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ABSTRACT: A novel molecularly imprinted polymer (MIP) designed by molecular dynamics (MD) simulations was successfully pre-

pared with norfloxacin as a template molecule, methyl acrylic acid as a functional monomer, and ethylene glycol dimethacrylate as a

crosslinker. According to the theoretical prediction and experimental preparation methods, three kinds of molecular imprinting mate-

rials were designed and synthesized with MD simulations and molecular imprinting technology. The best ratio of the template to the

functional monomer to the crosslinker was 1:8:40 in these studies. The experimental results illustrate that the MD simulations were

credible in compounding the components of the MIPs. The structure of the prepared polymers were characterized with various meth-

ods. To analyze the adsorption performances, many kinds of static adsorption tests, including kinetic, isotherm, and selectivity tests,

were used. The results indicate that the novel adsorbents conformed to the pseudo–second-order kinetic equation and followed the

Langmuir isotherm model. The adsorption amounts of MIP2 at a ratio of 1:8:40 were about 29.35 mg/g at 298 K. The selective

adsorption and reusable performance of norfloxacin were excellent. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42817.
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INTRODUCTION

Fluoroquinolones (FQs) are synthetic antibacterial drugs that

are commonly used for the prevention and control of human

and animal disease caused by several bacterial agents.1,2 Their

potential problems are that FQs can residue in animals and can

also discharge into the environment by animal urine or other

ways. The use of FQs have increased in recent years, and among

them, norfloxacin (NOR) has been the most commonly used in

the world. The wide application of NOR in food-producing ani-

mals has caused concerns about the residues present in foods of

animal origin; these residues can cause pathogenic resistance,

nausea, vomiting, anaphylactic reactions, and even neurological

symptoms in humans.3–8 What is more, it can lead to joint pain

and swelling in children. Meanwhile, the European Union has

established that the maximum residue limits for FQs in animal

products must be less than 100 g/kg.9 So, it is necessary for us

to separate and detect FQs with a sensitive and selective method

to ensure that food is kept far away from antibiotic residues.

At present, several analytical methods for removing and deter-

mining FQ residues in food and environment have been set up;

these use different extraction procedure and clean-up condi-

tions. The traditional treatments of NOR include advanced

chemical oxidation, coagulation, and flocculation methods, the

sand filter method, membrane treatment technology, the acti-

vated sludge method, and ultrasonic and artificial wetlands.10

However, these methods’ shortcomings include a lack of specific

recognition in the adsorption process, although their adsorption

performances are good. In this case, these conventional methods

of adsorption may remove other valuable compounds more or

less in the adsorption of NOR. Therefore, the development of a

method for removing this target from the environment has

become mandatory in recent years.

Additional Supporting Information may be found in the online version of this article.
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Molecular imprinting technology is well known for the forma-

tion of specific recognition sites with memory of the functional

groups of a template.11 As a solution, molecularly imprinted

polymers (MIPs) are used as novel selective synthetic sorbents,

which are based on the combination of functional monomers

with crosslinkers in the presence of the template molecules and

then the removal of the templates to leave the recognition sites

consistent with the template structure.12,13 Compared with clas-

sical adsorbents, MIPs exhibit favorable molecular recognition

capability and stability and a high selectivity toward the target

object. The advantages of MIPs have led to the development of

MIP applications, including liquid chromatography,14 solid-

phase extraction,15 and senors.16 During recent years, a series of

FQs–MIPs have been used to detect and separate FQs from

complex media; these include the determination of FQ residue

in soil samples,17 animal tissues and eggs,18,19 milk,20–22 muscle,

and plasma.23,24 Ciprofloxacin MIPs were successfully prepared

and used as a selective sorbent to detect FQs in soil samples;

these MIPs were synthesized by different functional monomers

and solvents.25 An enrofloxacin MIP was prepared for the spe-

cific selective extraction of ciprofloxacin and enrofloxacin from

tissue and urine samples.26 Ofloxacin (OFL) MIPs were also

prepared to detect six FQs from human serum samples at the

same time.27

In previous studies, there have been few reports on the study of

the mechanisms occurring in the prepolymerization in the pro-

cess of molecular imprinting.28 Recently, Henthorn and Pep-

pas29 discussed the influence of the crosslinking density on

MIPs’ recognition results through the simulation of the prepoly-

merization process. As we all know, the interaction between

templates and functional monomers is the key to molecular

imprinting technique. Thus, the selection of the ideal ratio

between the template and functional monomer is essential.

However, this method has some shortcomings; these include a

long experimental period and so on. So, molecular dynamics

(MD) simulations are used to rationally design a molecularly

imprinted system and analyze the mechanism at the molecular

level, but few studies have focused on discussing the relation-

ship between template and the ideal monomer.30–33

In this study, by combining the method of the molecular

imprinting technique and MD simulations, we designed and

prepared MIPs to adsorb and separate NOR specifically. In

addition, this method could greatly improve the efficiency of

the preparation of molecularly imprinted materials with MD

simulation, and it could also reduce the material cost and

shorten the experimental time. What is more important, the

introduction of MD simulation is helpful for exploring and ana-

lyzing the molecular imprinting recognition mechanism of the

molecular imprinting process in the prepolymerization system.

It also has vital theoretical guiding significance for the rational

design and synthesis of molecularly imprinted materials that

can be used for the selective separation of environmental pollu-

tants. On the basis of the simulation results, three kinds of

MIPs were prepared as adsorbents, which were synthesized with

different ratios of template molecules (NOR) to functional

monomers [methyl acrylic acid (MAA)] to crosslinkers [ethyl-

ene glycol dimethacrylate (EGDMA)]. Then, the structures of

the MIPs were examined, and the adsorption performances

were analyzed. After that, we determined the best one of the

three that could selectively recognize NOR.

EXPERIMENTAL

Chemicals and Instruments

NOR, OFL, sulfamethoxazole (SMZ), MAA, EGDMA (98%),

azobisisobutyronitrile (AIBN; 99%), and triethylamine were

purchased from Aladdin Reagent Co. (Shanghai, China). Metha-

nol [analytical reagent (AR)], ethanol (AR), acetic acid (AR),

acetonitrile (ACN), and activated charcoal granular (AR) were

supplied by Sinopharm Chemical Reagent. All of these chemi-

cals and solvents were used without further purification.

A Shimadzu LC-2010A HPLC system equipped with an ultraviolet

detector (Shimadzu, Japan) was used to determine the concentra-

tion of NOR in solution. All of the separations were carried out on

a Waters C18 column (150 3 4.6 mm2, 5 m). The mobile phase

consisted of 0.05 mol/L phosphate buffer (the pH was adjusted to

2.4 with triethylamine) and ACN (80 : 20 v/v) and was filtered by a

microporous membrane. The filtration rate was 1.0 mL/min, and

the detection wavelength was set at 280 nm. The column tempera-

ture was 308C, and the injection volume was 20 lL.

A Tristar II 3020 instrument was used to measure the specific

area (in square meters per gram), pore volume (in cubic centi-

meters per gram), and pore diameter (in nanometers) of the

prepared nanoparticles. The S-4800 field emission scanning

electron microscope that we used was obtained from Hitachi.

The Nicolet Nexus 470 Fourier transform infrared spectrometer

that we used was obtained from Thermoelectrics.

MD Simulations

All-atom MD simulations were performed with the Materials

Studio 7.0 Windows software package (Accelrys, San Diego,

CA). All of the studied molecular systems and the construction

and simulation procession of the prepolymerization system were

made and parametrized with a Condensed-phase Optimized

Molecular Potential for Atomistic Simulation Studies (COM-

PASS) field. Before the molecular simulations of the prepolyme-

rization process, MD were examined on the preliminary

optimization of the molecular structure and energy of NOR,

MAA, EGDMA, and ACN, respectively. The optimization pro-

cess used a COMPASS field in a discover module, and the pre-

vious molecules were energy-minimized with 5000 steepest

descent and 5000 conjugate gradient steps to remove bad con-

tacts. After these optimization procedures, we built three virtual

boxes at a temperature of 298 K according to the ratios in Table

I, which continued to be energy-minimized, as in the previous

operation. To ensure that the energy of the prepolymerization

system stayed at a stable and relatively equilibrium state, we

needed to perform an MD simulation of the prepolymerization

system. First, the prepolymerization system was equilibrated

during a 200-ps time under conditions of cannonical ensemble

at a temperature of 298 K. Then, the systems were heated to

698 K and at equilibrium, again at a high temperature, with the

same simulation conditions as used previously. This step was

performed to allow the prepolymerization system to cross over

the energy barriers. Next, the temperature was reduced to 298 K
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and equilibrium again. After the operations, a simulated anneal-

ing process was initiated. This involved all of the components

in the system and was followed by a heating step (up to 698 K)

and then gradual cooling at in 10,000 steps with the annealing

instructions in the Forcite module under conditions of cannoni-

cal ensemble. Finally, we continued to equilibrate the system

under conditions of 298 K and 0.0001 GPa with an NPT ensem-

ble. The calculation of nonbonded interactions had a 10-Å

cutoff.

Radial distribution functions (RDFs) were performed to deter-

mine and analyze the structural characteristics of the prepoly-

merization system and the distribution of functional monomers

around the NOR molecule. Here, RDF [or g(r)] is defined as

the ratio between the observed number densities, and it was

derived from the Material Studio software directly.

Preparation of the Imprinted Polymers and Nonimprinted

Polymers (NIPs)

The NOR MIPs were prepared with different ratios of compo-

nents, and the composition of the prepolymerization mixtures

are presented in Table II. All these polymers were prepared by

thermally initiated polymerization within a 20-mL thick-walled

glass tube. NOR (1 mmol) and MAA (4, 8, 12 mmol) were dis-

persed in ACN (9 mL) with stirring for 2 h in an ice bath for

prepolymerization, and then, EGDMA (20, 40, 60 mmol) as a

crosslinker and 0.25 mmol of AIBN as an initiator were succes-

sively added to the previous solution. Then, the solution was

sonicated for 10 min and purged with nitrogen gas for 10 min

to remove oxygen before the glass tube was sealed. Next, the

tube was placed in a water bath at 608C for 24 h under nitrogen

protection with stirring. At the end of the period, the mixture

showed a milky suspension. After polymerization, the obtained

polymer particles were filtered and washed with ethanol and

distilled water, respectively, three times and then dried in vacuo.

Finally, we put the particles into a column, washed them with

methanol–acetic acid (9 : 1 v/v) to remove the template mole-

cules, and dried them in vacuo. The NIPs were prepared in an

identical manner but in the absence of template molecules. The

synthetic process is shown in Figure 1.

Adsorption Experiments

All of the following adsorption experiments, including adsorp-

tion isotherm, kinetic, and selectivity tests, were used to investi-

gate the adsorption properties and the specific adsorption

capacity of the MIPs and NIPs.

Adsorption Kinetic Studies. For adsorption kinetic studies,

MIPs (or NIPs, 10 mg) were suspended in a batch of centrifuge

tubes containing NOR aqueous solution (7 mL, 50 mg/L). The

centrifuge tubes were shaken in a vapor-bathing, constant-tem-

perature vibrator at a preset temperature of 298 K. Then, these

centrifuge tubes were taken out successively at defined times

(10, 20, 30, 60, 90, 120, 150, 180, 210, 240, 270, and 300 min)

and then centrifuged at 8000 rpm. The residual concentrations

of NOR were measured with the HPLC method, and the

adsorbed amount of NOR at time t was obtained with the fol-

lowing equation:

qt 5 C0 2 Ctð ÞV=m (1)

where qt is the adsorption capacity of the MIPs (or NIPs) at

time t (mg/g); C0 and Ct are the initial concentration of the

NOR aqueous solution and the concentration of the NOR aque-

ous solution at time t (mg/L), respectively; V is the volume of

the NOR aqueous solution (mL); and m is the mass of the

NOR MIPs (NIPs; mg).

Adsorption Isotherm Studies. For adsorption isotherm studies,

the MIPs (or NIPs, 10 mg) were added to 10 centrifuge tubes,

each containing 7 mL of NOR aqueous solution with concentra-

tion gradients from 10 to 100 mg/L. The mixtures were shaken

in a vapor-bathing, constant-temperature vibrator at a preset

temperature of 298 K. When the adsorption equilibrium time

(3 h) was reached, we then took all of the centrifuge tubes out

and centrifuged them at 8000 rpm. The supernatant was used

to determine the concentration of the NOR solution with the

Table I. Composition of the Simulated MIP Prepolymerization Mixtures

Polymer NOR (mmol) MAA (mmol) EGDMA (mmol) ACN (mmol) Molar ratio

MIP1 1 4 20 173 1:4:20

MIP2 1 8 40 173 1:8:40

MIP3 1 12 60 173 1:12:60

Table II. Materials Synthesized in This Study

Polymer NOR (mmol) MAA (mmol) EGDMA (mmol) AIBN (mmol) ACN (mmol)

MIP1 1 4 20 0.25 173

NIP1 0 4 20 0.25 173

MIP2 1 8 40 0.25 173

NIP2 0 8 40 0.25 173

MIP3 1 12 60 0.25 173

NIP3 0 12 60 0.25 173
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HPLC method, and the adsorption capacity was calculated

according to the following equation:

qe5 C02 Ceð ÞV=m (2)

where qe is the adsorption capacity of the MIPs (or NIPs; mg/

g) and Ce (mg/L) is the concentration of the final NOR

solution.

Adsorption Selectivity and Competitiveness Studies. First, 7-

mL solutions containing 50 mg/L NOR, OFL, or SMZ were pre-

pared, and 10 mg of MIP2 (or NIP2, where the number after

MIP and NIP represents experiments with different situations)

was added to each. Second, 10 mg of MIP2 was added to the

three-component mixtures containing 50 mg/L each of NOR,

OFL, and SMZ. The following operations were similar to the

adsorption isotherms. To highlight the adsorption performance

of MIP2, we used granular activated charcoal to adsorb the tar-

gets in solution, and the operation method was the same as

that used for MIP2. The temperature was set at 298 K for 3 h.

The structures of NOR, OFL, and SMZ are shown in Figure 2.

The selectivity and competitiveness of MIP were obtained with

the following equations [eqs. (3)–(5)]:

Kd5qe=Ce (3)

where Kd is the distribution coefficient (L/g):

k5Kd NORð Þ=Kd Rð Þ (4)

where k is the selectivity coefficient and R represents a competi-

tive compound, such as OFL or SMZ:

k05kMIPs=kNIPs (5)

where k0 is the relative selectivity coefficient.

RESULTS AND DISCUSSION

MD Treatments

In this section, the close degrees of NOR to MAA are discussed

from the standpoint of RDF. In Figure 3, the atoms that could

form recognition imprinting sites are labeled.14,34

The following figures show the RDFs of atoms that could form

imprinting sites. This was helpful for predicting the conditions of

the MAA molecules around NOR molecules. As shown in Figure

4, TN (atom N labeled in NOR (norfloxacin) in figure 3)–MH

(atom N labeled in NOR (norfloxacin) in figure 3) atomic con-

tact was present, the interaction of TN and TF of NOR with MH

of MAA. Within 3 Å, there were only TN2 (the number after

“TN” represents different atom N labled in NOR) and TF (atom

F labeled in norfloxacin in figure 3) atoms of MIP3 with peaks

of 5.4 and 3.7.35 In terms of these two interactions, we predicted

that TN2 and TF were the main interactions with MH of MAA.

The interactions between TN of NOR and MH of MAA of MIP3

Figure 1. Schematic for the preparation of the NOR MIPs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Chemical structures of NOR, OFL, and SMZ. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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were the weakest, and that with MIP2 was weaker than that with

MIP1.

As shown in Figure 5, the peak value of TO1 (atom O labeled

in NOR in figure 3)‘–MH of MIP2 was about 40, and this was

far higher than those of MIP1 and MIP3. When the distance

was more than 3 Å, there were no interactions between TO1

(the number after “TO” represents different atom O in NOR)

of NOR and MH of MAA. As shown in Figure 5(b), the analysis

was nearly the same as discussed previously, and the peak value

was about 12. As shown in Figure 5(c), when the distance

between TO3 and MH was closer, the peak value of MIP2 was

higher than those of the other two. This indicated that the

interactions of MIP2 between the TO atoms and MH were

stronger.

Figure 6 shows the interactions between TH (atom H labled in

NOR in figure 3) of NOR and MO (atom O labled in MAA in fig-

ure 3) of MAA. In Figure 6(a,b), we could hardly determine which

one, between MO1 and MO2, interacted with TH1 (the number

after “TH” represents different atom H labled in NOR) of NOR

more strongly. As shown in Figure 6(c,d), the peak of TH2–MO1

(the number after “MO” represents different atom O labled in

MAA) appeared at a closer distance, and the value was higher.

In conclusion, it was not hard to see that the strongest action

site was TO1–MH, and the distribution range was around 2 Å.

The TO2–MH action site was weaker than that of TO1–MH

but stronger than others. These interactions belonged to the

short form and easily formed hydrogen bond at the sites. We

predicted that TO–MH sites could play a dominant role in the

process of imprinting identification. Although the peaks of TN–

MH and TF–MH of MIP3 were higher than those of MIP2, the

TO–TH sites of MIP2 were stronger. So, the adsorption capacity

of MIP2 might have been bigger than those of MIP3 and MIP1.

This result was consistent with the results from Tang et al.36

Figure 3. Chemical structures of NOR and MAA and atoms studied with

RDFs. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 4. RDFs showing the probabilities of nitrogen and fluorine atoms of NOR at different separation distances from the hydrogen atom of MAA. r is a

certain distance from a solute atom and the average bulk atom. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Characterization

Nitrogen Adsorption Analysis. The specific area, pore volume,

and pore diameter values of the MIP2 and NIP2 particles were

calculated by the Brunauer–Emmett–Teller equation and the

Barrett–Joyer–Halendal model with single-point analysis. MIP2

was proven to have a higher specific surface area of 28.8 m2/g

than NIP2 (whose value was 11.3m2/g). This was attributed to

the cavities created by the imprinting process. The pore volume

and average pore diameter values of MIP2 and NIP2 were

0.53 cm3/g and 4.86 nm and 0.15 cm3/g and 4.32 nm, respec-

tively; this indicated that both were mesoporous. We expected

MIP2 to show a better adsorption performance than NIP2.

Scanning Electron Microscopy Analysis. Scanning electron

microscopy images of MIP2 and NIP2 are shown in Figure

7(a,b), respectively. As shown, we observed that there were

larger surface areas and more pores in MIP2 than in NIP2.

What is more, the surface of the MIPs was rougher than that of

the NIPs, and this was helpful for MIP2 in the improvement of

the adsorption ability to NOR.

IR Spectrum Analysis. As shown in Figure 8, the materials that

we produced were studied by IR spectroscopy. Lines a, b, c, and

d are the IR spectra of MIP2, MIP3, MIP1, and NIP2, respec-

tively. We found that the three kinds of MIPs had similar IR

spectral characteristics. This was mainly because the chemicals

used in the experiment were identical except for their dosages.

The adsorption peak at 3392 cm21 in the figure represents the

stretching vibrations of the amino group. The stretching vibra-

tion peak of the methyl or methylene group appeared at

2976 cm21, and the peak at 1729 cm21 represents the C@O

stretching vibrations. The vibration peaks of the formation of

methyl appeared at 1457 and 1391 cm21. Additionally, the

peaks appearing at 1259 and 1159 cm21 represented the bend-

ing vibration peaks of the hydroxyl group and the stretching

vibration peak of the CAO group, respectively.

Analysis of the Adsorption Kinetics

To study the adsorption mechanism, three models were used to

fit the experimental data; these included the pseudo–first-order,

pseudo–second-order,37 and Elovich kinetics models.38 These

three equations are expressed in eqs. (6)–(8). The parameters of

the fitting results are shown in Figure 9 and Table S1 (see the

Supporting Information):

qt 5qe 12exp k1tð Þ½ � (6)

qt 5qe
2k2t= 11qek2tð Þ (7)

qt 5ln abð Þ=b1ln t=b (8)

where k1 and k2 are the rate constants of the pseudo–first-order

and pseudo–second-order kinetics models, respectively; qe,exp

and qe,cal are the experimental and calculated values of binding

Figure 5. RDFs showing the probabilities of oxygen atoms of NOR at different separation distances from the hydrogen atom of MAA. r is a certain dis-

tance from a solute atom and the average bulk atom. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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NOR, respectively; a represents the initial adsorption rate; and b

is a constant related to the surface coverage.

As shown in Figure 9(a), the three kinds of MIPs had the same

trend to adsorb NOR, and MIP2 had a higher adsorption

capacity than MIP1 or MIP3. Increasing the size of the particles

increased its adsorption ability. However, when the size was

overly increased, this lowered the mass transport and adsorption

efficiency. So, the adsorption capacity did not continue to

increase, and MIP2 was chosen as the best one. As shown in Fig-

ure 9(a), we found that the adsorption kinetics of the MIPs were

divided into three stages. In the first 60 min, a rapid increase

was observed, and the phenomenon indicated that NOR was

delivered from the solution to the surface of the MIPs by hydro-

phobic interaction. The rate between 60 and 180 min became

lower because of the difficulty of osmosis. This was because the

empty imprinting sites became fewer and because of the

Figure 6. RDFs showing the probabilities of hydrogen atoms of NOR at different separation distances from the oxygen atom of MAA. r is a certain dis-

tance from a solute atom and the average bulk atom. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Scanning electron microscopy images of (a) MIP2 and (b) NIP2.
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diminution concentration difference between the solution and

the imprinting shell. After 180 min, the slope was approximately

zero and reached equilibrium. The adsorption capacity of MIP2

reached a value of 29.35 mg/g; this was higher than those of

reported MIPs.18,26 The trend of the NIPs was similar to that of

the MIPs, except in the second stage. Because the surface of the

NIPs did not have imprinting sites that could match with NOR,

the adsorption capacities of the NIPs were lower than those of

the MIPs, as is obvious in Figure 9. Furthermore, with the lack

of imprinting sites, the osmosis in the NIPs was unapparent.

As shown in Table S1 (see the Supporting Information), in a

comparison of the experimental and fitting data of the MIPs

toward NOR, pseudo–second-order kinetic model was the most

suitable for the experimental data, and the correlation coefficient

(R2) was closest to 1. So, we speculated that chemical adsorption

was the main adsorption during the process. Similarly, the

pseudo–first-order kinetic model adsorption was the best fit for

the adsorption behavior of the NIPs. The increase in the level of

adsorption saturation led to a decreasing adsorption rate.

Figure 8. Fourier transform infrared spectra of (a) MIP2, (b) MIP3, (c)

MIP1, and (d) NIP2.

Figure 9. Kinetic adsorption curves of the (a) NOR MIPs and (b) NIPs. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]

Figure 10. Adsorption isotherms curves of the NOR MIPs and NIPs. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4281742817 (8 of 11)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Analysis of the Adsorption Isotherms

In this study, the adsorption performance of the MIPs was

analyzed with two-parameter isotherm models, including the

Langmuir [eq. (9)] and Freundlich [eq. (10)] isothermal equa-

tions.39,40 The parameters of the fitting adsorption isotherm are

listed in Table S2 (see the Supporting Information), and the fit-

ting nonlinear regression curves are shown in Figure 10:

qe 5 qmLkLCe=ð11kLCeÞ (9)

qe 5 kF Cð1=nFÞ
e (10)

where qmL is the maximum adsorption amount of monolayer

adsorption, kL is the Langmuir constant, kF is a constant that

represents the adsorption capacity, and nF is a constant of

adsorption equilibrium.

The data of the static absorption experiment were further proc-

essed according to Scatchard [eq. (11)] analysis41 to estimate

the binding parameters of MIP2:

Q

Cf ree

5
Qmax2Q

kD

(11)

where Q is the amount of NOR bound to MIP2 at equilibrium,

Cfree is the equilibrium concentration of NOR, Qmax is the max-

imum binding capacity, and KD is the dissociation constant.

In a previous study,34 these isotherm models were preferably

interpreted as the adsorption process of the FQs on the

imprinted polymers. As shown in Figure 10, the adsorption

amount to NOR of the MIPs increased with increasing concen-

tration of NOR. Meanwhile, the adsorption amount of the NIPs

that grew more slowly was due to the absence of imprinting

sites. The adsorption process was mainly attributed to the phys-

ical adsorption. The MIPs showed a superior adsorption per-

formance compared to the NIPs. Under the same conditions,

the absorption capacity of the MIPs was much higher than that

of the NIPs, and this indicated that the MIPs had a significant

adsorption effect because of the imprinting sites. Additionally,

MIP2 had the best adsorption performance among these three,

and the reason was similar to that previously discussed in the

analysis of the adsorption kinetics. As shown in Table S2 (see

the Supporting Information), the Langmuir fitting model was

more suitable for the experimental data of the MIPs. This

Figure 11. Adsorption isotherm and Scatchard analysis of NOR MIP2.

RSD: relative standard deviation.

Figure 12. Adsorption capacity of different compounds on MIP2, NIP2, and activated charcoal. The solutions contained NOR, OFL, and SMZ,

respectively.

Table III. Selective Recognition Parameters of MIP2 and NIP2 in Mixed Solutions

NOR MIP2 NIP2

Mixed solution Kd k Kd k k0

NOR 0.7245 — 0.1942 — —

OFL 0.4187 1.730 0.2460 0.789 2.193

SMZ 0.0447 16.208 0.0277 7.011 2.312
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proved that the monolayer adsorption between the MIPs and

NOR resulted from the hydrogen bonds and electrostatic inter-

actions between NOR and the specific binding sites on the

surfaces of the MIPs. For the NIPs, the adsorption capacity

increased slowly because the adsorption behavior was

multilayer.

As shown in Figure 11, the Scatchard curve was set up to accord-

ing to the experimental results of MIP2. The two distinct sections

within the plot could be regarded as straight lines; this indicated

that two kinds of adsorption sites existed in MIP2. One had a

higher adsorption capacity, and the corresponding KD1 and Qmax1

values were 0.374 mmol/L and 0.279 mmol/g, respectively. The

other had low a adsorption capacity, and the KD2 and Qmax2 val-

ues were 0.772 mmol/L and 0.481 mmol/g, respectively.

Selectivity and Competitive Adsorption

The specific selectivity of MIP2 was evaluated by the following

experiments, and the results are shown in Figure 12 and

Table III. As shown in Figure 12(a), the adsorption capacity of

MIP2 toward NOR was higher than those toward OFL and SMZ.

More accurately, the adsorption amount of NOR was slightly

higher than that of OFL and much higher than that of SMZ. We

interpreted this to mean that the molecular structure of OFL was

similar to that of NOR. However, compared to SMZ, the struc-

ture was quite different. The adsorption capacity of MIP2 to

NOR was about eight times more than that to SMZ. What is

more, although the activated carbon had high adsorption capaci-

ties toward NOR, OFL, and SMZ, the selectivity was not clear.

As shown in Figure 12(b), the solution was mixed with NOR,

OFL, and SMZ (50 mg/L each). From this, we could see that the

adsorption capacity of activated charcoal toward all of the mix-

tures was equal. Compared with that toward activated charcoal,

the adsorption capacities of MIP2 toward them were different.

In addition, as shown in Figure 12, the adsorption amount was

less in the mixed solution than in the pure solution. The possible

reason was that the imprinting sites in MIP2 interacted with

both NOR and OFL. In the mixture, the total adsorption amount

of MIP2 toward NOR and OFL was nearly equal to the amount

of NOR in the simple NOR solution. Relative to NIP2, it dis-

played a lower adsorption capacity than MIP2 but a higher

capacity for NOR and OFL than for SMZ. This was probably

because the NOR combined with the functional monomer MAA

in NIP2. As listed in Table III, in the mixed solution, Kd and k

of MIP2 were higher than those of NIP2. Also, k0 indicated that

the adsorption capacity of MIP2 was better than that of NIP2.

In a word, MIP2 had a specific recognition ability toward NOR

because of hydrogen-bonding interactions, including physical

adsorption. Compared with other studies,23,29,36 the binding

selectivity of MIP toward NOR was significantly enhanced.

Regeneration of MIP2

To study the recyclability of NOR MIP2, cycling experiments

were carried out at a concentration of 50 mg/L NOR. The pro-

cess of adsorption was similar to the adsorption isotherms

experiment. With the experiment repeated five times and the

selection of the mixture of methanol and acetic acid (9 : 1 v/v)

as an eluent,42 the results are shown in Figure 13. The adsorp-

tion capacity of MIP2 lost only 7.12% after five cycles, whereas

the adsorption capacity of NIP2 remained unchanged. That

could have been because the imprinting sites were changed in

the process of repeated washing. However, because the imprint-

ing sites did not exist in the NIP, this indicated that the recycla-

bility of MIP2 was favorable.

CONCLUSIONS

We designed and synthesized molecularly imprinted materials to

absorb NOR specifically with a method that combined MD sim-

ulations and experimental preparation. As shown by the results,

MIPs prepared with NOR as a template, MAA as a functional

monomer, and EGDMA as a crosslinker at a ratio of 1 : 8 : 40

showed a high adsorption capacity (29.35 mg/g) and a short

equilibrium time (120 min). Furthermore, the regeneration and

selective adsorption of NOR were excellent even after five cycles.

In conclusion, the MIPs designed by MD simulations were

available and could be applied to practice, such as in the separa-

tion and detection of FQs.
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