fig. 6 Polymer morphology using SEM at 5000x magnification: (a) MIP 1; (b) NIP 1; (c) MIP 2; (d) NIP 2; (e) MIP 3; (f) NIP 3; (g) MIP 4; (h) NIP 4.

differences in adsorption capacity, with a p-value of 0.028 («
= 0.05). Therefore, MIP 2 was selected as the sorbent to be
packaged in an SPE cartridge and applied for EPMC extrac-
tion from Kaempferia galanga L. rhizome extract. The
Freundlich and Langmuir isotherms are presented in Fig. S7
in the ESL}

3.7. Selectivity evaluation

The MIP selectivity was obtained from the calculation of the
imprinting factor (IF), as mentioned in Section 2.10. Ky, is the

13528 | RSC Adv, 2024, 14, 13521-13534

ratio of the amount of adsorbed analyte to the concentration of
the analyte in the solution, while the IF describes the quality of
the binding sites formed on the MIP sorbent.®” The higher the
IF value, the greater the difference between the analytes
adsorbed on MIP and NIP. However, this high IF value does not
prove conclusively that the template site formed is truly selec-
tive for the template compound.” Therefore, the selectivity was
determined by comparing the Ky, values of EPMC and analogous
compounds, including ethyl cinnamate (EC), cinnamaldehyde
(CD), and kaempferol (KF). These three compounds are also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 N, adsorption—desorption isothermic curves: (a) MIP 1; (b) MIP 2; (c) MIP 3; (d) MIP 4.

Table 5 Adsorption capacity evaluation using Freundlich and Lang-
muir isotherm models (n = 3)

Freundlich Langmuir
Polymer R* 1/n Ky (mgg™") R Ky, Qm (mgg™)
MIP 1 0.9967 0.9702 0.0637 0.9996  0.8360  0.0923
NIP 1 0.9701 0.3212 0.0545 0.8773 0.9070  0.0851
MIP 2 0.9965 0.6367 0.0813 0.6796  0.5831  0.2198
NIP 2 0.9762 0.9830 0.0400 0.1076  0.2751  0.4659
MIP 3 0.9933 1.3314 0.0260 0.9520 —0.4784 —0.0297
NIP 3 0.7722 1.9227 0.0035 0.0110  1.2972  0.0110
MIP 4 0.9941 0.9394 0.0247 0.7004 0.1211  0.2314
NIP 4 0.9816 1.4737 0.0192 0.5386  0.4786  0.0586

present in the Kaempferia galanga L. rhizome extract.’®* The
differences in the chemical structures of these three
compounds can be seen in Fig. 8.

Based on the results of the study, MIP 2 gave the highest K,
value of 8.821 compared to other MIPs, while NIP 2 gave a Kp,
value of 3.138; thus, the EPMC imprinting factor on MIP 2 was
2.811. Therefore, the value of the MIP 2 imprinting factor proves
that the MIP 2 polymer is more selective toward NIP than other
MIP polymers. This is also supported by the particle size anal-
ysis results, which show that MIP 2 has a smaller particle size
than MIP 1, 3, and 4. The smaller the particle size, the more
binding sites there are, so the IF value will be greater. The Kp
value for each polymer can be seen in Table 6.

In addition to the imprinting factor, the value of the selec-
tivity coefficient (k) also affects the selectivity of the MIP. The
selectivity coefficient was obtained by comparing the Ky, of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

EPMC template compound with the Ky of other analogous or
interfering compounds.””* The values of the selectivity coeffi-
cients can be seen in Table 7.

A greater selectivity coefficient value indicates more signifi-
cant ability of the MIP polymer to distinguish the EPMC
template compound from its analog compounds.””* If the value
of the selectivity coefficient is equal to 1, it indicates no differ-
ence in recognition or binding ability between the template and
its analogous compounds. The Kruskal-Wallis test was used to
determine whether MIP 1, MIP 2, MIP 3, and MIP 4 exhibit
significant differences in terms of the selectivity coefficient for
each analogue compound. The Kruskal-Wallis test revealed that
significant differences between MIP 1, MIP 2, MIP 3, and MIP 4
in terms of the selectivity coefficient of the dependent variable,
with p-values of 0.12, 0.12, and 0.18 (« = 0.05) for EC, CD, and
kaempferol, respectively. Thus, with the available data, the null
hypothesis is rejected. The obtained results demonstrated that
MIP 2 could significantly distinguish EPMC from EC with
a selectivity coefficient value of 17.436, followed by cinna-
maldehyde with a value of 1.539 and kaempferol at 0.061.

As can be seen in Fig. 8, ethyl cinnamate and cinnamalde-
hyde have similar structures to EPMC with differences in several
functional groups, namely the methoxy group in cinnamalde-
hyde and the ethoxy group in the ethyl cinnamate. This may
allow EC and CD to enter the pores more easily and compete
with EPMC for binding sites. However, the lack of active groups
on EC causes EC to be less competitive than EPMC. On the other
hand, kaempferol has a very different structure than EPMC, but
this compound is also present in Kaempferia galanga extract.
The more rigid structure of kaempferol with its three benzene

RSC Adv, 2024, 14, 13521-13534 | 13529
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Fig. 8 Chemical structure of compounds: (a) EPMC; (b) ethyl cinnamate; (c) cinnamaldehyde; (d) kaempferol.

Table 6 Distribution coefficient and imprinting factor values of MIPs
and NIPs

Polymer Kp MIP Kp, NIP IF

MIP-NIP 1 3.440 7.976 0.431
MIP-NIP 2 8.821 3.138 2.811
MIP-NIP 3 1.090 1.925 0.566
MIP-NIP 4 6.825 5.374 1.270

Table 7 Selectivity coefficient values

k (selectivity coefficient)

Polymer EC CD Kaempferol
MIP 1 1.906 0.336 N/A

MIP 2 17.436 1.539 0.061

MIP 3 7.526 54.548 0.009

MIP 4 0.536 3.659 0.092

rings may cause steric hindrance on the polymer surface. This
can also be seen from the EPMC recovery results on NI-SPE2
spiked with kaempferol (Section 3.8.)

3.8. Application to real samples

3.8.1. EPMC isolation from Kaempferia galanga L. rhizome
extract using solid phase extraction (SPE). EPMC extraction
from three Kaempferia galanga rhizome extract (ethanol, ethyl
acetate, and n-hexane extract) was carried out using 200 mg of
MIP 2 polymer packed into MI-SPE 2 (molecularly imprinted-
solid phase extraction) and NI-SPE 2 (non-molecularly
imprinted-solid phase extraction) cartridges. Furthermore, the
extraction process was carried out in four stages: conditioning,
loading Kaempferia galanga L. rhizome extract, elution, and
washing using the previously optimized solvents. In the elution
process, 4 x 1 mL elutions were carried out to maximize the
elution results. The filtrate of each SPE stage was collected and
analyzed using UPLC. The EPMC percentage recovery value was
calculated by comparing the area under curve (AUC) of the
EPMC elution results with the AUC of the extract before the SPE
process. The of percentage recovery and percentage purity
results for EPMC from the SPE process can be seen in Fig. 9.
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Fig. 9 Recovery and purity values of EPMC (n = 3).

The percentage recovery for EPMC from ethyl acetate extract
was 68.05% =+ 2.22 for MIP 2 and 50.55% =+ 1.47 for the NIP with
an IF of 1.35; the percentage recovery of EPMC from n-hexane
extract was 65.27% = 3.78 for the MIP and 49.44% =+ 3.74 for the
NIP, with an IF of 1.32; and the percentage recovery of EPMC
from ethanol extract was 82.40% = 5.52 for the MIP and 62.92%
=+ 2.49 for the NIP, with an IF value of 1.31. The IF values were
obtained by comparing the amount or percentage of the analyte
that binds to the MIP with the amount or percentage of the
analyte that binds to the NIP. An IF value greater than 1 indi-
cates that the MIP has better imprinting sites than the NIP.*
This is also confirmed by the results of the adsorption capacity
evaluation, which show that the of adsorption capacity MIP 2 is
twice that of NIP 2, indicating that there are more imprinting
sites on MIP 2. Based on the obtained results, the three extract
samples demonstrated better analytical performance of MIP 2
than NIP 2. The analytical performance for EPMC using MIP 2
and the ethanol extract showed the highest percentage recovery,
even though the EPMC content in the ethanol extract was
smaller compared to those in the ethyl acetate and n-hexane
extracts; however, all three extracts give similar IF values.

MIPs are known to be able to adsorb the target compound in
at least in the same amounts as NIPs, so the NIP can be used as
a comparison of the minimum recovery that the MIP can
obtain.” The NIP sorbent can also adsorb the EPMC template
molecule because it is also composed of monomers and cross-
linkers, which can provide non-specific interactions between
the test sample passed through the NIP sorbent through non-
covalent bonds such as hydrogen bonds and hydrophobic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bonds. Adding a template to the MIP composition provides
a cavity based on the template molecule, and thus the MIP
sorbent will provide better recovery than the NIP due to the
specific interaction between the EPMC and its particular
cavity.”* From the chromatogram it can be seen that the extract
elution results from the MIP contain more EPMC than those
from the NIP. A visualization of the comparison of the EPMC
peak chromatograms in the ethanol extracts, MIP elute, and NIP
elute can be seen in Fig. 10.

The percentage purity of the SPE elution results of the
Kaempferia galanga L. extract can be determined by comparing
the AUC peak of EPMC with the total AUC peak that appears on
the chromatogram. As can be seen in Fig. 11, other peaks appear
at around 2.8 and 6.3 minutes. The percentage purity results for
the SPE of the ethyl acetate extract are 97.63% =+ 1.03% for MIP
2 and 96.90% = 1.50% for the NIP; the percentage purity for the
n-hexane extract is 99.59% = 0.10% for the MIP and 99.42% =+
0.18% for the NIP; and the percentage purity for the ethanol
extract is 97.00% =+ 1.39% for the MIP and 95.98% =+ 1.72% for
the NIP.

The n-hexane extract has the highest purity value compared
to the other extracts. Based on the figure above, it can be seen
that the elutes resulting from the extraction process using MI-
SPE have fewer impurity peaks compared to the extract
samples. This shows that the sample extraction process using
the MI-SPE technique can purify the extract sample to produce
the template compound in high purity.”

Previously, other researchers had isolated EPMC using the
column chromatography method. Chanvimalueng obtained an
EPMC yield of 27.78% using four isolation stages.*® Based on
the data above, it can be concluded that the EPMC isolation

AUC

Fig. 10 Overlay of the chromatogram of the ethanol extract, MIP 2
elute, and NIP 2 elute.

——extract

AUC

—MIP elute

NIP elute

Retention Time

Fig. 11 Overlay of the impurity peaks of the ethanol extract, MIP 2
elute, and NIP 2 elute.
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method using MI-SPE with two isolation stages can increase the
EPMC yield compared to previous isolation methods.

3.8.2. SPE selectivity. EPMC MI-SPE 2 selectivity testing was
carried out using analog compounds and compounds con-
tained in Kaempferia galanga L. extract, namely, ethyl cinnamate
(EC), cinnamaldehyde (CD), and kaempferol (KF). EC and CD
were chosen because they have a similar structure to EPMC,
while KF was chosen based on previous research (Kumar, 2020)
indicating that KF is one of the compounds contained in kencur
extract.” The test was carried out by first preparing a 100 mg L™
extract solution, into which the standard compounds EPMC,
EC, CD, and KF were spiked; the solution was then extracted
using MI-SPE 2 and NI-SPE 2. The percentage recovery results
obtained are presented in Table 8, and a comparison of the
elution recovery for each compound and the chromatogram can
be seen in Fig. 12a and b.

The results show that the percent elution recovery value for
EPMC from the sample solutions in the form of an extract and
spiked with the four compounds is higher than that for EC,
namely 31.53% for EPMC and 27.62% for EC, with a selectivity
value of 1.14. On the other hand, the IF value for EPMC
decreases from 1.3 to 1.1. However, there is a considerable
difference in the results of the SPE sample solution which is
spiked with only EC. This can be seen from the EPMC percent
elution recovery value, which increased to 81.91% (IF 1.3) and
EC percent elution recovery, which decreased to 13.27%, with
a selectivity value of 6.17. A similar phenomenon occurred with
the EPMC elution recovery in NI-SPE 2, which increased from
28.74% to 63.99%, and the EC elution recovery decreased from
26.77% to 16.07%. However, the IF EC value in the solution with
four compounds (IF 1.03) and two compounds (0.83) does not
have an imprinted site, as seen from the IF value of <1. From
these data, it can be concluded that MI-SPE 2 is more selective
for EPMC compared to EC. However, the presence of other
compounds such as CD and KF can reduce the rebinding
affinity of EPMC to MI-SPE 2. This can be observed from the
48% decrease in EPMC recovery on the MIP, from 65.27% to
31.53%, and the 58% decrease on the NIP, from 49.44% to
28.74%, in the extract spiked with the three analogue
compounds. Since templates and interferents typically compete
for the binding site,” it can be assumed that this happens
because CD and KF are more competitive for binding to MI-SPE
2. This can also be observed from the spiking test data with only
CD or KF in the extract solution, as the % elution recovery for
CD and KF are still higher than that of EPMC. Moreover, in the
KF-spiked extract, there was also a decrease in the EPMC
recovery for both the MIP and the NIP, namely 41% and 36%,
respectively. The decrease in recovery that also occurs in the NIP
can also be assumed to mean that KF covers the binding sites on
the polymer surface.

Despite the relatively good results of MIP 2 for the separation
of EPMC from Kaempferia galanga extract, this study has several
limitations. For instance, we did not optimize the amount of
crosslinker or the number or types of initiators used. We only
examined the use of two different solvents as porogens without
optimizing the solvent volume.
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% elution recovery of EPMC, EC, CD, and KF in kencur hexane extract (n = 3)¢

EPMC-, EC-, CD-, and KF-

spiked extract KF-spiked extract

EC-spiked extract CD-spiked extract

Compound MI-SPE 2 NI-SPE 2 MI-SPE 2 NI-SPE 2 MI-SPE 2 NI-SPE 2 MI-SPE 2 NI-SPE 2
CD 44.50 37.36 — — — — 94.61 82.64
EC 27.62 26.77 — — 13.27 16.07 — —
EPMC 31.53 28.74 26.87 17.77 81.91 63.99 84.21 61.40
KF 72.87 52.90 44.15 34.10 — — — —

¢ Abbreviations: CD: cinnamaldehyde; EC: ethyl cinnamate; EPMC: ethyl p-methoxycinnamate; KF: kaempferol.

@ 12000
94,61

G860 8264
100,00 81.91 T84¢21 1

1 63.99
L |
1 7;7i
T I

pikein  Ethyl Cinnamate Spike Cinnamal

—

% Eluting Recovery

M

Fig. 12
MI-SPE and NI-SPE.

4. Conclusion

In this study, a novel molecularly imprinted polymer was
prepared for EPMC using methacrylic acid as a functional
monomer through bulk polymerization. The MIPs obtained
were characterized using FTIR, SEM, and BET methods.
According to the evaluation results, the MIP synthesized using
TRIM as a crosslinker exhibited better adsorption capacity and
selectivity values than that obtained using EGDMA. Moreover,
these MIPs were applied as a sorbent combined with the SPE
separation technique to isolate EPMC from Kaempferia
galanga L. rhizome extract. A fairly good yield was obtained for
the isolation of EPMC with a high purity value. This MI-SPE
method is believed to be a novel and promising method for
EPMC isolation from the extract. However, the analytical
performance of the MIPs could be improved by screening
functional monomers other than methacrylic acid derivatives.
In addition, other polymerization methods to produce MIPs
and NIPs could also be attempted in order to obtain MIP poly-
mers with better adsorption capacity and selectivity.
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