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A B S T R A C T

This study reports on the synthesis and adsorption properties of molecularly imprinted porous magnetic mi-
croparticles (MIP) based on the biodegradable and sustainable poly(2-pyrrolidone) (PPD or PA4). These new
PPD MIP materials were obtained via activated anionic ring-opening polymerization of 2-pyrroldone carried out
at 40 °C, in the presence of iron fillers and bovine serum albumin (BSA) as a template. Neither solvent, nor
additional crosslinking or porogen agents were used in the PPD MIP synthesis. Analogously, PPD particles
without BSA imprinting (NIP) were also produced. Depending on the microparticles composition, their yields
were in the 55–70 wt% range, the average size varying between 8 and 25 µm. After characterization of the
surface topography of all samples, their adsorption capacity toward the BSA target was assessed as a function of
the adsorption time, protein concentration and pH of the medium. All three PPD MIP samples displayed ad-
sorption capacity toward BSA being up to one order of magnitude higher as compared to other BSA-imprinted
polymer systems. It was found that the rebinding of BSA on MIP is best described by the Langmuir isotherm,
whereas for rebinding on NIP the Freundlich isotherm was the more adequate model. On this basis, the nature of
the adsorption on MIP and NIP was discussed. The adsorption toward two other proteins, namely Ovalbumin and
Cytochrome C was also tested. The newly synthesized BSA-imprinted PPD MIP displayed selective adsorption for
the BSA target being dependent on the pH values of the medium. The easy recovery of the Fe-containing MIP and
the capacity of all MIP samples for multiple sorption/desorption cycles was demonstrated.

1. Introduction

The molecular imprinting technology (MIT) is a method for ma-
nipulation of the micro- and nanostructure of synthetic polymers
creating in them tailor-made recognition sites that are complementary
to a specific template: molecule, macromolecular assembly or even
microorganisms [1]. A molecularly imprinted polymer (MIP) is formed
by polymerization of a functional monomer around the template, ty-
pically in the presence of a cross-linker and a porogen [2]. Prior to the
polymerization, the template and the functional monomer interact to
form complexes, whose nature and exact constellation defines the ar-
chitecture of the recognition sites and distinguishes the different types
of MIT from each other [3]. The concluding stage of MIP formation
comprises full or partial elimination of the template molecule being
necessary for the recognition to occur in the spaces vacated by the
imprinted species. The final MIP material contains a three-dimensional
network presenting cavities with geometry and positions of the func-
tional groups (i.e., a molecular lock) complementary to those of the
template (a matching molecular key) [1–3].

Since the pioneering work of Polyakov in the 1930s using silica
templates [4], there has been continuous development in the areas of
design, preparation, characterization, and applications of MIPs.
Nowadays there exist a vast number of scientific studies, many ex-
cellent reviews [1,5–8] and monographs [9] on this interdisciplinary
subject. The elevated scientific interest resulted in gradual maturation
of MIT opening many pathways for potential industrial application of
MIP materials, e.g., in separation and purification of liquids and gases,
in chemical and biochemical sensors, artificial antibodies, as a part of
drug delivery systems and heterogeneous catalysis, among others [6].
Applications of MIP for selective recognition of explosives has also been
reviewed recently [10].

There are two main types of MIP materials based on either covalent
and noncovalent interactions between the template and the functional
monomer. The covalent imprinting requires creation of chemical bonds
between the template and the monomer and is generally considered
more complex to realize [5]. Non-covalent imprinting can proceed by
ionic bonding, van der Waals forces, π-π interactions or hydrogen bond
formation.
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The role of the functional monomer in MIT is twofold: (i) to form a
pre-polymerization complex with the template by providing appro-
priate functional groups and (ii) to produce the imprinted polymer in
the form of micro- or nanoparticles, membranes, in-situ prepared
monoliths or monolayers. The functional monomers most frequently
used in the noncovalent interaction belong to the group of vinyl- and
vinylidene monomers, such as acrylic or methacrylic acids and their
polymerizable derivatives, styrene and its derivatives, vinyl pyridines,
and similar [11]. The vast majority of MIPs for a wide range of func-
tional groups and template structures are commonly prepared by some
kind of free radical polymerization, initiated either thermally or pho-
tochemically [12–15]. The synthesis of MIP by atom-transfer radical
polymerization (ATRP) [16] and click polymerization [17] was also
reviewed. In most of the cases, the MIP polymerization should involve
an appropriate solvent-porogen to create the necessary porous structure
facilitating the template elution, as well as one or more bi-functional
crosslinking monomers to fix the key-building block complexes during
the 3D-polymer network formation [2,18].

So far, MIPs have been successfully applied for the recognition and
detection of a wide range of small organic moieties: metal ions such as
Pb(II), Hg(II), UO2

-2, and entire molecules of pesticides, fungicides,
amino acids, antibiotics, among others [1]. Templates for MIPs re-
presenting large and finely, multi-level structured biological species for
MIPs as peptides and proteins [19,20], viruses [21], and cells [22,23]
have also been reported, however, successful imprinting in these cases
still remains a great challenge [8,24]. The principal problem here is
related to the quite complex and easily changing three-dimensional
structure of these templates that could be denaturated or otherwise
upset in the process of the MIP-forming polymerization [11,12]. Pro-
teins are poorly soluble in organic solvents. They can additionally cause
undesirable changes in their 3D structure during the MIP synthesis.
Moreover, the large molecules of the protein template could remain
arrested in the porous cross-linked MIP structure thus obstructing the
template elution. To avoid this, a very precise control of the copoly-
merization of the crosslinking agent is required to ensure a complete
template elution and sufficient analyte absorbance during rebinding
[25].

Most biological templates such as proteins and enzymes are struc-
tural homologs of polyamides (nylons). This fact makes the latter quite
attractive as MIP lock building blocks for imprinting of biomacromo-
lecules. Thus, Dmitrienko et al. [26] reported the use of polyamide 6
(PA6) for the molecular imprinting of proteins, hemoglobin and ade-
nosine triphosphate. Their method is based on precipitation of pre-
formed PA6 from a water/fluorinated alcohol solution in the presence
of DMFA porogen and the respective biomolecule. The advantage of this
method as compared to others resulting in molecularly imprinted
polyamides based on physical methods [27,28] is that the MIP forms at
25 °C. However, the use of highly aggressive organic solvents that are
difficult to eliminate and the fact that the resulting PA6-based MIPs are
not biodegradable are restrictive for many biotechnological applica-
tions.

Among the polyamide group, poly-2-pyrrolidone (PPD), i.e. poly-
amide 4 (PA4) is very attractive and environmentally promising
polymer due to its biodegradability, biocompatibility and good me-
chanical performance, accompanied by a very high density of the amide
hydrogen bonds. Unfortunately, the engineering applications of PA4 are
limited by its low thermal resistance. However, this is not a drawback
for biotechnology where the low-temperature processes are pre-
dominant. Therefore, PA4 can be an excellent candidate for lock-
building blocks in protein imprinting. There is no information up to
now about the use of activated anionic ring opening polymerization
(AAROP) of lactams for the development of polyamide-based MIP. Very
recently a new method was reported producing PPD microparticles in
good yields, with controlled size, shape, and porosity by AAROP of 2-
pyrrolidone (2PD) [29]. The one-pot process was performed at tem-
peratures as low as 40 °C, can be applied for the preparation of

magnetic-responsive microparticles and does not require solvents or
other additional components.

The main objective of this work is to use low-temperature and sol-
ventless AAROP to synthesize smart protein-imprinted PPD-based mi-
croparticles with magnetic response using two types of Fe magnetic
particles and bovine serum albumin (BSA) as a template. The kinetics of
BSA rebinding was studied, followed by adsorption isotherms analysis
and evaluation of their adsorption capacity as a function of the BSA
concentration and pH of the medium. Selectivity studies with rebinding
of other proteins were also performed. The reusability of the synthe-
sized PPD-MIP systems was also assessed by multiple sorption/deso-
rption experiments toward BSA target at three different pH.

2. Experimental

2.1. Materials

The 2PD functional monomer, the template protein BSA (lyophi-
lized powder) and all solvents used in this work are of analytical grade
and were supplied by Sigma Aldrich - Portugal. As activator of the
anionic polymerization the commercial product Brüggolen C20 from
Brüggemann Chemical (Germany) was used that according to the
manufacturer contains 80 wt% of aliphatic diisocyanate blocked in ECL.
The polymerization initiator sodium dicaprolactamato-bis-(2-methox-
yethoxo)-aluminate (Dilactamate, DL) is also a commercial product
purchased from Katchem (Check Republic) and used without further
treatment. Soft, non-insulated iron particles (Fe content > 99.8%),
with average diameters of 3–5 µm were kindly donated by the manu-
facturer BASF, Ludwigshafen, Germany. Two types of such iron parti-
cles were used - without (Fe) and with phosphate coating (Fe(C)). The
ovalbumin (OVA, lyophilized powder,> 98%) and the Cytochrome-C
(Cyt-C, lyophilized powder,> 95%) proteins used in the rebinding se-
lectivity studies were supplied by Sigma Aldrich. All buffer solutions
(0.1 M phosphate buffers with pH 4.0, 5.0 and 7.0) were prepared with
double-distilled water.

2.2. Synthesis of MIP and NIP

The low-temperature AAROP of 2PD to PPD magnetic responsive
microparticles was described in detail in a previous publication [29].
Fig. 1S of the Supporting Materials presents the reaction scheme. For
the synthesis of magnetic responsive PPD-MIP the same process was
applied occurring in the presence of BSA. Thus, 0.2 mol of 2PD were
stirred with 1.0 wt% lyophilized BSA and 1 wt% of Fe or Fe(C) mi-
croparticles at 25 °C for 30 min. Subsequently, the C20 activator and
the DL initiator were added under stirring, in inert atmosphere. Then,
the temperature of the reaction mixture was set to 40 °C and the
pressure to 50 mbar for the next 7 h. After AAROP completion, the
resulting reaction mixture was dispersed in acetone and filtered thus
removing most of the unreacted 2PD. To elute the BSA template, the
raw PPD-MIP systems were dispersed consecutively in 1.0 M NaCl,
filtered, then washed with 0.1 M borate buffer, pH = 9.0, filtered again
and finally washed with distilled water. This procedure was repeated
several times. After every cycle samples of the water filtrates were
subjected to UV-spectroscopy. The elution of template protein from
PPD-MIP samples was considered completed after the disappearance of
the UV peak at λ = 286 nm typical of BSA. In order to eliminate the
PPD oligomers, the resulting fine powders were extracted with me-
thanol in a Soxhlet for 4 h, dried in vacuum and stored in a desiccator.
The respective samples without BSA imprinting (PPD-NIP) were pre-
pared by the same procedure without introducing BSA into the poly-
merization mixture. The final PPD-NIP microparticles were washed
subsequently with acetone and methanol and then subjected to a 4 h
Soxhlet extraction with methanol. Table 1 shows the designation of all
MIP and NIP samples synthesized in this study and some of their most
important structural and morphological characteristics.
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2.3. Structural characterization by spectral methods

The PPD-MIP and PPD-NIP microparticles were subjected to
Fourier-transform infra-red spectroscopy with attenuated total reflec-
tion (FTIR-ATR) in a Perkin-Elmer Spectrum 100 apparatus at a re-
solution of 2 cm−1 accumulating up to 16 spectra. In all of the protein
adsorption and BSA elution experiments the respective concentrations
were determined by UV–VIS spectroscopy using a Shimadzu UV-
2501PC spectrometer.

2.4. Morphological, crystallization and thermal degradation studies

The scanning electron microscopy (SEM) studies were performed in
a NanoSEM-200 apparatus of FEI Nova using mixed secondary elec-
tron/back-scattered electron in-lens detection. The pulverulent samples
were observed after sputter-coating with Au/Pd alloy in a 208 HR
equipment of Cressington Scientific Instruments with high-resolution
thickness control. The real Fe load RL and the thermal stability of all
MIP and NIP samples were established by means of thermogravimetric
analysis (TGA) in a Q500 gravimetric balance (TA Instruments), heating
the samples in the 40–600 °C at 20 °C/min in a nitrogen atmosphere.
The real Fe content, RL, of the MIP and NIP was calculated according to
Eq. (1):

= −R R R( )·100, [%]L i PPD (1)

where RPPD is the carbonized residue at 600 °C of neat PPD particles and
Ri represents the carbonized residue of the respective metal-containing
PPD-MIP or PPD-NIP sample.

2.5. Adsorption kinetics

Such studies assessing the adsorption capacity as a function of time
were performed with both MIP and NIP systems to find out the time to
reach the sorption-desorption equilibrium. Thus, 0.1 g of each powder
sample were placed in a test tube containing 3.5 ml of 1.0 wt% of BSA
in 0.1 M phosphate buffer (pH 7.0). The total incubation time was
180 min at 37 °C, shaking the test tube at a constant rate. Aliquot
amounts of 0.1 ml were removed from the supernatant in the test tube
after seven different incubation times in the 15–180 min range. These
amounts diluted to 2 ml with the same buffer were studied by UV
spectroscopy determining the absorption of BSA at λ = 286 nm. Using
a calibration curve obtained with BSA standard, the concentration of
protein in the supernatant after each incubation time was determined
and from there – the amount adsorbed by the MIP/NIP system studied.
Thereafter, the adsorption capacity Q of the each PPD sample was de-
termined [30]:

=
−Q C C V
m

( ) , [mg/g]0
(2)

wherein C0 [mg/ml] is the initial concentration of the BSA solution, C
(mg/ml) is the measured momentary concentration of BSA in the

supernatant, V (ml) is the volume of the BSA solution and m [g] is the
mass of the MIP or NIP sample. Relating the Q values of the MIP to that
of the respective NIP sample, the imprinting factor IF was calculated
[31]:

=IF Q
Q

·100 [%]MIP

NIP (3)

2.6. Adsorption isotherms

These studies were carried out in a relatively broad concentration
range and enabled to relate the adsorption process in all samples and
conditions to an appropriate model. Thus, different initial BSA solutions
were prepared with concentrations of 0.25, 0.5, 1.0, 1.5 and 2.0 wt%,
each concentration in 0.1 M phosphate buffers with three pH values –
4.0, 5.0 and 7.0, i.e., below, approximately at, and above the isoelectric
point of BSA [31]. Having in mind that the sorption-desorption equi-
librium of BSA on PPD MIP and NIP systems is established between 60
and 120 min of incubation at 37 °C, the isotherms were constructed
exactly in this time interval. The procedure for each one of the PPD-MIP
and PPD-NIP systems for a given BSA concentration and given pH of the
medium can be exemplified as follows. In a test tube with 0.1 g of the
pulverulent sample were added 3.5 ml of a 0.25 wt% solution of BSA in
0.1 M phosphate buffer at pH = 7. The test tube is incubated at 37 °C
under shaking removing aliquots of 0.1 ml of the supernatant after 60,
90 and 120 min. Each one of these aliquots was diluted with 1.9 ml of
phosphate buffer (0.1 M, pH = 7). The three resulting solutions were
studied by UV spectroscopy determining the intensity of the peak at
286 nm. This procedure was repeated for all of the five BSA con-
centrations at three different pH values, for three incubation times: 60,
90 and 120 min. Three UV measurements were performed in each point
to enable error evaluation.

2.7. Adsorption selectivity studies

To evaluate the recognition capability of PPD microparticles mole-
cularly imprinted with BSA, these MIPs were used as adsorbents of two
different proteins, namely ovalbumin (OVA, =M̄w 43 kDa, isoelectric
point pI = 4.7) and Cytochrome C (Cyt C, =M̄w 12.4 KDa e pI = 10.2)
selected as competitors for the BSA template ( =M̄w 68 kDa e pI = 4.9).
Solutions of the three proteins were prepared with equal concentrations
of 0.1 wt% in three different 0.1 M phosphate buffers with pH7.0, 5.0
and 4.0. For each of these studies 0.1 g of the three MIP samples were
used as adsorbents applying a procedure similar to that of the adsorp-
tion isotherms. The only difference was that the MIP samples were in-
cubated for three times, i.e., between 60, 120 and180 min to make sure
that the sorption/desorption equilibrium was reached for the OVA and
Cyt C. Calibration curves were used for the calculation of the OVA and
BSA residual concentrations after certain incubation time, on the basis
of the intensity of the UV peak at 286 nm, while in the case of Cyt C the
peak at λ = 410 nm was used.

Table 1
Sample designation and initial consolidated data of MIP and NIP samples.

Sample designation PPD Yield, %a % of oligomers Real Fe content, RL, %b η, dL/g dmax, µm dmax/dmin

PPD-NIP 59.4 4.4 – 0.923 8–15 1.1–1.2
PPD-MIP 49.7 6.5 – 0.928 10–20 1.2–1.3
PPD-Fe-NIP 69.9 3.5 2.10 – 10–20 1.2–1.3; (3.4–4.0)
PPD-Fe-MIP 61.2 6.9 1.94c – 15–25
PPD-Fe(C)-NIP 62.7 4.7 2.80 – 10–20 1.2–1.3; (3.6–4.1)
PPD-Fe(C)-MIP 54.3 6.4 2.64c – 15–25

Notes: For magnetic responsive samples always 1 wt% Fe or Fe(C) was used.
a In relation to the 2PD monomer.
b Determined by TGA, according to Eq. (1).
c Determined after elution of BSA from MIP.
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3. Results and discussion

3.1. Synthesis and characterization of PPD MIP and NIP microparticles

The preparation of PPD porous microparticles without molecular
imprinting via AAROP of 2PD [26] proved that the DL/C20 catalytic
system provides successful solventless synthesis of PPD microparticles
at temperatures as low as 40 °C, the final yields of polymer reaching
52–63 wt%. The presence of ferromagnetic microsized particles into the
reaction mixture did not affect the kinetic of AAROP reaction resulting
in production of PPD magnetic responsive microparticles. As expected,
the NIP samples of this work obtained under the same conditions dis-
played quite similar yields (Table 1). Applying AAROP to obtain BSA-
imprinted PPD-MIP microparticles without and with magnetic payloads
showed 43–54 wt% final monomer conversion, the lower values being
due to the more rigorous washing/purification procedure with various
solvents and filtrations. Notably, the anionic polymerization in this case
uses the excess of the 2PD as a solvent, at temperatures excluding
thermal denaturation or disruption of its secondary or tertiary struc-
ture. An additional advantage of using AAROP for the MIP synthesis is
that the chain propagation is accompanied by PPD crystallization that
affixes the topology of the porous microparticles making redundant any
crosslinking or pore-forming agents.

The intrinsic viscosity [η] (see the Supporting information)) of PPD-
NIP and PPD-MIP samples was almost identical − 0.92–0.93 dL/g
(Table 1). It can be therefore concluded that the presence of BSA in the
AAROP reaction medium did not inactivate the DL/C20 catalytic
system, the 2PD conversion to PPD and the molecular weight of the
PPD-MIP particles being identical to those of the PPD-NIP controls.
Moreover, the [η] values of our NIP and MIP samples are similar to
those of PPD microspheres obtained by a different method involving
AAROP of 2PD [32].

The average size of the MIP particles based on optical microscopy
with application of the respective image-processing software was found
to be 10–25 µm (dmax in Table 1, Fig. 2S of Supporting Information) and
was always larger than that of the respective NIP controls (8–15 µm).
The roundness of the major fraction of either PPD-NIP or PPD-MIP
particles (dmax/dmin) (Fig. 3S) was in the 1.1–1.3 range, i.e., it does not
depend on the BSA presence. The Fe-containing particles displayed
3–5 wt% of aggregates with aspect ratio of up to 4.0 most probably
resulting from attraction between magnetized particles prior to their
coating by PPD.

More details on the morphology of the PPD-NIP and PPD-MIP par-
ticles can be obtained by SEM (Fig. 1). The micrographs of the PPD-NIP
(line 1) display spheroidal porous particles with sizes of the individual
particles between 5 and 8 µm (1a), the latter forming also aggregates
with average sizes close to 20 µm (1b). The MIP samples before (images
2a and 2b) and after washing (3a and 3b) also reveal aggregation to
entities with average sizes of 20–25 µm. At larger magnifications the
PA4-NIP samples display porous, scaffold-like topology with visible
pore diameters in the range of 70–120 nm. At the same time, the mi-
crographs of MIPs before (2c) and after washing (3c) display average
pore sizes of 130–180 nm and above 200 nm, respectively. Notably, the
pores in the MIP before washing that still may contain physically ad-
sorbed BSA on the surface of the particles, are smaller than those in the
final MIP that should be free of template protein molecules. The surface
cavities in the MIP in image 3c display also a well-expressed and quite
specific topography being distinct from all other samples in Fig. 1.

Fig. 2 compares the surface morphologies at larger magnifications of
NIP and MIP samples carrying Fe- (images a–c) and Fe(C) payloads
(d–f). It can be seen that in the respective final MIPs after washing of
the template protein, the average sizes of the pores on the surface vary
in the 130–200 nm and 120–170 nm, respectively. It seems also that the
Fe magnetic particles of both types with average diameters of 4–5 µm
are not located on the surface but in the core of the MIP particles. As
seen from the EDX traces in Fig. 2d and f, the FeKα and FeKβ peaks only

appear if the electron beam is directed into the pores (location Z2),
rather than if it hits a non-porous spot of the MIP surface (location Z1).

The SEM images in Figs. 1 and 2 support the supposition that the
removal of the template molecules by selective elution frees the re-
cognition sites on the surface of the MIP particles, thus making better
visible the imprinted cavities. It can be therefore hypothesized also that
due to the porosity of the MIPs, the multiple washing procedures with
organic and aqueous solutions will reach, dissolve and remove the BSA
molecules from the particleś interior as well.

The FT-IR spectra of PPD-NIP sample and of the respective MIP at
different stages of its preparation are presented in Fig. 3. All spectra
display clear peaks for Amid I at 1633 cm−1 and Amid II at 1535 cm−1

with almost identical intensities. This is a clear indication for the
fixation in both NIP and MIP samples of the trans-conformation of the
NH-CO group, being typical for polyamides, which means that even at a
temperature as low as 40 °C polymerization can occur. In the PPD-NIP
sample (curve 1) a weak peak at 1710 cm−1 is registered attributable to
terminal eCOOH functional groups. In the PPD-MIP sample (curve 3) a
similar peak exists being shifted to higher wavenumbers.

All spectra in Fig. 3 display strong bands slightly above 3250 cm−1

typical of associated NH groups found in all semi-crystalline poly-
amides. In addition to this, the PPD-MIP spectrum before BSA elution
(curve 2) shows peaks at 3545 and 3460 cm−1 of the symmetrical and
asymmetrical vibrations of associated (i.e., H-bonded to C]O) terminal
NH2 groups. The latter cannot belong to the PPD polymer, since the
accepted mechanism of lactam AAROP excludes the presence of such
groups in the neat PPD [33]. Therefore, the presence of the peaks at
3545 and 3460 cm−1 in the unwashed PPD-MIP sample must be at-
tributed to entrapped protein template. As seen from curve 3 in Fig. 3,
in the final PPD-MIP sample after washing, the NH2 bands do not dis-
appear completely. Even after the consecutive elution of the BSA by
various solvents described in the Experimental part, some small but
observable amounts of the template protein remain within the porous
PPD-MIP particles. The reasons could be that either the solvents cannot
reach and remove all BSA entrapped in the core of the MIP particles, or
that some BSA molecules (or their fragments) became chemically
bonded to the chain ends of the PPD forming during the AAROP due to
chain transfer to the BSA during the AAROP.

The TGA studies of all NIP and MIP samples presented in Fig. 4 are
in favor of the second hypothesis. Let us first consider the TGA traces
generated on PPD samples without magnetic particles (Fig. 4a). The
PPD-NIP sample (curve 1) represents a typical sigmoidal decomposition
curve in which the 5% weight loss occurs at 202 °C. In the PPD-MIP
after template elution (curve 3) the same decomposition level is regis-
tered at 231 °C, the whole TGA curve being shifted with ca. 30 °C to
higher temperatures, i.e., the final MIP sample represents higher
thermal resistance. Similar behavior was observed in PPD obtained by
AAROP of 2PD with subsequent conversion of the terminal lactam rings
into eNH2 groups [34].

The mass of carbonized residue at 600 °C for the PPD-NIP and PPD-
MIP after elution is 1.2 wt% and 2.0 wt% respectively, whereas with the
PPD-MIP before elution (curve 2) this value is close to 6 wt%. These
data indicate that ca. 85% of the BSA template was removed by the
elution procedures. The non-eluted BSA (or part of it) should be che-
mically bonded to the PPD in the MIP sample, otherwise a clear low-
temperature degradation step in curve 3 should have appeared right
after 100 °C, as observed in the MIP sample before elution of BSA
(Fig. 4a, curve 2).

The Fe and Fe(C) bearing NIP and MIP samples (Fig. 4b and c)
display a degradation behavior very similar to that of the PPD-NIP and
PPD-MIP, hence the same chemical modification of the terminal groups
of the PPD chains by BSA fragments can be suggested. The shift be-
tween the TGA curves of the NIP and final MIP samples (Fig. 4b and c,
curves 1 and 3) reaches 43–45 °C. Comparing the carbonized residues at
600 °C of the PPD-NIP to that of the metal-containing MIP and NIP
allows the determination of the real Fe and Fe(C) contents (Table 1).
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The latter varies between 2.0 and 2.5 wt%, being dependent on the
degree of conversion of 2PD to PPD.

3.2. Rebinding properties of MIP and NIP with BSA

3.2.1. Kinetics of adsorption
The first stage of studying the adsorption capacity Q of the MIP/NIP

sample pairs included a comparative investigation of its time depen-
dence (Fig. 5, Table 2). This kinetic study was performed with all im-
printed and not imprinted systems using 1.0 wt% of BSA in 0.1 M
phosphate buffer, pH 7 and changing the adsorption time in the
0–180 min range.

Generally, the kinetic curves of MIP and NIP are similar in shape
and display three zones. The initial fast linear increase of Q between 0
and 20 min is followed by a loss of linearity of the curves between 20
and 60 min, in some of the cases until 90 min, then followed by a
gradual stabilization after 90 min.

Above 90 min all curves saturate indicating equilibrium in the ad-
sorption/desorption process. Notably, during the initial 15 min of ad-
sorption, the slopes of the curves for the PPD-Fe(C)-MIP/NIP (Fig. 5c)

almost coincide displaying similar Q values (Table 2), whereas the
other two samples PPD-MIP (curve 5a) and PPD-Fe-MIP (curve 6b)
displayed higher adsorption rate even in the beginning of the process.

With adsorption times larger than 20 min, i.e., after the initial linear
stage, the MIP samples display better binding capacity toward the BSA
analyte. The differences between the Q-values of MIP and NIP reach at
equilibrium values of 35–55 mg/g or 10–16% (Table 2). This is an in-
dication of successful imprinting of the target protein in all of the three
MIP samples of this study. It should be noted that their rebinding ca-
pacity toward the BSA target is from 5 to 6 times up to one of magni-
tude higher as compared to other BSA-imprinted MIP systems [16,35].
Furthermore, the proper NIP samples also display high values of Q, the
main reason being most probably the similarity in the chemical struc-
ture of the BSA target and the PPD platform. Both contain amide
functional groups that, along with the formation of H-bonds, are also
capable of electrostatic interactions across the interface. The even
higher adsorption capacity of the three PPD-MIP samples can be as-
cribed to the special recognition sites developed in MIP during the
imprinting process. The kinetic study allowed also to find the necessary
times for reaching the adsorption equilibrium, which was used

1a 1b 1c

2a 2b 2c

3c3b3a

Fig. 1. Selected SEM images of PPD microparticles: 1 – PPD-NIP; 2 – PPD-MIP (before washing); 3 – PPD-MIP (after washing).

N.V. Dencheva, et al. European Polymer Journal 122 (2020) 109375

5



subsequently to assume the adequate adsorption model for each MIP
system and conditions set.

3.2.2. Absorption isotherms models
To study further the nature of interactions between the MIP samples

and the BSA template, the adsorption isotherms for all PPD-MIP sam-
ples were obtained at 37 °C, using initial BSA concentrations in the
0.25–2.0 wt% range. Three different incubation times were applied, 60,
90 and 120 min. One more parameter that was varied was the acidity of
the medium using starting BSA solutions in 0.1 M phosphate buffers

with pH7, 4 and 5, i.e., above, below and approximately at the iso-
electric point of the BSA template. The consolidated results for all MIPs
are presented in Qe = f(Ce) plots in Fig. 6.

In each graph Ce is the residual concentration of BSA in the solution
at equilibrium (mg/ml) and Qe is the sample capacity of BSA absorption
at equilibrium (mg BSA/g MIP). The visual inspection of the isotherms
allows the conclusion that at pH7 and pH5 all of them are of the L-type,
according to the classification of Gilles et al [36]. In this case, the Ce

and Qe values decrease with the increase of solute concentration in-
dicating a progressive saturation of the MIP surface. At pH4, the L-
character of the curves is maintained for absorption times of 60 and
90 min, while at 120 min no saturation of the Ce e Qe values is regis-
tered, which indicates a different adsorption mechanism. One can hy-
pothesize that under such conditions aggregation of BSA molecules
could occur prior to their adsorption on the substrate. For shorter in-
cubation times or lesser initial BSA concentration (e.g., below 2 wt%)
this effect is not observed, i.e., adsorption of single BSA molecules oc-
curs.

To extract quantitative and qualitative information about the nature
of the adsorption process, the isotherms in Fig. 6 should be interpreted
in terms of a specific adsorption model. In this work, the isotherms were
fitted to the models of Langmuir and Freundlich, which are the most
frequently used for solid-liquid systems [37]. The theory of Langmuir
deduces the following linearized relation between Ce and Qe:

= +
C
Q Q K Q

C1
·

1 ·e

e max l max
e

. (4)

where Qmax (mg/g) is the theoretical maximum adsorption capacity of
the MIP, and KL (mL/mg) is the Langmuir dissociation constant.

The linearized equation of Freundlich can be presented as:

= +logQ logK
n

log C1 ·e F e (5)

where KF and n are empirical constants characterizing a certain

a b c 

d e f 

Z1

Z2 

Fe
Fe

C

O Au 

C

O Au 

Fig. 2. Selected SEM images (maximal magnification) of Fe and Fe(C) containing PPD microparticles: a – PPD-Fe-NIP; b – PPD-Fe-MIP (before washing); c – PPD-Fe-
MIP (after washing); d – PPD-Fe(C)-NIP; e – PPD-Fe(C)-MIP (before washing); f – PPD-Fe(C)-MIP (after washing).

3750 3500 3250 3000 1750 1500 1250

Wavenumber, cm-1

17103460 3545 
1 

2 

3 

Fig. 3. Attenuated total reflection FT-IR spectra of PPD powders: 1 – PPD-NIP; 2
– PPD-MIP – before BSA elution; 3 – PPD-MIP – after BSA elution.
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adsorption process at a given temperature.
Thus, all curves in Fig. 6 were fitted to both Eqs. (4) and (5) using

linear regression, calculating in the case of Langmuir model values for
Qmax, KL and the regression coefficient R2. In the case of the Freundlich
model, KF and n were determined, along with the respective R2 values.
The fits of all isotherms related to MIP are presented in graphical form
in Figs. 4S and 5S of the Supporting information. The respective nu-
merical data are consolidated in Tables 3 and 4. The applicability of one
or another model was decided after comparing the two regression
coefficients for the same sample and condition, excluding the model
with the lower R2 value.

3.2.3. Absorption isotherms analysis
Comparing the R2 values related to both adsorption models applied

to all MIP samples allow the conclusion that for neutral and slightly
acidic conditions (i.e., ÷pH 5 7), it is the Langmuir model that de-
scribes the isotherms more adequately for all adsorption times. Having
in mind the presuppositions of this model, under the said conditions,
the BSA is expected to form monolayers upon the energetically homo-
geneous surface of the respective MIP adsorbent, without significant
lateral interaction between the protein macromolecules. It should be
noted that at pH7 the template protein is above its isoelectric point and
hence bears a negative charge. At the same time, the MIP particles are
also negatively charged with Z-potentials of −31.5 ÷ −28.6 eV
(Table 1S of the Supporting Information). The relatively high Qmax

value of 450 mg BSA/g MIP observed (Table 3, pH7) means that the

efficiency of the adsorption process in this case should be attributed to
the specific 3D surface architecture of the adsorbing PPD particles ob-
tained during the imprinting. The presence of imprinted cavities exactly
fitting the protein template molecules makes the non-covalent inter-
actions between BSA monolayer and the MIP surface strong enough to
overcome the expected electrostatic repulsion between the negatively
charged protein macromolecules and MIP particles.

At pH 5 the protein template is at its isoelectric point, i.e. elec-
troneutral. At the same time, the Z-potential values of MIPs continue
negative but are lower and vary between −14.2 eV for PPD-MIP and
−10.9 eV for PPD-Fe-MIP. The excellent Qmax value of> 600 mg/g of
the PPD-Fe-MIP after 60 min adsorption time shows the pure effect of
the molecular imprinting of BSA not influenced negatively by electro-
static repulsion forces. Notably, under these conditions the PPD-Fe(C)-
MIP sample presents Qmax values of 556 mg/g, whereas with the PPD-
MIP not bearing iron fillers Qmax drops to 357 mg/g. Apparently, the
presence of Fe filler can strongly influence the adsorption on MIP at
certain pH values.

At pH4 and adsorption times of 60 min (for samples PPD-MIP and
PPD-Fe(C)-MIP the interval is extended to 90 min), the Langmuir model
continues to be more adequate with R2 being higher than 0.98
(Table 3). There it is the PPD-MIP that displays the outstanding Qe value
of 667 mg/g (60 min).

One would expect intuitively that with the increase of the incuba-
tion time Qmax would either increase or saturate. For several samples in
Table 3 (i.e., (PPD-MIP, pH 7; PPD-Fe-MIP pH 5 and PPD-Fe-MIP pH 4))

Fig. 4. TGA traces in the 40–600 °C range of: a – PPD; b – PPD-Fe; c – PPD-Fe(C). 1 – NIP; 2 – MIP before BSA extraction; 3 – MIP – after BSA extraction. For samples
designation see Table 1.
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this is not the case, the Qmax values at 90 min being quite low. This
observation may raise the question about a possible morphological in-
homogeneity of the MIP samples that would affect the Qmax reprodu-
cibility. It should be noted that the MIP sample subjected to incubation
times in the 60–120 min range is always the same with constant mor-
phology or homogeneity. The adsorption capacity of the MIP particles
changes because they start gradually to be covered by analyte mole-
cules. It seems that with the MIP samples indicated after the initial
“coating” with BSA for 60 min incubation, the equilibrium is shifted
toward partial desorption. Whether or not this will happen and to what
extend will probably depend on the topography of the MIP particles.

The latter, provided that the synthesis conditions were rigorously the
same for all samples, will depend on the amount and type of magnetic
particles implemented in MIP.

A notable exception from the Langmuir model is the adsorption time
of 120 min (including also 90 min for the PPD-Fe-MIP), where the
Freundlich model displays significantly better R2 values for all MIPs
(Table 4). In the latter case, one deals with adsorption upon en-
ergetically heterogeneous surfaces, i.e., formation of multilayers of BSA
with strong interaction between the protein macromolecules. More-
over, n values above 1 and close to 2 and the high KF values (Table 4,
pH 4, 120 min), obtained for all MIPs indicate quite favorable het-
erogeneous process with best adsorbate/adsorbent affinity.

A possible explanation of the preferential multilayer adsorption on
MIPs at higher acidity and high adsorption times can be related to the
electrostatic interactions between adsorbent and adsorbate. Thus, at
pH 4 BSA is below its isoelectric point and therefore positively
charged. As seen from Table 1S, the Z-potentials of PPD-MIP and PPD-
Fe(C)-MIP are −3.8 and −2.7, respectively, while the PPD-Fe-MIP has
already a positive value slightly above 1. Here, the non-covalent in-
teractions due to the imprinted 3D structure of MIP will be com-
plemented, especially after longer adsorption times, by the electrostatic
attraction between BSA and MIP resulting in multilayer heterogeneous
adsorption, in which the quantity of the adsorbed protein can infinitely
grow. Table 1S shows also that all NIP samples possess more negative Z-
potential values as compared to the MIP counterparts. This effect can be
explained with deprotonation and negative charges of the terminal
COOH groups of the PPD macromolecules in NIP, while in MIP the
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Fig. 5. Time dependence of the adsorption capacity of MIP and respective NIP samples at pH7, 1.0 wt% BSA target solution in 0.1 M phosphate buffer: (a) PPD; (b)
PPD-Fe; (c) PPD-Fe(C). The error bars are comparable with the point size.

Table 2
Absorption capacities in MIP and NIP samples after 15 min and after reaching
the equilibrium of adsorption. The maximum possible adsorption capacity
(total amount of BSA) is 350 mg/g.

Sample
designation

Absorption capacity Q after
15 min, mg/ga, (%)b

Absorption capacity Q at
equilibrium, mg/ga, (%)b

PPD-MIP 151.6 ± 1.0 (43.3 ± 0.3) 248.1 ± 0.8 (70.9 ± 0.2)
PPD-NIP 135.7 ± 0.9 (38.8 ± 0.3) 203.2 ± 2.5 (58.1 ± 0.7)
PPD-Fe-MIP 169.3 ± 1.6 (48.4 ± 0.5) 252.3 ± 0.4 (72.1 ± 0.1)
PPD-Fe-NIP 127.8 ± 1.5 (36.5 ± 0.4) 202.4 ± 0.4 (57.8 ± 0.1)
PPD-Fe(C)-MIP 138.1 ± 0.2 (39.5 ± 0.1) 238.1 ± 1.2 (68.0 ± 0.3)
PPD-Fe(C-NIP 133.9 ± 0.3 (38.3 ± 0.1) 196.7 ± 2.2 (56.2 ± 0.6)

a As calculated according to Eq. (2).
b In respect to the total amount of BSA.
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presence of NH2 groups at the terminuses that are prone to protonation
and formation of NH3

+ moieties will decrease the negative charges of
the particles.

Summarizing, the factors that determine the nature and the quan-
titative characteristics of BSA rebinding onto imprinted PPD samples
are the pH of the medium, the time of adsorption and the presence of
ferromagnetic particles in the MIP adsorbent. By appropriate control of
these factors, one can achieve either adsorption in non-interacting
monolayers governed by the recognition of the template molecules

from the imprinted adsorbent, or non-controlled multilayer adsorption
with strong interaction between the adsorbed layers. Under most of the
conditions studied adsorption of single BSA molecules should be ex-
pected. It seems that at pH = 4 after long incubation and in a saturated
BSA solution the analyte molecules could first aggregate and then ad-
sorb on the substrate forming multilayers. Within the concentration
range of 0.2–2.0 wt% of BSA, the isotherms of NIP are close to linear,
not showing saturation. Evidently, NIPs can be used whenever ad-
sorption of large amounts of protein is necessary on the same substrate.

pH 7 

PPD PPD-Fe PPD-Fe(C) 

pH 5 

pH 4 

Fig. 6. Absorption isotherms of all MIP samples at three different pH conditions. Three isotherms are presented for each sample with absorption times of: −
60 min; − 90 min and − 120 min- For samples designation see Table 1.

Table 3
Regression coefficients and basic adsorption parameters for MIP materials obtained for three pH values and for three adsorption times according to the Langmuir
model. The bolded numbers represent the deviations from the Langmuir model.

R2 Qmax, mg/g KL, ml/g

Sample pH 60 min 90 min 120 min 60 min 90 min 120 min 60 min 90 min 120 min

PPD-MIP 7.0 0.987 0.993 0.999 368 329 441 0.223 0.380 0.215
PPD-Fe-MIP 0.982 0.982 0.998 228 291 357 0.11 0.81 0.72
PPD-Fe(C)-MIP 0.998 0.992 0.997 319 455 455 0.65 0.33 0.36

PPD-MIP 5.0 0.999 0.999 0.999 357 455 513 0.30 0.19 0.20
PPD-Fe-MIP 0.996 0.999 0.999 613 444 585 0.12 0.45 0.14
PPD-Fe(C)-MIP 0.997 0.999 0.999 556 461 435 0.18 0.24 0.54

PPD-MIP 4.0 0.999 0.998 0.887 667 500 526 0.14 0.24 0.40
PPD-Fe-MIP 0.969 0.791 0.594 388 358 500 0.20 0.25 0.17
PPD-Fe(C)-MIP 0.996 0.991 0.769 345 370 435 0.66 0.36 0.30
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As the process will produce multilayers, no selectivity should be ex-
pected in this case.

It should be noted also that no leaching of Fe2+ or Fe3+ ions was
observed in the respective magnetic MIPs and NIPs (see the Supporting
materials), which is an advantage for future biological applications.

3.2.4. Comparison between MIP and NIP adsorption capacity
Calculation of the QMIP/QNIP relationship (i.e., the imprinting factor,

IF) as a function of the pH value and BSA concentration at a fixed ad-
sorption time of 2 h is presented in Fig. 7. The IF values higher than 1
indicate better adsorption capacity of MIP, whereby at IF close to or
lower than unity, the NIP particles show comparable or better adsorp-
tion capacity than MIP.

For all three samples the data clearly show that the IF depend not
only on pH but also on the BSA initial concentration. At pH 5.0–7.0, i.e.,
at and above the BSA isoelectric point and initial concentration range of

Table 4
Regression coefficients and basic adsorption parameters for all MIP materials obtained for 3 pH values and for three adsorption times according to the Freundlich
model.

R2 n KF, ml/g

Sample pH 60 min 90 min 120 min 60 min 90 min 120 min 60 min 90 min 120 min

PPD-MIP 7.0 0.958 0.957 0.987 1.70 2.02 1.66 73.3 87.6 78.0.9
PPD-Fe-MIP 0.719 0.801 0.898 3.00 2.50 2.36 106 116 129
PPD-Fe(C)-MIP 0.901 0.958 0.960 2.37 1.85 1.83 114 107 111

PPD-MIP 5.0 0.976 0.983 0.979 1.93 1.61 1.56 84.4 74.8 85.7
PPD-Fe-MIP 0.991 0.948 0.987 1.38 2.10 1.44 65.7 10.1 74.3
PPD-Fe(C)-MIP 0.981 0.977 0.959 1.50 1.69 2.11 83.5 90.7 13.4

PPD-MIP 4.0 0.983 0.963 0.990 1.37 1.64 2.03 77.6 93.5 14.5
PPD-Fe-MIP 0.998 0.986 0.922 1.77 2.48 1.83 71.5 93.8 87.4
PPD-Fe(C)-MIP 0.924 0.960 0.949 2.28 2.00 2.00 119 95.2 107

Fig. 7. Influence of the pH and the initial BSA concentration on the Imprinting factor IF = QMIP/QNIP, of the all three samples; a – PPD; b – PPD-Fe and c – PPD-Fe(C);
QMIP and QNIP are determined after 2 h incubation time at 37 °C.
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0.25–1.0 wt% of BSA, the IF values are between 1.8 and 1.2 for the
three systems - PPD, PPD-Fe and PPD-Fe(C). In this case, the adsorption
obeys the Langmuir model presuming the formation of BSA monolayers
upon a surface with a topography being complementary to the target
protein. The PPD-Fe MIP (Fig. 7b) is definitely more effective than the
respective NIP in neutral medium only, having maximum IF values
between 1.5 and 1.8 at BSA solutions concentrations up to 1 wt%. This
system exemplifies in the best way the advantages of the molecular
imprinting that governs the adsorption process in neutral medium.
There, electrostatic attraction between PPD surface and target BSA
protein BSA is excluded, even repulsion between equally charged target
and MIP is to be expected. As regards the PPD-MIP and PPD-Fe(C)-MIP
(Fig. 7a, c), these systems prove to be more useful in media with acidity
close or below the BSA isoelectric point when BSA does not have
charge, or both entities are oppositely charged.

Increasing the BSA concentration above 1.5 wt% irrespective of pH
leads to IF values close or below 1. At this condition it is the NIP par-
ticles that adsorb equally or even better than MIP. This should be re-
lated with the formation of multilayers of BSA related to the Freundlich
adsorption model. There, the adsorption process depends pre-
dominantly on the interaction between these protein layers and less on
the complementary surface topology created by the imprinting process.

3.2.5. Rebinding selectivity of MIP with other proteins
In order to evaluate the capacity of BSA-imprinted MIPs to re-

cognize and adsorb other proteins, selectivity experiments were per-
formed using, apart from the template BSA, two more target proteins:
OVA, being with lower molecular weight and isoelectric point similar to
that of BSA, and Cyt C with a significantly smaller molecule and much
higher isoelectric point. All MIPs were incubated with 0.1 wt% initial
protein concentration, at three different pH, the adsorption time being
180 min (Fig. 8).

In a neutral medium, (Fig. 8a) the three MIP systems adsorb pre-
dominantly BSA (up to 85% of the initial concentration), whereby the
adsorbed OVA amount is 2.5–5.0 times less. It should be noted that at
pH7 both BSA and OVA are electronegative and will be repulsed elec-
trostatically from the negatively charged MIP surface in a similar way.
The big difference in the adsorption capability of BSA and OVA in this
case, can be explained with the presence of cavities on the MIP surface
with shape and active centers being complementary to the BSA tem-
plate and not to OVA. It should be noted that the OVA macromolecule is
smaller than that of BSA and therefore could easily be accommodated
into the larger BSA-imprinted cavities. However, it seems that here the
formation of recognition sites with proper geometry in the cavities is
more important than the sizes of the latter. The adsorption capacity of
Cyt C at neutral conditions as compared to BSA is with 60% inferior,
that is one more notable experimental fact. At pH 7 Cyt C is electro-
positive and will be attracted to the MIP surface electrostatically. In
addition, the molecule of this protein is much smaller which enhances
additionally its adsorption. Still, it is the template BSA that displays
better adsorption capacity, which should be attributed to the properly
imprinted shell of the MIPs.

At pH 5 (Fig. 8b) the MIP samples show comparable adsorption
capacities toward OVA and BSA (in both cases close to 85%). Since the
two proteins are at their isoelectric point, there are no possibilities for
additional electrostatic interactions with the adsorbing surface of MIPs
and the imprinted cavities accept almost equally BSA and OVA. Most
probably, at pH 5 the BSA and OVA have similar shape of their 3D
structure. At the same time, Cyt C reaches only ca. 53% of its maximum
adsorption capacity, even in the presence of attraction with the im-
printed surface, i.e., the three MIP samples maintain their selectivity
toward Cyt C.

At pH 4 (Fig. 8c) the adsorption capacity of BSA template reaches
its maximum (up to 92% on PPD-MIP), whereas the adsorption of OVA
and Cyt C is 64% and 54%, respectively. At these conditions, the three
proteins are below their isoelectric point, i.e. all are positively charged

and capable of electrostatic interactions with MIP adsorbents. Never-
theless, the latter adsorb with preference the template protein. This
means that below the isoelectric point of all proteins studied, the three
PPD-MIPs retain their selectivity toward the BSA template. The in-
creased adsorption capacity of the BSA-imprinted MIPs toward the
template, as compared to the two other proteins in neutral and slightly
acidic media justifies more systematic investigations on the adsorption
selectivity of MIP.

3.3. Recovery and reuse of PPD MIP

In addition to the above structural and adsorptions investigations, it
seems relevant to study two factors directly related to the practical
application of the PPD-based MIP, namely their effective recovery from
aqueous medium and reuse in multiple sorption/desorption cycles.

The introduction of ferromagnetic particles into MIP in the stage of
AAROP was intended to enable MIP instant and complete recovery by
means of simple magnetic attraction. Fig. 9 visualizes the separation
and recovery of the BSA-loaded PPD-Fe-MIP sample. It should be noted
that the PPD-Fe-MIP contains ca. 2 wt% of Fe which seems to be enough
for an almost instant and complete separation from the initial water
suspension.

The possibility to perform multiple protein adsorption/desorption
cycles with the same PPD-based MIP is of great importance for its po-
tential application as reusable matrix in biotechnological reactions.
Fig. 10 displays the results of a 5-time adsorption/desorption of the BSA
template studied for the three MIP systems of this work at three pH
values.

The BSA adsorption was performed for 60 min from 1 wt% BSA
solution as indicated in the Experimental part, Adsorption kinetics
section. The BSA elution was performed according to the procedure for
MIP purification. The results in Fig. 10 suggest that the MIP of this
study can be reused five or more times, maintaining their adsorption
capacity around 60% at pH = 7 and pH = 5. Notably, the Fe-charged
MIP prepared for easier removal by magnetic interaction, perform, as a
rule, slightly better than the neat PPD-MIP reaching higher BSA ad-
sorption and equal or better removal during each cycle. It can be
therefore concluded that the PA4-based MIP systems of this study have
potential as reusable selective adsorbents for biotechnological appli-
cations.

4. Conclusions

A novel synthetic route was developed for molecular imprinting of
bovine serum albumin template protein in porous PA4 microparticles
that carry ferromagnetic fillers. It is based on activated anionic poly-
merization of 2-pyrrolidone (γ-butyrolactam) carried out at 40 °C in the
presence of the template protein and the Fe fillers. The combination of
protein imprinting with magnetic susceptibility brings two advantages:
selective rebinding of the target protein and easy collection by an ex-
ternal magnetic field. The process produces poly(2-pyrrolidone) mi-
croparticles with controllable porosity (100–200 nm) and average size
of 15–25 µm, in which BSA is entrapped. The major part of the en-
trapped BSA (ca. 85%) can be eluted by washing with organic and
aqueous solvents to produce the final molecularly imprinted PPD mi-
croparticles. The rest of the BSA or its fragments becomes chemically
bonded to the terminuses of the PPD macromolecules. Whenever the pH
of the BSA solution is neutral or equal to its isoelectric point and the
BSA concentration does not exceed 1.5 wt%, the adsorption capacity of
the BSA-imprinted samples toward the template is with 50–80% higher
than that of similar microparticles without imprinting. At these condi-
tions the adsorption is described by the Langmuir isotherm, supposing
the formation of monomolecular layers of BSA, non-covalently bonded
to the imprinted PPD particle. The surface topology of the latter is
complementary to the shape and active centers of the BSA macro-
molecules. Excellent maximal adsorption capacities of above 600 mg
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BSA/g MIP were obtained at pH 5–7, being significantly higher than in
the known BSA-imprinted MIP. At solution concentrations above 1.5 wt
% of BSA and pH 4, the adsorption process with PPD MIP particles is
more adequately described by the Freundlich isotherm. The BSA ad-
sorption by all NIP samples at all concentrations and pH values studied
is also described by the Freundlich model postulating multilayer ad-
sorption with strong interaction between the protein layers. Under
these conditions, the adsorption is not governed by the surface topo-
graphy of the PPD particles. The new PPD-MIP systems display

selectivity toward the template protein depending on the pH of the
medium. The Fe-containing PPD-MIP can be easily and completely re-
moved from water suspensions by simple magnetic interaction. All PPD-
MIP are reusable in five or more sorption/desorption cycles, whereby
the more complete the desorption is carried out, the higher the new BSA
load during the next cycle could be.
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Fig. 8. Adsorption capacity of template BSA and other proteins (OVA and Cty C) on BSA-imprinted MIPs: a – pH 7.0; b – pH 5.0; c – pH 4.0. The dashed lines indicate
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Fig. 9. PPD-Fe-MIP sample with adsorbed BSA: 1 – MIP suspension in water;
2,3 – phases of MIP separation applying a constant magnet.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.eurpolymj.2019.109375.
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