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Magnetic microhelical structures have recently drawn attention as microswimmers capable of mimicking

bacterial propulsion in the low Reynolds number regime. Such structures can be used in microfluidic

bioseparation or targeted delivery and their interaction with proteins is extremely important. In this study

we fabricated silica coated magnetic microhelices resembling artificial bacterial flagella like structures via

electrospinning magnetite nanoparticle incorporated polystyrene nanocomposite solution followed by

silica sol coating. Two model proteins, Lysozyme (Lyz) and Bovine Serum Albumin (BSA), were used for

protein imprinting along with a polydopamine layer on the magnetic microhelical substrates. The

adsorption mechanism of lysozyme on the molecularly imprinted support system was analyzed using

adsorption model fitting (Langmuir, Freundlich and Temkin). Adsorption capacity, selective binding and

imprinting factor values were calculated for both imprinted (Lyz and BSA) and non-imprinted samples. A

significantly higher adsorption capacity was obtained compared to previously reported studies.
1 Introduction

Proteins play a crucial role in multiple industries such as food,
biotechnology, pharmaceuticals and cosmetics due to their
diverse functional, nutritional and nutraceutical properties.
The target applications require high purity proteins necessi-
tating an ongoing demand for low cost and efficient protein
purication methods. Although conventional routes provide
acceptable standards of homogeneity in the production, the
high cost is attributed to the downstream processes involving
multiple steps of purication.1 Isolating a specic targeted
protein gets complicated for several reasons when the quantity
of protein present in a sample is usually very small. Preserving
the biological activity and chemical integrity of the protein is yet
another challenge as they are sensitive to temperature changes,
pH and various other factors.2 Selective protein binding is an
important criterion in the protein purication procedure and
involves complicated multistep processes. Hence, a consider-
able amount of research is dedicated to creating a one-step
process for isolating a target protein, which demands high
selectivity, sensitive detection capabilities and an efficient
extraction method. In this regard, several bioinspired frame-
works3 and chromatographic membranes4 with high selectivity
have been developed for protein purication.
Pilani, K K Birla Goa Campus, India.

tion (ESI) available. See DOI:

–2230
Molecular recognition involves the combination of antigen–
antibody interaction for specic binding.5 Although it is highly
efficient, the high cost involved in this methodology restricts its
commercialization. Antibody specicity arises from their self-
assembly around a specic antigen. For selective binding of
a specic protein, molecular recognition can be mimicked by
fabricating a specic template for the given protein.6 This
process, referred to as molecular imprinting or molecularly
imprinted polymer (MIP), involves polymerizing monomers
around a protein template, followed by the removal of the
protein to create cavities that mirror the template molecule in
size, shape, and functional moieties. It is an extremely cost
effective and efficient method that enables selective binding.7

Micro/nanoparticle solid support substrates are popularly
used for the MIP study due to their characteristic high surface
area.8 Several micro/nano particulate systems such as silica,
polystyrene and magnetic particles have been used as MIP
supports. The magnetic MIP supports are considered desirable
due to their high magnetic susceptibility and easier and faster
separation mechanism.9 Geometrical features of the MIP
support also play an important role during the adsorption
process. Anisotropic geometries such as ower-shapes are
known to provide an advantage as they possess multiple facets
and planes.10 Core–shell magnetic particles are popularly used
as MIP supports where the core material is magnetic in nature
and the shell provides a substrate for the protein–polymer
interaction.11 Magnetite nanoparticle (MNP) encapsulated
polyacrylonitrile nanobers have also been used as MIP
supports.12 Molecular imprinting/surface imprinting tech-
nology nds applications in chromatography and sensing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications along with possible biomedical applications such
as targeted delivery.13 Recent studies indicated that controlled
release and maximum therapeutic benet were achieved along
with selectivity using molecular imprinting technology.14

Protein-based therapeutics are currently being explored in
cancers, immune disorders, infections and other diseases due
to their high success in clinical trials.15 Developing a magnetic
MIP support with molecular recognition capability can be
useful in such applications.

Magnetic microhelical structures, resembling bacterial
agella and also referred to as magnetic microswimmers, have
recently caught attention due to their unique morphology and
their ability to access remote locations precisely compared to
the conventional core–shell magnetic particles.16 Lysozyme
(Lyz) is widely used as a preservative due to its bactericidal
properties17 and its immobilization on the magnetic micro-
swimmer MIP support could be advantageous in applications
such as targeted delivery or microuidic bioseparation.18

Magnetic microswimmers could also be used in the regenera-
tion of membranes by targeted treatment.19

In this study, we synthesized silica coated helical magnetic
polystyrene bers (Si-HMPFs) resembling articial bacterial
agella (ABF) like structures as MIP solid support substrates.
These ABF structures are magnetically active and, hence, can
provide guided access to remote locations allowing controlled
targeting. Protein immobilization on such structures is ex-
pected to provide a better mode for microuidic bioseparation
along with aiding in selective binding, biocompatibility and
several other important characteristics for such applications. In
the present work, the effectiveness of the synthesized magnetic
microhelices as templates was tested using two model proteins
(lysozyme and bovine serum albumin) to conrm the compat-
ibility of the approach. Protein adsorption studies on magnetic
microhelical structures have not been reported so far to the best
of our knowledge.
2 Experimental section
2.1 Materials

Polystyrene (PS, Mw = 360 000), tetraethylorthosilicate (TEOS)
and Triton X-100 (TX100) were purchased from Sigma Aldrich.
N,N-Dimethylformamide (DMF), ferric chloride anhydrous
98%, ammonium ferrous sulphate, liquor ammonia 30%, nitric
acid, 2-butanol, 2-propanol, phosphate buffered saline tablets
(pH = 7.4) and Sodium Lauryl Sulphate (SLS) were purchased
from Loba Chemie (India). Citric acid (anhydrous) was
purchased from Thomas Baker (India). Dopamine hydrochlo-
ride (DAH), Tris base, Lysozyme (Lyz) and Bovine Serum
Albumin (BSA) were purchased from Himedia (India). Acetic
acid (HAc) was purchased from Finar Limited.
2.2 Electrospinning of helical polystyrene/magnetite
nanocomposite bers

Magnetite nanoparticles (MNPs) were synthesized via the
coprecipitation method (ESI†) using ferric chloride and
ammonium ferrous sulphate (2 : 1 ratio) in an aqueous medium
© 2025 The Author(s). Published by the Royal Society of Chemistry
followed by subsequent addition of ammonia.20 The as-
synthesized MNPs were dispersed in 25% polystyrene solution
in a 1 : 2 ratio to prepare polystyrene/magnetite nanocomposite
solution. Dimethylformamide solution was used as a solvent
and the as-prepared mixture was stirred for 48 hours to obtain
good dispersion of magnetite nanoparticles. The solution was
then electrospun at 6 kV at a feed rate of 1 mL h−1 with
a grounded coagulation collector bath (6 mM SLS aqueous
solution), maintained at a 2 cm distance from the spinneret.
The helical magnetic polystyrene ber (HMPF) mats were
collected, thoroughly washed multiple times with deionized
water (DIW), dried at 40 °C for 24 hours, and then used for
further characterization.

2.3 Microhelical structure fabrication via silica sol
treatment

Silica sol was synthesized via the sol preparation method
detailed in (ESI†) our earlier work.21 The synthesized HMPF
mats were immersed in the silica sol and sonicated for 3 hours.
The silica-coated ber mat samples were extracted from the sol
and dried at 80 °C for 4 hours in a hot air oven. This was fol-
lowed by crushing using a mortar and pestle to obtain hydro-
philic magnetic microhelical bers (SiHMPFs).

2.4 Preparation of surface imprinted and non-imprinted
microhelices

The as-synthesized SiHMPF samples were dispersed in 20 mM
Tris buffer solution and sonicated for 30 min. Subsequently,
dopamine hydrochloride (DAH) was added to the above solu-
tion in a 2 : 1 ratio followed by incubation overnight to modify
the SiHMPF surface with a polydopamine (PDA) layer. The
samples were then collected and washed with DIW several times
and dried at room temperature to obtain the PDA coated
SiHMPF (P-SiHMPF). 50 mg of the P-SiHMPF sample was then
dispersed into three different sets of 20 mM Tris buffer solution
individually and sonicated for 30 min followed by Lysozyme
(Lyz) addition. The amount of Lyz was varied as 25 mg, 50 mg
and 100 mg for 50 mg of the P-SiHMPF sample to identify the
maximum template implantation composition. DAH was
further added to the above solution in a 2 : 1 ratio (DAH : Lyz)
and the solution was incubated for 24 h to obtain PDA coated
Lyz–P-SiHMPF (PLPS) samples. Similarly, replacing Lyz with
bovine serum albumin (BSA) resulted in PDA coated BSA–P-
SiHMPF (PBPS) samples. The protein imprinted samples were
repeatedly washed with 1% SLS/3% HAc solution to remove the
imprinted protein followed by DI water and 0.5 M NaCl wash to
remove SLS and HAc. The as-synthesized Lyz imprinted (PLPS),
BSA imprinted (PBPS) and non-imprinted (P-SiHMPF) samples
were used for further studies.

2.5 Adsorption experiments

The effect of the concentration of Lyz in the precursor solution
on the Lyz adsorption capacity of the templated samples was
tested by incubating the templated PLPS samples in lysozyme
solution. The mass of the PLPS samples used was w = 5 mg, the
initial concentration of the Lyz solution used in the adsorption
Nanoscale Adv., 2025, 7, 2222–2230 | 2223
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study was Co = 1 mg mL−1 and the volume of the Lyz solution
was V = 5 mL. The samples were incubated for 15 minutes and
then magnetically decanted to obtain a clear solution to
measure the absorbance. The nal concentration Cf, was
calculated with Cf= (A− yo)/mwhere A is the absorbance, and yo
and m are constants obtained from the calibration curve rep-
resenting the intercept slope values, respectively. The amount of
protein adsorbed on the sample Q was calculated using Q= ((Co

− Cf)× V)/w where V is the volume of the solution, w is the mass
of the sample, and Co and Cf are the initial and nal concen-
trations of the protein solution before and aer incubation. The
imprinting factor (IF) was calculated using IF= QPLPS/QPBPS and
selective binding (SB) was calculated using QPLPS–QPBPS.

Adsorption kinetics was calculated bymeasuring the amount
of Lyz adsorbed on PLPS, Q (mg g−1) with respect to time, with V
= 1.5 mL, w = 3 mg and Co = 0.5 mg mL−1. The solution was
extracted at a 10 min interval and measured by UV-vis spec-
trometry. To determine the adsorption equilibrium of the test
samples, the concentration of the Lyz solution during the
adsorption test was varied from 0.2 mgmL−1 to 1 mgmL−1 with
an interval of 0.2 mg mL−1. The samples were incubated for
15 min and magnetically decanted and the supernatant solu-
tion was used for analysis. The lysozyme adsorption data for all
samples were analyzed using Langmuir, Freundlich, and Tem-
kin models to gain a deeper insight into the adsorption mech-
anism. The mathematical representations of the models are as
follows:

Langmuir model:

1

Qe

¼ 1

Qm

þ 1

KLQmCe

where Qm is the theoretical maximum adsorption capacity per
unit of adsorbent (mg g−1), KL is the Langmuir constant and Ce

is the theoretical equilibrium concentration.
Freundlich model:

lnQe ¼ lnKF þ 1

n
lnCe

where KF is the Freundlich constant and n is the linearity index.
Temkin model:

Qe = B ln(KTCe)

where KT is the Temkin equilibrium constant and B is the
Temkin heat adsorption constant.

Selective binding was measured by using non-imprinted and
imprinted samples for protein adsorption. The mass of the
imprinted and non-imprinted samples used for this study was w
= 5 mg, the volume of the Lyz and BSA solutions used was V =

5 mL and the initial concentration of the Lyz and BSA solutions
was Co = 0.5 mg mL−1. The as-obtained results of each sample
were compared with the opposite protein-imprinted samples to
conrm the selectivity.
2.6 Characterization

The surface functionalization of the material was studied by
Fourier transform infrared spectroscopy (FTIR) over a range of
2224 | Nanoscale Adv., 2025, 7, 2222–2230
400–4000 cm−1 using a PerkinElmer Spectrum Two ATR-FTIR
(Attenuated Total Reectance-FTIR) spectrometer. The surface
charge of the as-synthesized samples was determined using
a Nanoparticle analyzer (NanoPlus with NanoPlusAT) by
measuring the zeta potential value. The morphological charac-
teristics of the HMPF ber mat and Si-HMPF structures were
determined using a eld emission scanning electron micro-
scope (Quanta FEG 250). The ber samples were coated with
a 10 nm Au layer using a sputter coater to obtain a conductive
surface (LEICA EM ACE 200). The ber diameter and the coil
diameter values of the synthesized HMPFs and SiHMPFs were
measured using ImageJ soware by calculating the average of
25 data points for the individual sample. A Vibrating Sample
Magnetometer (PPMS-VSM) (Quantum Design; PPMS Evercool
II) was used to determine the magnetic properties of the citric
acid coated magnetite nanoparticles (MNPs) and Si-HMPF
samples at 300 K. The hysteresis loop was measured between
−10k to +10k Oe at 300 K. 1 mg mL−1 aqueous solution was
prepared for the individual studies and sonicated for 20
minutes. 1 mL of this solution was diluted 20 times and used for
the zeta potential characterization. The absorption spectra of
the protein solutions before and aer incubation with surface
imprinted and non-imprinted samples were recorded using
a Shimadzu (model: UV-1800, Japan) UV-vis spectrophotometer.
All the experiments and analyses were performed in triplicate.

3 Results and discussion

The chemical conguration of the as-synthesized bers pre and
post functionalization was analyzed using FTIR (Fig. 1a). Helical
magnetic polystyrene bers (HMPFs) showed narrow peaks at
690 cm−1 and 758 cm−1 conrming the presence of benzene
rings of polystyrene bers.22 The peaks at 580 cm−1, 480 cm−1

and 628 cm−1 are attributed to Fe–O vibrations of the magnetite
lattice23 The narrow peak observed at 1064 cm−1 corresponded
to the symmetric stretching of Si–O–Si bonds24 in the silica
coated SiHMPF samples. Dopamine hydrochloride undergoes
oxidation and self-polymerizes under alkaline conditions
resulting in several functional groups such as quinone, carboxy,
amino, imine and catechol structures.25 These groups offer
covalent binding to several molecules and are widely used in the
binding of divalent metal ions. Polydopamine modication of
the surface (P-SiHMPF) was conrmed by the sharp peaks noted
at 1630 cm−1 and 1488 cm−1 attributed to the stretching of the
C]C and C]N vibrations respectively.26 Minor peaks observed
at 1640 cm−1, 1555 cm−1 and 1742 cm−1 could be attributed to
the C]O, C–N and O–C]O bonds respectively.27

Fig. 1b represents the zeta potential values of the as-
synthesized samples (SiHMPF, P-SiHMPF, and PLPS) and the
two model proteins lysozyme (Lyz) and bovine serum albumin
(BSA). Surface charge plays an important role in the adsorption
process as it can lead to electrostatic interactions. Zeta potential
values above ±30 mV indicate excellent dispersion which was
noted for both the SiHMPF (−42.37 ± 1.15 mV) and P-SiHMPF
(−37.36± 2.01mV) samples. Dispersion plays an important role
in the adsorption process as it favours the adsorbent–adsorbate
interaction due to the increased availability of the active surface
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) FTIR spectrum of HMPF, SiHMPF and P-SiHMPF; (b) zeta potential values of SiHMPF, P-SiHMPF, PLPS, Bovine Serum Albumin (BSA) and
lysozyme (Lyz); FESEM images of (c) HMPF and (d) SiHMPF.
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area. The zeta potential values for the PLPS samples increased
to −20.32 ± 1.18 mV, conrming lysozyme imprinting, since
lysozyme is a positively charged molecule with a measured zeta
potential of +13.57 ± 2.82 mV (Fig. 1b). Electrostatic interaction
can also result in the adsorption of Lyz on non-imprinted
samples such as SiHMPF and P-SiHMPF. However, in the
absence of molecular recognition capabilities, the efficiency
and selectivity of the process will be weak. Surface imprinting
would enhance the selectivity of the protein adsorbed onto the
support thereby facilitating selective protein separation/
purication via the molecular template recognition.

Electron micrographs of a helical magnetic polystyrene ber
(HMPF) and silica coated HMPF (SiHMPF) are shown in Fig. 1c
and d respectively. The ber diameter and coil diameter of these
helical ber samples were measured from a sample size of 25
individual bers (Fig. S1†). The corresponding average values
for HMPF samples were (5.8 ± 1.93 mm) and (24.38 ± 3.9 mm)
respectively. The SiHMPF microhelices had an average ber
diameter of 7.27 ± 2.15 mm and a coil diameter of 16.76 ± 4.07
mm respectively. The as-synthesized HMPF samples had
a porous surface and high contact angle (hydrophobic surface)
whereas post silica modication the porosity and the contact
angle of the ber surface signicantly reduced (Fig. S2†).
Hydrophilic surfaces provide better dispersion in aqueous
medium and hence are an important criterion for protein
adsorption studies. The MNPs incorporated in the polystyrene
© 2025 The Author(s). Published by the Royal Society of Chemistry
matrix had a uniform distribution throughout the SiHMPF
structure (Fig. S3†). The magnetic properties of the synthesized
material were determined using a vibrating sample magne-
tometer (Fig. S4†). Detailed analysis of the contact angle and the
magnetic property studies of the HMPF and Si-HMPF structures
is included in our earlier published work.21

Several factors such as the surface area of the adsorbent,
adsorbent/absorbate mass ratio and surface charge are known
to inuence the adsorption efficiency. To understand the effect
of the mass ratio, the Lyz : P-SiHMPF ratio was varied as 1 : 2, 1 :
1 and 2 : 1 and labelled 25Lyz, 50Lyz and 100Lyz according to
the respective mass of the Lyz used for the surface modication.
5 mg (m) of each of these synthesized samples was used for the
adsorption experiment for an initial Lyz concentration of Co =

1 mg mL−1 and volume = 5 mL. Adsorption is a surface
phenomenon and the surface area available largely determines
the adsorption efficiency. The adsorption capacity of the
synthesized samples was determined to be 580.76 mg g−1,
600.89 mg g−1, and 572.62 mg g−1 for 25Lyz, 50Lyz and 100Lyz
samples respectively. Although the adsorbed lysozyme quantity
for the individual samples was mostly in the same range, the 1 :
1 mass ratio was chosen for further experiments.

The plot of the adsorption equilibrium experiments for
imprinted and non-imprinted samples with various thermody-
namic tting is presented in Fig. 2 where the initial concen-
tration Co of Lyz was varied but the mass of synthesized samples
Nanoscale Adv., 2025, 7, 2222–2230 | 2225
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Fig. 2 (a) Adsorption isotherm of lysozyme on PLPS, P-SiHMPF and PBPS samples; Langmuir, Freundlich and Temkinmodel fitting for adsorption
isotherms of (b) PLPS, (c) P-SiHMPF and (d) PBPS samples. The mass and volume of the individual samples werem = 3 mg and V = 1.5 mL in the
above studies.
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(m = 3 mg) and volume (V = 1.5 mL) of the Lyz solution were
maintained constant. The amount of Lyz adsorbed onto the
substrates increased with the increase in the given concentra-
tion range (Fig. 2a). The adsorption capacity Qe of the Lyz
imprinted sample, PLPS (70.53 mg g−1) was 6.34 times higher
than that of the non-imprinted sample, P-SiHMPF (11.12 mg
g−1) demonstrating the availability of increased active binding
sites on the surface. The same study performed using PBPS
showed an adsorption capacity of 6.04 mg g−1, conrming the
selectivity of Lyz towards the PLPS surface.

To further understand the adsorption behaviour of lysozyme
and its interaction with the as-synthesized samples, three
different adsorption isotherm models (Langmuir, Freundlich
and Temkin) were explored. The adsorption data obtained for
all three samples PLPS, P-SiHMPF and PBPS for varying
concentrations of lysozyme were tted individually to the
Langmuir, Freundlich and Temkin models (Fig. 2b–d respec-
tively). The tting parameter data (Table 1) obtained from these
models for the individual samples were used to analyze the
underlying adsorption mechanism. The Langmuir isotherm
model is the most used model in the literature due to its
2226 | Nanoscale Adv., 2025, 7, 2222–2230
simplicity and it represents the monolayer adsorption mecha-
nism whereas the Freundlich model is an empirical model
commonly used in adsorption studies.28 Temkin model
accounts for the change in the surface energy level during the
adsorption process along with its inuence on the adsorption
capacity of the synthesized samples.29 These three models are
popularly used in the literature to understand the protein
adsorption mechanism.17,30,31 To satisfy the Langmuir adsorp-
tion model, a surface needs to adhere to the following condi-
tions;32 (a) homogeneous adsorption sites, (b) one protein
macromolecule per adsorption site, (c) no interaction between
the adsorbed and free proteins in the solution and (d)
a dynamic reversible equilibrium process. The Freundlich
model, however, describes the monolayer adsorption on the
heterogeneous sites where the available binding sites on the
surface need not have similar adsorption energy or adsorption
rate.29 Even though the Langmuir approach for protein
adsorption is misleading as it does not account for several
factors such as unfolding or denaturation of the proteins,
several studies have reportedly used it to describe the protein
adsorption mechanism.33 Both the Langmuir and Freundlich
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Fitting parameters of Langmuir, Freundlich and Temkin
models for adsorption of lysozyme on PLPS, P-SiHMPF and PBPS

Langmuir isotherm

Sample Qe Qmax KL Ce R2

PLPS 70.53 3482.1 0.023 0.898859393 0.97
P-SiHMPF 11.12 20.76 1.21 0.953328075 0.92
PBPS 6.04 30 626.3 1.76 0.000112077 0.89

Freundlich isotherm

Sample Qe KF Ce n R2

PLPS 70.53 80.05 0.88156531 0.9956 0.97
P-SiHMPF 11.12 11.63 0.9730167 0.61 0.92
PBPS 6.04 6.24 0.947977113 1.64 0.98

Temkin isotherm

Sample Qe B KT Ce R2

PLPS 70.53 35.16 7.19 1.03384155 0.96
P-SiHMPF 11.12 4.41 12.47 0.99821778 0.91
PBPS 6.04 3.23 4.48 1.448235609 0.83

Table 2 Imprinting factor and selective binding values for the protein
imprinted and non-imprinted samples

Sample name Imprinting factor (IF) Selective binding factor (SB)

P-SiHMPF 3.73 (Lyz); 5.74 (BSA) 50.27 (Lyz); 24.91 (BSA)
PLPS 4.30 60.81
PBPS 7.78 35.57
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models were applicable for the PLPS (R2 = 0.97) and P-SiHMPF
samples, with the curves overlapping for the PLPS surface.
However, the Freundlich model could better describe the
adsorption mechanism of the synthesized samples as both PDA
functional moieties and Lyz templates on the surface could
contribute to the Lyz adsorption. Moreover, the shape of the
tted curve obtained for the PLPS and P-SiHMPF samples
represents the Freundlich model more closely rather than the
Langmuir model (inverted L-shape). The adsorption behavior of
the PBPS sample is correlated with the Freundlich model (R2 =

0.98) and it could account for the polydopamine adsorption
sites available on the surface. The adsorption capacity Qe of the
Fig. 3 (a) Binding kinetics of PLPS, PBPS and P-SiHMPF samples (m= 3m
and bovine serum albumin proteins for surface imprinted and non-im
calculated and mentioned above the bars.

© 2025 The Author(s). Published by the Royal Society of Chemistry
PLPS samples was signicantly larger than the other samples (P-
SiHMPF and PBPS) conrming the effectiveness of surface
imprinting. Lyz adsorption increased with the increase in
concentration. At low concentrations, protein unfolding and
denaturation occur at a higher rate and the adsorption of these
unfolded proteins occupies a larger surface area compared to
the proteins at higher concentration.34 The Temkin model,
designed for homogeneous surfaces, was not found to be well
suited for either sample and could be attributed to the porous
nature of the synthesized surface.29 The above results show that
the PLPS and P-SiHMPF structures interact with lysozyme
leading to monolayer adsorption due to the surface imprinting
of the PLPS sample and the PDA coating on the P-SiHMPF
samples.

The inuence of incubation time on the adsorption capacity
of the adsorbents was analyzed using binding kinetic study data
(Fig. 3a). All the parameters in the binding kinetic study such as
volume (1.5 mL), concentration (0.5 mg mL−1), and mass of
PLPS (3 mg) were kept constant and the adsorption/binding
time was varied. The amount of protein adsorbed onto the
PLPS surface reached a maximum value aer 10 min and
slightly varied thereaer. This conrms that the surface
imprinted PLPS samples provided a quicker adsorption and
separation means for protein purication. The earlier reported
studies indicate that approximately 30 min is required to attain
the maximum adsorption for Lyz.33 The quicker adsorption
attained in our study could be a result of the size of the PLPS
g, V= 1.5 mL, andCo= 0.5 mgmL−1) (b) binding selectivity of lysozyme
printed SiHMPF samples. Imprinting factors of individual samples are

Nanoscale Adv., 2025, 7, 2222–2230 | 2227
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Table 3 Comparison of the adsorption capacity Qe values for previously reported Lyz-imprinted samples over various substrates

Sample composition Qe (mg g−1) References

Lyz-imprinted silica NPs 53.3 39
Lyz-imprinted magnetic nanocomposites 29.0 � 10.2 40
Lyz-imprinted PDA-poly(ethylene glycol) graing 116.7 � 2.1 33
Lyz-imprinted graphene oxide 500 38
Lyz-imprinted silica sub microparticles 90.33 30
Lyz-imprinted on MWCNTs-PDA supports 418 19
Lyz-imprinted on MNP-silica core–shell MIPS 33 41
Lyz imprinted on helical magnetic agella-like structures (this work) 600.89 —

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 9

/1
0/

20
25

 1
2:

06
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
samples (micron range) which possibly facilitated better
binding for the macromolecules such as proteins. The inclu-
siveness of this approach was further conrmed by imprinting
BSA on the P-SiHMPF (PBPS) samples instead of Lyz. The
selective binding factor (SB) and imprinting factor (IF) were
calculated for both non-imprinted (P-SiHMPF) and protein-
imprinted samples (PLPS and PBPS) by considering their
respective adsorption capacity values and are mentioned in
Table 2. The plot for the selective binding of Lyz and BSA for the
individual samples can be seen in Fig. 3b. The imprinting factor
and selective binding factor for PLPS and P-SiHMPF were
calculated with respect to the PBPS values for Lyz solution and
vice versa for BSA solution. The protein adsorption observed in
P-SiHMPF samples was clearly not selective and was a result of
the favourable functional groups present on the surface.
However, a drastic difference in protein adsorption of the
imprinted samples was observed indicating specic binding.
Fig. 3b conrms that the PLPS and PBPS samples had very high
selectivity for Lyz and BSA respectively. Surface imprinting of
polymers is known to exhibit increased selectivity for the target
protein in both competitive (along with other proteins) and
non-competitive environments.35,36 The nature of the binding
involved in this study can be conrmed to be non-electrostatic
from the zeta potential results (Fig. 1b). Such interactions are
known to increase the selectivity of the target protein in
a competitive environment along with its adsorption capacity.37

The as-synthesized Lyz-imprinted sample (PLPS) exhibited
a high adsorption capacity value along with good selectivity (IF)
(Table 2). Several researchers have reported approaches to
improve the adsorption capacity of the supports by either
selecting a high surface area support material or by enhancing
the active binding sites on the surface.10,38 PLPS samples
exhibited the highest Qe results when compared to the existing
literature data (Table 3). Imprinting factors for the Lyz-
imprinted samples in the literature vary in the range of 2.1–
6.4.30,33,41 The IF values obtained for the synthesized imprinted
samples in this study (PLPS= 4.3; PBPS= 7.78) conrm that the
surface imprinting approach for the model protein is efficient
and the resulting adsorption is highly selective.

This study conrms that surface imprinting of proteins onto
the magnetic microswimmer surfaces offers an effective and
efficient method to selectively purify proteins wherein the
presence of a magnetic phase signicantly reduces the
complication of the conventional protein purication methods.
2228 | Nanoscale Adv., 2025, 7, 2222–2230
The helical morphology of the magnetic microhelices fabricated
in this work offered a high surface area and resulted in better
adsorption efficiency.

4 Conclusion

Molecularly imprinted polymer (MIP) has been a popular and
effective process to surface engineer antigen–antibody like
interactions using protein templates. Here, for the rst time to
the best of our knowledge, we report lysozyme imprinting on
magnetic microhelical supports and the study of its adsorption
mechanism. The as-synthesized microhelices exhibited high
adsorption capacity and selectivity for the imprinted protein
(lysozyme or bovine serum albumin). The Freundlich adsorp-
tion isotherm model was observed to be a better t for all the
synthesized samples indicating non-homogeneous binding
sites on the surface. The results show that magnetic micro-
helical ABF like structures provide a suitable surface for protein
separation and purication via the molecular imprinting
method, which can have potential uses in bioseparation.
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