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Biophysics, Faculty of Medicine, Trakya University, Edirne, Turkey

ABSTRACT
Plastic antibodies can be used for in vitro neutralization of bioma-
cromolecules with different fragments due to their potential in
separation, purification, chemical sensor, catalysis and drug pro-
duction studies. These polymer nanoparticles with binding affinity
and selectivity comparable to natural antibodies were prepared
using functional monomer synthesis and copolymerization of
acrylic monomers via miniemulsion polymerization. As a result,
the in vitro cytotoxic effect from diphtheria toxin was reduced by
MIPs. In vitro imaging experiments of polymer nanoparticles (plas-
tic antibodies) were performed to examine the interaction of
diphtheria toxin with actin filaments, and MIPs inhibited diph-
theria toxin damage on actin filaments. The enzyme-linked
immunosorbent assay (ELISA) was performed with plastic antibod-
ies labeled with biotin, and it was determined that plastic anti-
bodies could also be used for diagnostic purposes. We report that
molecularly imprinted polymers (MIPs), which are biocompatible
polymer nanoparticles, can capture and reduce the effect of diph-
theria toxic and its fragment A.

HIGHLIGHTS
� Macromolecules can be imprinted by using their fragments as
template molecules.

� MIPs gain an affinity for the template molecule by covalent
binding, non-covalent interactions or ligand interactions, as
well as the ability to bind, release and recognize the tem-
plate molecule.
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� The viability of cells treated with DT, NIPs and MIPs was deter-
mined by MTT assay.

� Immunofluorescence staining studies examined structural
changes in actin filaments in HUVEC treated with DT, NIPs
and MIPs.

� FA imprinted polymer has the ability to bind whole diph-
theria toxin.

� FA-MIP gave significant results in terms of specificity in ELISA
using diphtheria toxin.

1. Introduction

MIPs are synthetic receptors [1] that can be used in the recognition and binding of a
large number of molecules. MIPs have the potential to replace natural antibodies in
terms of their binding affinity and specificity to the template molecule. For this rea-
son, they are also called plastic antibodies [2]. In addition to the difficulties of natural
antibodies such as complex production processes and long production times, different
types of animals (rats, mice, rabbits, goats, etc.) are also needed for their production.
Therefore, new approaches have emerged, and it has become attractive to develop
MIPs that are easy to produce, low in cost and reusable [1–3]. MIPs gain an affinity
for the template molecule by covalent binding, non-covalent interactions or ligand
interactions, as well as the ability to bind, release and recognize the template mol-
ecule. Because of these properties, they can be used in separation, purification, chem-
ical sensor, catalysis, and drug production studies [4].

Although small template molecules can be imprinted, there are some technical dif-
ficulties in the imprinting of macromolecules. Macromolecules are incompatible with
organic solvents therefore the polymerization process must be carried out in an aque-
ous solution [5–8]. Epitope imprinting approach, which is a molecular imprinting
method, can produce MIPs with high affinity for the target macromolecule by using
fragments of macromolecules [9–12]. Diphtheria toxin (DT), a macromolecule with
A-B fragments, is secreted by Corynebacterium diphtheria bacterium and enters the
cell by endocytosis and then causes diphtheria, a respiratory tract and skin disease.
DT consists of receptor-binding (R-), transmembrane (T-), and catalytic (C-)
domains. The C-domain, which is an independent folding domain, forms fragment A
(FA), and the T- and R-domains form fragment B (FB) [13,14]. The R-domain binds
to the cell surface receptors such as epidermal growth factor receptor (EGFR), allow-
ing DT to enter the cell by endocytosis. T-domain inserts into the membrane after
decrease of pH in the endosome interior. T-domain has a monomeric globular form
comprised of ten a-helices at neutral pH (pH: 7.0). In the presence of anionic bilayers
and acidity, the protein undergoes conformational changes. T-domain assists mem-
brane insertion and translocation of C-domain across the endosome membrane into
the cytosol [15]. The C-domain is then proteolyzed from the R- and T-domains. The
C-domain reaching the cytosol inhibits the eukaryotic elongation factor 2 (eEF2)
translation factor, ending protein synthesis and causing cell death [13–16]. FA inhib-
its globular G-actin polymerization and initiates depolymerization of filamentous F-
actin [17–19].
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In our study, we aimed to bind the entire DT macromolecule by using the FA
template molecule imprinted plastic antibody. Since aqueous media are preferred for
imprinting, MIPs were prepared by miniemulsion polymerization technique. Allyl
N,N-diallyl phenylalaninate (TAPA), N-[3-(N,N-dimethylamino)propyl] methacryla-
mide and N-hydroxyethyl acrylamide were preferred as functional monomers.
Ethylene glycol dimethacrylate (EGDMA) was used as the crosslinker. Polymerization
was carried out in water-in-oil-in-water W/O/W emulsions. The emulsion was stabi-
lized using sodium dodecyl sulfate (SDS), poly (vinyl alcohol) (PVA) and hexadecane.
In addition, non-imprinted polymer (NIP) without template molecule was prepared
to determine the toxic effect of the polymer [20].

The cytotoxic effects of MIP, NIP and DT on human umbilical vein endothelial
cells (HUVEC) were determined by cell viability assay. Changes in the actin filaments
and cell nuclei of the cells were visualized by immunofluorescence staining [21–23].

In this study, we show that macromolecules can be imprinted by using their frag-
ments as template molecules. This approach is applicable for many toxins with frag-
ments and will provide a better understanding of molecular imprinting studies. It will
also contribute to the literature by revealing the therapeutic use potential of MIPs.

2. Materials and methods

2.1. Reagents

DT was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). 2-hydroxyethyl meth-
acrylate (HEMA), N-hydroxyethyl acrylamide, N-[3-(N,N-dimethylamino)propyl] metha-
crylamide, L-Phenylalanine, Allyl bromide, hexadecane, EGDMA, pentaerythritol tetrakis
(3-mercaptopropionate), SDS and PVA (Mw: 31,000 and 88% hydrolyzed) were obtained
from Sigma-Aldrich Co. (St. Louis, MO, USA). Camforquinone and 1-hydroxycyclohexyl
phenyl ketone were used as photoinitiators and were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thia-
zolyl blue (MTT) solution was purchased from Alfa Aesar. 3,30,5,50-Tetramethylbenzidine
(TMB) and Sulfo-NHS-LC-Biotin were obtained from Thermo Fisher. HRP-streptavidin
was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Bovine Serum Albumin
(BSA) was obtained from Capricorn.

2.2. Purification of fragment A

Commercially purchased DT was separated into A and B fragments using trypsin and
dithiothreitol (DTT) to obtain the template molecule FA for molecular imprinting
[24]. Four mg ml�1 of trypsin was added to the solution with 50mM Tris-HCl pH:
8.0 and 1mM EDTA was used to obtain FA. The solution was diluted 1:1000 (4mg
ml�1 trypsin). 5 ll of the solution was taken and 2mg ml�1 of DT solution was
added. After incubation for 30min at 25 �C, 0.1M DTT was added to the mixture
and then incubated at 37 �C for 90min. To dissociate the FA and FB fragments of
DT, the solution was treated with 0.6 mg ml�1 trypsin inhibitor at 25 �C [25,26].

AKTA Prime Plus liquid chromatography device was used to obtain the FA after
digestion. The device was calibrated with BSA [27]. A Hiprep 16/60 Sephacryl S-100
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column with a total volume of 120ml was used for purification. Then, digested DT
was added into the liquid chromatography device, and FA was collected in fractions
of 1ml at a pressure of 0.37mPa, at a rate of 1ml min�1. The peak values of FA and
DT on the graph were checked by comparing them with the values on the chromato-
gram image.

2.3. SDS-PAGE and Western blot analysis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (4%–12%)
and western blot were used to ensure digestion of DT. SDS-PAGE was performed
according to the Laemmli method [28] and the gel was stained with Coomassie
Brilliant Blue. In western blotting, the protein bands were transferred to a polyvinyli-
dene difluoride (PVDF) membrane (Invitrogen) using iBlotVR Gel Transfer Device
(Invitrogen). Anti-diphtheria toxin FA specific mouse monoclonal antibody (Abcam)
and an IgG conjugated secondary antibody (diluted 1:3000) were used to identify the
protein bands. Bands were visualized in TMB solution. Protein concentration was
determined using the buffer in the QubitTM Protein Assay Kit (Invitrogen), which
can calculate the sample range from 12.5 to 5 mg ml�1 (According to the manufac-
turer’s instructions).

2.4. Preparation of fragment A imprinted polymer nanoparticles

FA imprinted MIPs (FA-MIP) were prepared by miniemulsion polymerization [29].
HEMA (0.4 g), N-hydroxyethyl acrylamide (0.45 g), N-[3-(N,N-dimethylamino)propyl]
methacrylamide (0.1 g), TAPA (0.03 g) and hexadecane (0.03 g) were mixed and
EGDMA (0.02 g) and pentaerythritol tetrakis (3-mercaptopropionate) (0.03 g) were
added into this mixture. TAPA was synthesized similar to our previous publication
[20]. To form an oil-in-water (O/W) emulsion into the resulting mixture; 0.6% (wt/
vol) SDS, 0.3% (wt/vol) NaHCO3 and 2% (wt/vol) 0.1 g PVA were added and homo-
genized using an ultrasonic homogenizer (UP200Ht Hielscher) for 30 s at 25,000 rpm.
The template molecule (FA, 30 lg ml�1) was added to the O/W emulsion and mixed
for 30min to obtain a pre-polymerization complex. Then, 0.015 g of 1-hydroxycyclo-
hexyl phenyl ketone and 0.015 g of camphorquinone were added as photoinitiators.
To obtain W/O/W miniemulsion; The W/O emulsion was poured into 100ml of a
mixture of 0.05% (wt/vol) PVA and 0.1% (wt/vol) SDS. The mixture was stirred at
700 rpm using a magnetic stirrer and homogenized by an ultrasonic homogenizer for
30 s at 25,000 rpm.

The miniemulsion was placed in the photo-reactor (Luzchem’s LZC-ICH2 photo-
reactor) in a quartz reaction flask and the reaction mixture was stirred for 10min to
obtain FA-MIP. The imprinted nanoparticles were washed with 10% acetic acid solu-
tion and ethanol to remove unreacted monomers, initiator, and unbound FAs. The
polymerized nanoparticle solution was purified by dialysis against distilled water (at
least 3 times a day for 4 days) to remove FA from the nanoparticles. Non-imprinted
nanoparticles (NIPs) were prepared using the same protocol without the tem-
plate molecule.
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2.5. Characterization studies

TAPA was characterized with Fourier Transform Infrared Spectroscopy (FTIR, Perkin
Elmer ATR-FTIR spectrophotometer and Proton Nuclear Magnetic Resonance
Spectroscopy (1H NMR, Varian Gemini 400MHz) for structural confirmations. The
details were given in our previous paper [20].

Nanoparticle morphology was examined by using scanning transmission electron
microscopy (STEM-Philips XL30 ESEM-FEG/EDAX North Billerica, MA).
Nanoparticles were dissolved in water and a sample is placed on a grid. The sample
was lyophilized and the nanoparticles were dried. The morphology of the dried nano-
particles was examined by Scanning electron microscopy (SEM). Approximately
300�A gold plating was applied to the samples prepared by freeze fracturing in
liquid nitrogen.

2.6. Cytotoxicity and neutralization studies

HUVEC purchased from the American Type Culture Collection (ATCC) were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) containing 10% fetal
bovine serum and 100 IU penicillin/streptomycin at 37 �C and 5% CO2 incubator. For
the cytotoxicity experiments, 5 x 104 cells ml�1 per well were seeded into 96-well cul-
ture plates and then treated with 5, 10, 50, 100, 500, 1000, 5000, 10000 ng ml�1 DT
for 24, 48 and 72 h at 37 �C and 5% CO2. After the indicated treatments 0.5mg ml�1

of MTT was added into each well and the plates were incubated at 37 �C and 5%
CO2. The solution in each well was removed and 100ml of dimethyl sulfoxide
(DMSO) was added to the wells. Then, the plates were incubated for 30min in the
dark at room temperature. The cell viability was calculated by determining the
absorbance values of the cells in the plate wells by UV/Visible microplate reader
(Epoch, Biotek) at 570 nm wavelength. Experiments were performed in duplicate wells
and were repeated at least three times. The same procedures were performed for NIP
at 1, 2, 5, 10, 25, 50, and 100lg ml�1 concentrations.

In neutralization experiments, the DT neutralization efficiency of FA-MIP was investi-
gated in HUVEC was seeded into each well of 96-well plates and cells were treated with
100lg ml�1 DT and 1, 2, 5, 10, 25, 50, 100lg ml�1 FA-MIP for 24, 48 and 72h at
37 �C and 5% CO2. Cell viability was then determined by MTT. Experiments were per-
formed in duplicate wells and were repeated at least three times.

2.7. Immunofluorescence staining

Bacterial toxins have ADP-ribosylation effects on the filamentous actin (F-actin)
structure. Therefore, the morphological structures of F-actin in HUVEC were investi-
gated. To examine the morphological effects of DT on F-actin of HUVEC 115,000
cells ml�1 were seeded onto coverslip in each well of 6-well plates and cells were
treated with 5, 500, 5000 ng ml�1 DT for 24, 48 and 72 h at 37 �C and 5% CO2. After
incubation, cells were washed with PBS and fixed with 2% paraformaldehyde for 1 h
at room temperature. Then, the permeability of the cells was increased with 0.1% (v/
v) Triton X-100 in PBS for 15min. Afterward, cells were blocked with 5% BSA in
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PBS for 60min at room temperature. Next cells were washed 3 times with PBS and
labeled with Alexa Flour 594 phalloidin for F-actin and 40,6-diamidino-2-phenylindole
dichloride (DAPI) for nuclei. F-actin was visualized in Olympus DP2-TWAIN soft-
ware using the DP72 camera in an Olympus BX51 microscope.

2.8. Biotin-FA-MIP/NIP conjugate and ELISA

Sulfo-NHS-LC-Biotin (long chain biotin NHS ester, Thermo Fisher) was dissolved in
ultrapure water to a final concentration of 10mM according to the manufacturer.
Biotin labeling process depends on the distribution of protein concentration, amount
of reagent used distribution of amino groups on the protein [30]. Therefore, as the
manufacturer suggests the equation below was used to determine the amount of bio-
tin to be added onto MIP and NIP’s:

ml protein � mg protein
ml protein

�mmol protein
mg protein

� 20 mmol Biotin
mmol protein

¼ mmol Biotin

After 1 h of incubation in dark at room temperature, biotin-labeled samples (FA-
MIP or NIP) were dialyzed against PBS overnight at room temperature on a magnetic
stirrer to remove unbound biotin.

Microplates were coated with FA or DT (100 ml, 0.0021mg ml�1) into each well
followed by overnight incubation at þ4 �C. Each well was then conditioned by wash-
ing with PBS containing 0.05% Tween-20 (PBS-T) for 4 times. After washing with
PBS-T (4� 200 ml), blocking solution (1% BSA in PBS) was dispensed into the wells
followed by incubation for 1 h. This was followed by washing with PBS-T (4� 200 ml).
Biotin labeled FA-MIPs or NIPs were dispensed into each well (100ml, 0.002mg
ml�1) and incubated for 1.5 h. After washing with PBS-T (4� 200 ml) 100ml of strep-
tavidin-conjugated HRP (1:10000 dilution) in PBS was added into each well followed
by incubation for 1 h. The HRP substrate, TMB reagent (100 ml) was added to each
well followed by incubation for 5–10min and then the enzymatic reaction was
stopped by the addition of H2SO4 (0.5M, 50 ml). The plate was then read by UV/
Visible microplate reader (Epoch, Biotek) at 450 nm.

3. Results

3.1. Purification of diphtheria toxin fragment A

For the enzymatic digestion of DT, trypsin and trypsin-DTT were used separately
and demonstrated by SDS-PAGE. Trypsin-DTT was more effective than trypsin
(Figure 1a). Digested DT was injected into a fast protein liquid chromatography
(FPLC) device. The peak fractions seen in the chromatogram were collected (Figure
1b). Western blot analysis was performed with the proteins in the fractions. The 1st
peak fractions (36, 37, 38) had DT (full toxin) and the 2nd peak fractions (48, 49, 50)
had a very large amount of FA (Figure 1c). Thus, DT digestion with trypsinþDTT
was performed successfully and confirmed by SDS-PAGE, FPLC and western
blot analysis.
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3.2. Morphological characterization of imprinted polymer

Details for the structural characterization of the functional monomer TAPA are given
in our previous paper [20]. In conventional miniemulsion polymerization, strong sur-
factants are required to form effective, stabilized, and small nanosized micelles.
Usually, ionic surfactants such as SDS are used. PVA, a nonionic surfactant, has a
long nonionic polymer chain emulsifying. The combined use of SDS and PVA has a
remarkable effect on particle stability. Electrostatic repulsion between SDS molecules
is associated with PVA. This causes tension in the polyol chains and simultaneously
creates a very large charge area on the drop surface. The repulsive forces prevent the
nanodrops from approaching each other and delay the coalescence formation. In add-
ition, PVA is used to prevent the denaturing of the template protein in the presence
of SDS and to reduce the protein-surfactant interaction.

It is common in the literature to use co-surfactant hexadecane to obtain a stable
and regular particle size miniemulsion [20]. FA-MIP nanoparticles had a particle size
of about 100 nm in the STEM images (Figure 2a–c). In the SEM images, tightly

Figure 1. Enzymatic digestion of DT was determined by SDS-PAGE, chromatography, and western
blot studies. (a) SDS-PAGE gel image of DT after digestion with trypsin and trypsinþDTT (DT (full
toxin), FA and FB are seen in SDS-PAGE gel at the end of enzymatic digestion of DT). (b)
Chromatogram of Full DT toxin and FA fractions of DT given to the chromatography device after
digestion with trypsinþDTT (sample volume: 1ml, flow rate: 1ml min�1, DT concentration: 2lg
ml�1). (c) Western-Blot result using anti-FA (36–38; DT [full toxin], 48–50; FA).
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packed polymer chains are seen on the surface in the non-dialyzed sample (Figure
2d–g), while a porous and fibrous structure is observed in the dialyzed sample
(Figure 2h–k) when diphtheria is imprinted.

3.3. Cytotoxicity assays

3.3.1. Interactions of cells with diphtheria toxin
The cytotoxic effect of DT on HUVEC was determined by MTT assay and 500 ng
ml�1 DT killed approximately 50% of the cells after 24 h. In addition, cell viability of
cells treated with 5, 500 and 5000 ng ml�1 DT was below 25% after 48 and 72 h
(Figure 3).

3.3.2. Interactions of cells with non-imprinted polymer
The cytotoxic effect of NIP on HUVEC was determined by MTT assay. 1 and 10 lg
ml�1 NIP did not cause a significant decrease in cell viability after 24 and 48 h. Cell
viability was also above 50% after 72 h (Figure 4).

3.4. Immunofluorescent staining

The cytotoxic effect of DT on HUVEC was visualized by immunofluorescence stain-
ing (Figure 5). 500 ng ml�1 DT caused disruption of actin filaments after 24, 48 and

Figure 2. STEM and SEM images of freeze-dried cast films of FA-MIP nanoparticles before and after
dialysis. (a-c) In STEM images, FA-MIP nanoparticles have a particle size of about 100 nm. (d-g) In
the SEM images, tightly packed polymer chains with large pores are seen on the surface of the
non-dialyzed sample (magnifications: 500x, 2000x, 5000x and 50000x). The anchored particles
inside the pores are considered to be FA. (h-k) In the dialyzed sample, the porous and fibrous
structure is observed demonstrating the FA removal from nanoparticles (magnifications: 500x,
1000x, 5000x and 50000x).
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72 h (Figure 5c–j). In particular, actin filaments were severely damaged after 72 h.
Also, 5000 ng ml�1 DT caused complete destruction of actin filaments after 24 h
(Figure 5d).

The cytotoxic effect of NIP on HUVEC was also visualized by immunofluorescent
staining. At the end of 24 and 48 h, the actin filaments of the cells were not damaged.
MTT assay and immunofluorescent staining results were similar (Figure 6).

3.5. Neutralization tests

3.5.1. Interactions of cells with molecular imprinted polymer and diphtheria toxin
The cytotoxic effect of 100 ng ml�1 DT on HUVEC in the presence of FA-MIP was
visualized by immunofluorescent staining. After 24 and 48 h, the actin filaments of
the cells were significantly similar to the control cells (Figure 7).

Cell viability of HUVEC treated with 100 ng ml�1 DT in the presence of FA-MIP
was determined by MTT assay (Figure S1). After 24 h, the cytotoxic effect on
HUVEC treated with 100 ng ml�1 DT was neutralized in the presence of 1, 2 and
5 mg ml�1 FA-MIP (Figure S2). Notably, HUVEC cell viability treated with 100 ng

Figure 3. Cell viability of HUVEC treated with DT. Columns show mean values of three independ-
ent experiments (±SEM).

Figure 4. Cell viability of HUVEC treated with NIP. Columns show mean values of three independ-
ent experiments (±SEM).

JOURNAL OF BIOMATERIALS SCIENCE, POLYMER EDITION 9

https://doi.org/10.1080/09205063.2022.2145866
https://doi.org/10.1080/09205063.2022.2145866


ml�1 DT in the presence of 1 mg ml�1 FA-MIP was 25.04% higher than without FA-
MIP (Figure 8).

3.6. Binding efficiency and selectivity studies of FA-MIPs against DT

One of the purposes of this study was to use imprinted polymers in ELISA system. In
order to use biotin-streptavidin interaction as a detection system first we started with
the optimization of labeling NIPs with biotin. We labeled NIPs with 50, 100, 250 and
500 mg biotin and then removed unbound biotin with dialysis (Figure 9). There was
no significant difference between biotin concentrations and a final concentration of

Figure 5. Immunofluorescent staining images of HUVEC treated with DT at 10mm and 100x magni-
fication after 24–48–72 h. For 48 and 72 h, DT concentrations of 5000 ng ml�1 were not included
in the experiment since actin filaments lost their structural properties to a great extent at 500 ng
ml�1 DT concentration.

Figure 6. Immunofluorescent staining images of HUVEC treated with NIP at 10mm and 100x mag-
nification after 24–48 h.
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100 mg biotin was used to label NIP and FA-MIPs for DT and FA ELISA. We showed
with ELISA results that FA-MIPs can bind to both whole toxin (DT) and its fragment
(FA) with the same affinity (Figure 10).

Figure 7. Immunofluorescent staining images of HUVEC treated with 100 ng ml�1 DT and 0, 1, 10,
100lg ml�1 FA-MIP at 10mm and 100x magnification after 24–48 h. In the presence of FA-MIP,
the structure of actin filaments (red) in HUVEC was not disrupted by DT. DT: a, e: 0 ng ml�1, b, c,
d, f, g, h: 100 ng ml�1; FA-MIP: a: 0mg ml�1, b: 1mg ml�1, c: 10mg ml�1, d: 100mg ml�1, e: 0mg
ml�1, f: 1mg ml�1, g: 10mg ml�1, h: 100lg ml�1.

Figure 8. Cell viability of HUVEC treated with DT in the presence of FA-MIP. Cells were treated
with 100 ng ml�1 DT and 1, 10 and 100lg ml�1 FA-MIP for 24, 48 and 72 h. Columns show mean
values of three independent experiments (±SEM).

Figure 9. Determination of biotin-NIP interaction by ELISA method. NIPs were labeled with 50,
100, 250 and 500mg biotin and the absorbance values of the interactions between each other
were determined. (a) dialyzed, (b) non-dialyzed. Columns show mean values of three independent
experiments (±SEM).
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4. Discussion

In this study, we determined that the FA-MIPs can bind macromolecules with select-
ive affinity. We synthesized FA-MIP based on antibody-antigen interactions and
defined it as plastic antibody.

There are two main problems encountered in the preparation of biomacromolecule
imprinted materials. The first is the denaturation of proteins or peptides during the
imprinting process. To avoid this problem, the reactions and imprinting process must
be carried out under physiological conditions (neutral pH, aqueous medium and
room temperature) [31]. The second problem is slow mass transfer. Although
molecular imprinting has recently been used for biomacromolecular targets such as
peptides and proteins, imprinting problems have not been completely overcome
[31–33]. Therefore, there is an increasing interest for epitope imprinting approach in
current studies. Shea et al. used a plastic antibody against the bee venom mellitin (26
amino acids) to treat mice infected with mellitin for the first time, adding a new
dimension to molecular imprinting applications [34]. Our template molecule is DT
(535 amino acids), which has a much larger molecular weight than mellitin. In
another study using epitope imprinting, boronate affinity-anchored epitopes used as a
template for imprinting of b2-Microglobulin (B2M) containing 99 amino acids and
myoglobin (Mb) containing 153 amino acids [12]. Other researchers have immobi-
lized hemoglobin (Hb) on silica nanoparticles and then fragmented by trypsin diges-
tion. HB-selective MIPs was synthesized by imprinting the peptides obtained by
washing after digestion [10]. In our study, we preferred the miniemulsion polymeriza-
tion technique by the surface imprinting method. The main reason for this choice is
the miniemulsion technique is that it eliminates the problems of other conventional
emulsion polymerizations such as water dissolution and transport of reactants
through the aqueous phase. Moreover, during the miniemulsion polymerization reac-
tion time, under ideal conditions, the monomer drops are small in size, homogeneous
and kinetically stable.

One of the reasons we prefer DT as a template molecule is that it consists of frag-
ments A and B, which can be separated by enzymatic digestion. From this point of
view, we aimed to capture all of the DT by imprinting the FA fragment obtained by

Figure 10. Interaction of DT and FA with FA-MIP. ELISA results showed that FA-MIPs could bind to
both the whole toxin (DT) and its fragment (FA) with the same affinity. Columns show the mean
values of three independent experiments (±SEM).
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enzymatic digestion. One of the remarkable results of this study is that the FA-MIP
we developed for FA has the ability to bind whole DT. This finding shows that plastic
antibodies that recognize the whole antigen molecule can be synthesized by imprint-
ing epitopes on antigen molecules as template molecules. Thus, it will be possible to
eliminate the mass transfer problem.

In summary, our data reveal that macromolecules can be imprinted by epitope
approach in molecular imprinting. In addition to in vitro studies on the HUVEC cell
line, in vivo studies are also needed to increase the efficiency of the plastic antibody.

5. Conclusion

To conclude, it was shown that FA can be used as a template molecule for the syn-
thesis of MIP with specificity against DT. However, for certain practical applications,
using epitopes as template molecules is more economically profitable than using
whole biomolecules or their parts. Therefore, it is necessary to emphasize that selec-
tion of the epitope is important to insure high recognition and strong binding of
macromolecules.
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