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Abstract In view of technological significance of molecularly imprinted polymers

(MIPs) in drug delivery, the ‘grafting from’ approach was employed to develop

surface-imprinted silica particles for selective recognition and sustained delivery of

a pharmaceutical drug antipyrine (ANP). ANP–MIP was fabricated using

methacrylic acid (MAA) as functional monomer and ethylene glycol dimethacrylate

(EGDMA) as cross-linker by UV irradiation via iniferter approach. Voltammetric

measurements was used to scale the extraction and rebinding of ANP on glassy

carbon electrode with Pt wire as counter electrode, Ag/AgCl as reference electrode.

Various parameters were optimized for ascertaining the performance of ANP–MIP

such as time, temperature, and pH. Grafted MIP was characterized by FTIR, ther-

mogravimetry, elemental analysis, surface morphology (AFM) besides the recog-

nition, rebinding and selectivity studies. Calibration curve linearly increases in

concentration range of 0.1–2.0 mM with correlation coefficient R2 = 0.976 and

limit of detection (LOD) as 0.448 lg mL-1. Thus, fabricated ANP–MIP was

studied for controlled release of drug under varying conditions.
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Antipyrine � Controlled release

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00289-

018-2326-x) contains supplementary material, which is available to authorized users.

& Meenakshi Singh

meenakshi@bhu.ac.in; meenakshibhu70@gmail.com

1 Department of Chemistry, MMV, Banaras Hindu University, Varanasi 221005, India

123

Polym. Bull. (2018) 75:5235–5252

https://doi.org/10.1007/s00289-018-2326-x

http://orcid.org/0000-0002-5909-8757
https://doi.org/10.1007/s00289-018-2326-x
https://doi.org/10.1007/s00289-018-2326-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-018-2326-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-018-2326-x&amp;domain=pdf
https://doi.org/10.1007/s00289-018-2326-x


Introduction

Phenazone was the first synthetic analgesic drug, patented as trademark name,

antipyrine (ANP). It is a non-steroidal anti-inflammatory drug used in testing the

effects of other drugs or diseases on drug-metabolizing enzymes in the liver [1]. It is

often used in combination with benzocaine to relieve pain and inflammation in ear

and to remove build-up of earwax [2]. Recently, their significant role in

management of acute migraine pain is recognized and is kept under level C

medications (‘‘possibly effective medication’’) for it [3]. Wide usage of ANP and

unsafe disposal of such drugs along with their metabolites to natural water bodies

are polluting various segments of environment. As per the reports, ANP and its

metabolites were found to contaminate municipal sewage effluents, ground water,

drinking water, etc. [4–7]. As it is reported to cause toxic epidermal necrolysis,

confluent exanthema, oedema of lips and eyelids, to limit the extraneous use of it,

controlled and targeted delivery is necessitated at many instances to reduce their

detrimental effects. The optimum drug delivery carrier should be synchronized with

the physiological status of the patient and should provide a drug in response to

changing intracorporeal environment [8].

As Lulinski highlights, MIPs could be a group of materials that have great

potential in drug delivery for modern pharmacotherapy [9]. Molecular imprinting

involves positioning functional monomers around the template molecules by

covalent/non-covalent interaction followed by polymerization and extraction of

template molecules from polymeric matrix. This approach creates template-shaped

cavities in polymer matrices with memory of template molecules to be used in

molecular recognition. Due to their tailor-made recognition sites for target analytes,

intrinsic robustness, low cost and extensive lifetime, MIPs have already been

identified as effective alternatives for the natural receptors in chemical assays or

sensors [10–14]. Here, antipyrine-imprinted polymers are synthesized and studied

for controlled release of ANP. Controlled release of ANP from mesoporous carbon

was studied by Saha et al. [15], from mesoporous silica by Salonen et al. [16], from

functionalized mesoporous silica by Goscianska et al. [17] and from hydrophilic

polymer shells by Sangalli et al. [18–21]. This study is the first one to study

controlled release of ANP from imprinted matrix. Imprinting of aminoantipyrine

through bulk imprinting was reported by Yang et al. [22], but till now surface

imprinting via iniferter approach for any ANP derivative is not reported yet. Living

polymerization via ‘iniferter’ is particularly used by polymer fraternity as a single

molecule acts as initiator, as transfer agent as well as a terminating agent. Usually

dithiocarbamates are used as excellent iniferter agents. Here they are used to graft

imprinting matrix on surface of silica particles via ‘grafting from’ approach. Silica

particles were modified by silanization with 3-chloropropyltrimethoxysilane in this

study and iniferter groups were introduced by reacting the silica-bound chloropropyl

groups with sodium N,N-diethyldithiocarbamate. Under the UV irradiation, it

dissociates into surface grafted propyl radicals and dithiocarbamyl radical (DC)

[23, 24]. The grafted propyl radical is reactive and initiates radical polymerization,

while the DC radical is relatively stable and mainly reacts with growing radicals to
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form a ‘‘dormant’’ species which reduces the concentration of free radicals to some

extent. Additionally, molecular modelling studies were also carried out which

assisted in choosing the suitable monomer for imprinting.

Experimental section

Materials

All chemicals and solvents were of analytical reagent grade, and used without

further purification. Methacrylic acid (MAA) (99%), toluene, dimethyl formamide

(DMF) were purchased from Loba chemie (Mumbai, India). Ethylene glycol

dimethacrylate (EGDMA), silica gel (pore volume 60 Å, pore size 60 Å, 230–400

mesh size), 3-chloropropyltrimethoxysilane were purchased from Sigma Aldrich

(Steinheim, Germany). Sodium N,N-diethyldithiocarbamate was purchased from

MP Biomedicals, (LLC, France) and antipyrine (ANP), albendazole were purchased

from Fluka (Steinheim, Germany). Aminopyrine was procured from HiMedia

Laboratories Pvt. Ltd. (Mumbai, India), while 4-aminoantipyrine was purchased

from Avra Synthesis Pvt. Ltd. (Hyderabad, India). Disodium hydrogen orthophos-

phate (anhydrous) and sodium dihydrogen orthophosphate (dehydrate) were

obtained from Fischer Scientific. Other chemicals like methanol, acetic acid,

aniline and ethanol were purchased from Merck (Mumbai, India).

Instruments

All electrochemical measurements were performed on a CHI 410B electrochemical

workstation with three electrode system (a glassy carbon electrode, a platinum wire

and Ag/AgCl electrode were used as working, counter and reference electrodes,

respectively). Cyclic voltammograms of aqueous solution of ANP was run in

potential range ? 1.5 to - 0.5 V at scan rate of 0.1 Vs-1. The anodic current of

ANP at 1.26 V in supporting electrolyte phosphate buffer (PBS) was recorded.

The IR spectra were recorded using JASCO FTIR 5300 in KBr from 400 to

4000 cm-1. Thermogravimetric analyses (TGA/DTA) were performed using Perkin

Elmer instrument at 5 �C min-1. Atomic force microscopy (AFM) was performed

by instrument Solver Next model of NT-MDT Company which is used for

visualization and evaluation of surface dominant feature. Contact mode with soft

silicon nitride tip, covered with reflective gold coating on the back side, was used to

obtain the topography images. The AFM imaging was performed in air. The

scanned area of the sample 5 nm 9 5 nm and scan rate of AFM was 0.5 Hz.

Elemental analyzer euro-vector—EA 3000 was used for elemental analysis.

Grafting of iniferter on silica particle

Silica particles were modified by silanization with 3-chloropropyl trimethoxysilane.

Activated silica particles (5.0 g) were refluxed for 8 h in solution of 3-chloropropyl

trimethoxysilane (7.0 mL in 15 mL toluene), centrifuged subsequently and dried in
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vacuo at 60 �C after washing with toluene and stored in vacuo at room temperature

(Scheme 1).

Iniferter was introduced by reaction of the silica-bound chloromethyl group with

sodium N,N-diethyldithiocarbamate. Modified silica particles were treated with

0.3 M (1.63 g/25 mL ethanol) solution of sodium N,N-diethyldithiocarbamate for

24 h (Scheme 1). This iniferter-modified silica particles were washed and dried in

oven for 2 h and stored under vacuum.

Photografting of poly(methacrylic acid-co-ethyleneglycol dimethacrylate)
onto the iniferter-modified silica

Iniferter-modified silica (1 g) was suspended in a solution of MAA (10 mM in

10 mL DMF), EGDMA (50 mM in 10 mL DMF) and the template ANP (1 mM in

10 mL DMF). This pre-polymerization mixture was irradiated in UV chamber for

6 h for polymerization. Thereafter, the obtained polymeric adduct were washed with

toluene several times and stored for further use. Non-imprinted polymer (NIP) was

prepared in the similar manner without template molecule.

Extraction of template (ANP)

Antipyrine was extracted from a batch of 50 mg of imprinted silica particles with a

solution of acetic acid and methanol (1:9, v/v) on continuous stirring. Extraction

was monitored and verified by DPV measurements of extracted solutions. Removal

Scheme 1 a Schematic representation for the preparation of surface-imprinted polymer of antipyrine;
b mechanistic representation of imprinting pathway adopted for surface-imprinted polymer
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Scheme 1 continued
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of analyte was confirmed by CV and DPV of extracted solution. ANP yields anodic

current at 1.26 V in cyclic voltammogram [25]. Several analytical parameters like

temperature, pH, extraction time, and volume of extracting solutions were

optimized to obtain the best condition to extract antipyrine from imprinted matrix.

The schematic representation of imprinting and removal of antipyrine from

imprinted matrix is shown in Scheme 1.

Rebinding and measurement of ANP with MIP and NIP

For the rebinding studies of ANP, a series of solutions with variable concentrations

of ANP was prepared in aqueous solution (0.1–2.0 mM) and 2 mL of each solution

was added to MIP-grafted silica particles (50 mg in a batch). Amount of ANP

adsorbed by imprinted silica particles were estimated by DPV measurements before

and after loading.

Limit of detection (LOD) was calculated as three times of standard deviation

from blank measurement (in the absence of analyte ANP) divided by slope of

calibration plot between ANP concentration and DPV current [26].The extent of

uptake of template molecules was estimated by DPV measurements of antipyrine

before and after loading. All the measurements were made in triplicate.

Cross-reactivity study

Selectivity of prepared MIP is studied further through several structural analogues of

ANP with respect to functionally and structurally similar interfering agents, such as

aniline, albendazole, ampyrone and aminopyrine. 50 mg of MIP-grafted silica was

suspended in respective solutions of interferrants (5 mL of 0.1 mM aqueous solutions

of each interferrant) for a period of 10 min. The extent of uptake of interferrant

molecules was estimated by DPV measurements before and after loading.

Drug loading by soaking procedure

Polymer grafted silica particles (0.1 g) were immersed in a solution of ANP (5 mM

in 10 mL in deionized water) and soaked for 24 h at room temperature. During this

time, the suspension was continuously stirred and then centrifuged and gently

washed with deionized water to remove drug molecules physisorbed on surface

(Scheme 2). 100 mg of imprinted silica particles was found to bind 2.8 mg of ANP

as estimated by voltammetric measurements.

Drug release from MIPs

Drug release experiments were carried out by transferring previously incubated drug

loaded silica particles in 5 mL deionized water. The particles were repeatedly

removed and transferred into 5 mL fresh deionized water at each fixed time interval.

The released drug molecules were analysed by DPV measurements at 1.26 V. Effect

of pH variation and ionic strength of release media was also studied. pH of the

release media was varied by HCl/NaOH from 5 to 8. Ionic strength of release media
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is also a critical parameter affecting release kinetics. Here NaCl was chosen as

model electrolyte to vary the ionic strength of release media (0.01–0.05 N).

Calculations

Computer simulations were undertaken by Gaussian software (Gaussian 03) [27].

3D chemical structures were generated using Gaussian View (Gauss View 4.1.2)

[28]. The geometries of monomer, template and different complexes of ANP and

MAA were optimized and binding energies (BEs) were calculated for respective

complexes using density functional theory (DFT) at B3LYP/3-21G level with

Gaussian 03 software [27]. BE of pre-polymerization complexes were calculated

using equation

BE ¼ EðcomplexÞ � EðtemplateÞ þ n EðmonomerÞ
� �

ð1Þ

where E(complex) is the energy of template–monomer complex, E(template) is energy of

ANP; E(monomer) is the energy of monomer and ‘n’ is number of monomers. The

basis set superposition error (BSSE) often substantially affects stabilization ener-

gies, was corrected by means of counterpoise method for complexes in gas phase

Scheme 2 Schematic representation of drug delivery

Table 1 Binding energies of complexes in 1:1 mol ratio in solvents

Monomer ? template complex in solvent Binding energy DE (Kcal/Mol)

MAA ? ANP in DMF - 15.9387

MAA ? ANP in DMSO - 15.8132

MAA ? ANP in Water - 15.8132

MAA ? ANP in CHCl3 - 13.1149
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[29]. Continuum polarized cavity model (CPCM) have been used for the evaluation

of binding energy in solvents DMF, DMSO, CHCl3 and water (Table 1) [30].

Results and discussion

Molecular modelling of interactions between monomer and ANP

Figure S1 shows the optimized structure of monomer and template molecule.

Computation data (Table S1) indicates to facilitate ANP binding with MAA

robustly, among the chosen monomers, thus making MAA an obvious choice for

synthesis of ANP–MIP, as it is anticipated to confer high selectivity. Solvent

(porogen) molecules compete with functional monomers for interactions with

analyte molecules (ANP) during polymerization, thus the effect of solvent on

imprinting was studied to understand molecular level interactions and identify the

mode of interactions of ANP with monomer and solvent molecules (Table 1;

Fig. S2). DMF (dielectric constant 36.70) was found to be suitable for imprinting

ANP using MAA as functional monomer, since in DMF minimum binding energy

of MAA and ANP interaction was found.

MIP-carrier synthesis and physical characterization

ANP is a highly soluble drug substance with pH-independent dissolution due to its

weak basic character [31]. Here, iniferter has been used for grafting MIP on silica

surface, by grafting an iniferter on silica surface, it is expected that MIP can be

formed only on the surface as polymerization takes place via active radical attached

to silica surface, while the non-active radical is present in solution avoiding

polymerization in solution. Grafting techniques have been recommended for

imprinting, as grafting step is alienated from the imprinting step which is significant

for creating high affinity binding sites, while maintaining other structural features of

polymer matrix used for imprinting. Silica particles were sequentially functional-

ized with chloropropyl groups by silane coupling, followed by reacting with sodium

N,N-dimethyl dithiocarbamate. MIPs were formed by photografting upon UV

irradiation in the presence of ANP with MAA. Elemental analysis data for bare

silica, iniferter-modified silica, MIP-grafted and NIP-grafted silica (Table S3)

before and after coupling of the iniferter attests grafting of iniferter on silica

particles. Regarding NIP- and MIP-modified silica; the organic content (C, H) was

significantly higher showing the successful grafting of polymer chain on iniferter

grafted silica particles. N content in NIP- and MIP-grafted silica particles is

comparable, an insignificant change of * 0.3% N from iniferter-modified silica is

observed in both cases. Iniferter is the only molecule containing nitrogen here (apart

from the template). Thermal stability of derivatives of silica, adduct, MIP, NIP,

were investigated by TGA, as shown in Fig. 1. Overall degradation pattern is similar

in all three cases, but solvent loss at * 100 �C is 40% in MIP before extraction

(adduct), 25% in NIP and only 10% in MIP after extraction. Polymeric network

grafted on silica starts degrading at * 250 �C and completely collapses at
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400–450 �C in each case. Similar degradation pattern of MIP-grafted and NIP-

grafted silica is anticipated, as both are similar in composition, only difference

being the absence of template molecule (here ANP) during growth of polymeric

network in case of NIP.

Figure 2 shows FTlR spectrum of bare silica, iniferter-modified silica, MIP-

grafted and NIP-grafted silica. Absorption band for bare silica is broad and intense

at 1200–1000 cm-1 (Si–O st). This band can be differentiating in each of the

observed spectra of silica modification (Fig. 2 shown in box, inset 1). A broad band

around 2950 cm-1 (C–H st) ascribed to methyl and methylene groups is observed in

curves b, c and d. Presence of this band in iniferter-modified silica (curve b) shows

iniferter coupling at silica surface. In MIP and NIP spectra (curves c and d), an

intense band is observed at around 1730 cm-1 (inset 2), assigned to C=O stretching

of functional monomer (MAA) and cross-linker (EGDMA) confirming grafting of

polymer on silica particles.

Figure 3 shows AFM images of MIP- and NIP-grafted silica surface. Image of

MIP shows the cavities created on imprinting, whereas NIP shows a smoother

surface although the polymerization on both was carried out under similar

conditions except using the template in polymerization mixture. It can be seen that

roughness of MIP-coated electrode is enhanced manifold (Fig. S2) in comparison to

NIP corroborating the imprinting mechanism proposed (Table S4).

Fig. 1 Thermogravimetric analysis measurements of the a molecularly imprinted polymer on modified
silica, b non-imprinted polymer on modified silica and c adduct on modified silica

Polym. Bull. (2018) 75:5235–5252 5243

123



Rebinding/adsorption study of ANP on MIP

After polymerization, template molecules were extracted from the imprinting

matrix. Removal of template (ANP) was confirmed by CV and DPV. ANP yields

Fig. 2 FTIR spectra of a silica, b iniferter-modified silica, c molecularly imprinted polymer and d non-
imprinted polymer

Fig. 3 AFM images of a MIP-modified silica, b NIP-modified silica
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anodic current at 1.26 V in CV [25]. Figure 4 shows CV of ANP in a conventional

electrochemical cell, using phosphate buffer (PBS) as supporting electrolyte.

Extracting parameters like number of washes, extraction time, extraction

temperature and pH of extracting solution were optimized to obtain the best suited

condition for extracting ANP from adduct (Fig. S3). For extracting ANP from

adduct, the non-covalent interactions have to be broken up from imprinted network.

At room temperature, extracting solvent was able to break the polymer–template

interactions to release ANP from adduct network and form-imprinted cavities.

Extraction of template was confirmed voltammetrically also (a peak at 1.26 V of

ANP). Four washes with 3 mL aliquots of extracting solvent with constant

mechanical stirring for 10 min at pH 4 was found to be sufficient for complete

extraction of template ANP from polymeric network to craft specific-imprinted

cavities (Fig. S3). Temperature of extracting solvent was found to have insignificant

role in affecting extraction efficiency. The other set of parameters for rebinding the

template (ANP) to imprinted cavities generated under above condition were also

optimized. MIP takes 10 min to rebind the template molecule at pH 4 at 2 mM of

ANP solution (Fig. S4).

Figure 5 shows a comparative study on the extent of ANP molecule being

recovered by MIP and NIP at various concentrations of ANP. The non-specific

bindings are responsible for template adsorption shown by NIP. These non-specific

interactions are concentration-independent, as current does not appear to increase

Fig. 4 Cyclic voltammogram of antipyrine on glassy carbon electrode: potential range from 1.5 to - 0.5
with scan rate 0.1 Vs-1 in PBS buffer
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beyond 1 mM concentration of ANP. Although NIP is also comprised of similar

components as MIP network but during network formation, increasing the potential

for growing polymer chains with template binding complexes to reach a global

energy minimum will lead to increased memorization of the chain conformation and

enhance template binding.

Imprinting factor is widely used for assessing the efficiency of imprinting.

Imprinting factor (IF) was used as a measure of the strength of interaction between

the template and its corresponding functional monomer and was calculated

according to the following equation:

IF ¼ BMIP

BNIP

ð2Þ

where BMIP is the binding of analyte by molecularly imprinted polymer, while BNIP

is that of the non-imprinted polymer. Here ANP–MIP was found to have imprinting

factor of 2.71 indicating the selectivity of MIP for ANP compared with NIP. Such

data verifies the fact that the MIPs possessed good selectivity for ANP due to the

fixed recognition cavities created during imprinting process which was propounded

to be originating from ‘stoichiometric non-covalent interactions’, where the inter-

action during the polymerization was stoichiometric in nature [32–34]. Figure 6

shows the calibration plot for ANP–MIP, good linear relationship was obtained with

R2 = 0.9758. LOD in aqueous solution by ANP–MIP is calculated as

0.448 lg mL-1 following standard analytical method [26].

Fig. 5 Changes in current in MIP and NIP at different concentrations of ANP (filled square: MIP; filled
circle: NIP)
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Fig. 6 Calibration curve of MIP of iniferter-modified silica surface in response to various concentrations
of template [R2 = 0.9758; RSD (%) = 3.01]

Fig. 7 Changes in modified MIP current in response in various structural analogues (antipyrine; aniline;
albendazole; aminopyrine; ampyrone)
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Selectivity study of MIP

Selectivity of prepared MIP is evaluated further through several structural analogues

of ANP with respect to functionally and structurally similar interfering agents, such

as aniline, albendazole, ampyrone and aminopyrine. The respective plots are shown

in Fig. 7 illustrating the response of MIP under optimized parameters towards

interferrants. The template fits into imprinted cavity driven by complementary

interactions followed by aligning of functional groups on MIP around template

molecules conformational orientation. Binding for ANP was highest, but aniline

also shows affinity for this MIP, as it is a major part of skeleton of antipyrine.

Although albendazole, aminopyrine and ampyrone show insignificant binding

which might be attributed to non-specific bindings. Since the binding of ANP

(particularly aminopyrine and ampyrone) are relatively higher than those for aniline

and albendazole, there may be a possibility of inter-anionic competition for receptor

in MIP cavity, and ANP will have preference over other four analogues in terms of

binding/uptake. Hence, the assay was analyte specific rather than group specific and

thus suitable as a detection method for this analyte ANP.

Fig. 8 DPV response for drug release process of MIP and NIP at different time intervals after cumulative
addition of current (filled circle: MIP; filled square: NIP)
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Drug loading and release studies

Drug loading was carried out by MIP carrier on incubating it with ANP in aqueous

solution for 24 h. The carriers were then separated from the solution by

centrifugation and dried. Release of ANP was studied, at predetermined time

points, triplicate samples of the release media were withdrawn and replenished with

fresh solvent to maintain a constant volume.

The release profile shows an initial steady release for almost 2 h which later on

levelled out and sustained release for the studied time period, i.e., 52 h (Fig. 8). This

sustained release is especially beneficial for drug delivery as per the need of

diseased person. Imprinted polymers has the advantage of ‘sustained’ release not the

‘burst’ release, as observed in case of general purpose polymers including NIP

[17, 35–38] (Fig. 8). Release behaviour was further studied under varying pH and

ionic strength of release solution. Under acidic conditions, drug release was

enhanced, but it slowed down under alkaline conditions. Drug molecules have a site

(O atom) favourable for protonation and the charge developed could be delocalized

over the ring thus providing an incentive to molecule to be released under acidic

conditions. But in absence of any such structural incentive under alkaline conditions

(Fig. 9), drug release is delayed. Effect of ionic strength is also studied for drug

Fig. 9 DPV response for drug release process of MIP at different time intervals after cumulative addition
of current at varying pH (filled square: pH 5; filled circle: pH 6; filled triangle: pH 7; filled inverse
triangle: pH 8)
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release. A little effect is observed on increasing ionic strength from 0 to 0.03 N

NaCl (Fig. 10) but release was enhanced manifold on further increasing the

concentration of NaCl to 0.05 N. Addition of water molecules provides competition

to solvent molecules entering into polymeric matrix in lieu of drug molecules. More

salt molecules enhance the osmosis of salt solution. It is the net effect of salt

imbibed within the imprinted matrix and solvent molecules also moving into the

polymeric matrix to replace drug molecules. Hence under electrolyte stress, release

behaviour will change under biological environment.

Conclusion

An iniferter-mediated surface-imprinted polymer via photo grafting was success-

fully grafted on silica particles. Molecular modelling through DFT calculations

accomplished the design of best suited experimental components like functional

monomer and porogen for imprinting. ANP–MIP-grafted silica particles were

characterized by elemental analysis, FTIR, thermogravimetric analysis, AFM

images and other extraction and imprinting parameters. NIP-grafted silica particles

were also tested for validation of selectivity and specificity of ANP–MIP.

Additionally, experiments with structural analogues also attested the selectivity of

ANP–MIP. Thus, fabricated ANP–MIP was utilized as drug delivery instrument for

Fig. 10 DPV response for drug release process of MIP at different time intervals after cumulative
addition of current at varying ionic strengths (filled square: 0.01 N NaCl; filled circle: 0.02 N NaCl; filled
triangle: 0.03 N NaCl; filled inverse triangle: 0.04 N NaCl; filled star: 0.05 N NaCl)

5250 Polym. Bull. (2018) 75:5235–5252

123



sustained release of ANP as drug under various stress factors such as ionic strength,

pH.
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