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Abstract

A novel method for the electrochemical templatetlsgsis of surface-imprinted magnetic

polymer microrods for protein recognition is propds The polymer was



electrodeposited into sacrificial cylindrical miceactors, the internal walls of which
were previously modified with a target model proteavidin, by simple physisorption.
The electropolymerization was performed from a mmigtof 3,4-ethylenedioxythiophene,
poly(styrenesulfonate) (PSS) and PSS-coated supenpgnetic nanoparticles resulting
in the formation of inherently electroconductiveypoers confined to the volume of the
microreactor. Here we show that: (i) the templagntisesis within cylindrical
microreactors results in polymer rods with dimensionatching that of the reactor, (ii)
the incorporation of superparamagnetic particlekides magnetic properties that allow
for efficient collection and manipulation of thearorods released from the microreactors
in magnetic field even from dilute solution, (ithe protein coating on the internal walls
of the microreactors is shown to generate molecinfgrints on the surface of the
polymeric rods. This latter property was demonsttatby comparative binding
experiments of a fluorescent avidin derivativette surface-imprinted and non-imprinted

magnetic polymer microrods.
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Introduction

Molecular imprinting is a general method to cresgkective recognition sites in synthetic
materials, primarily polymers [1-4]. The imprintinig performed by polymerizing
properly selected functional monomers in the preseri a target species, which acts as a
molecular template. Thus, removal of the targeeraftolymerization leaves behind
binding sites complementary in size and functidpalith the target enabling their
preferential rebinding. Such materials with “molecumemory” were found to be useful
in a wide range of applications as selective sdsbf) 6], catalysts [7], selective sensing
materials [8-10], etc. In spite of many successfuplications and with products on the
market MIPs are still facing major challenges, esgdly when switching from low
molecular weight targets to biomacromolecules suash proteins [11]. The large
molecular size induces mass transport limitatiargémoval and rebinding in the three-
dimensional polymer network. Other complication magise from conformational
changes of the biomacromolecules and cross relgctiie to the large number of
functionalities.

The most promising direction to overcome difficedtiin the template removal and
rebinding is surface imprinting, which generatesdig sites exclusively on the surface
of the imprinted material. This can be accomplisbhedlanar surfaces or on the surface
of nano- or microparticles. The first format is figreed for sensing applications where the

MIP layer is deposited on a suitable electrocheinigi@zoelectric or surface plasmon



resonance based transducer. The second format, lyhatne surface imprinted
nanoparticles offer the possibility of using suchatemials for a wider range of
applications involving cleanup, separation and isgnswith clear benefits in terms of
faster binding kinetics experienced in general ooron and nanoparticulate reagents as
compared with planar surfaces. However, handlingiicfo- and nanoparticles becomes
difficult in heterogeneous assays with classicétation, dialysis or centrifugation
separation methodologies. Clearly the most advaoiag approach would be to impart
superparamagnetic properties to nanoparticle MIH&erefore magnetic MIP
nano/microparticles have a promising perspectivdnéterogeneous bioassays because
their stability, selectivity is conjugated with tlease of separation from the unbound
analyte by magnetic field gradient [12]. Two geheapproaches to functionalize
magnetic nanoparticles with molecularly imprintealyyners emerged: (i) the surface of
the particles is modified with a thin layer of paigr (core-shell particles) or (ii) the
magnetic nanoparticles (MNP) are dispersed in tloéynperic matrix (multicore
particles).

Different polymerization methods can be used toesehthe above mentioned
morphologies. Suspension and emulsion polymerizadiod the variations thereof [13-
26] usually create multi-core polymeric beads wethbedded magnetic nanoparticles.
These methods require a good synthetic skill taiakiniform particles with appropriate
morphology. Possible problems are leakage of magrmrticles from the beads
especially at low pH values, low incorporation @gncy resulting in low magnetization

[13] and unfavorable optical properties due toatefbound magnetite [27].



The growth a thin MIP layer on the surface of thegmetic nanoparticle results in
core-shell magnetic MIPs. As a consequence of tleegolure the magnet is fully
encapsulated by the thin imprinted polymer layeereéby leading to high incorporation
efficiency [28-37].

While all these techniques are based on chemadghyerization we have recently
introduced new strategies to surface imprint etesgtnthesized electrically conducting
polymers with biomacromolecules [38, 39]. These hased on sacrificial template
synthesis using various geometry microreactors wigir inner wall modified with the
target protein to generate surface imprinted potgm®©ur effort was directed to
synthesize surface grafted microstructures forctigke recognition of proteins largely
benefiting from the advantages of well-controllddc&opolymerization reactions that
enabled the precise confinement of the structuvethe volume of the microreactors.
Owing to the wider applicability of surface impmat nano- and microparticles here we
explored the feasibility of downscaling the procedto generate smaller microparticles
in solution phase imparting them with superpararetigrproperties for easy handling.
Accordingly we are reporting for the first time tisynthesis of surface imprinted

magnetic nanoparticles prepared by electropolyragoa for protein recognition.
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Scheme 1: Preparation of the surface imprinted m@gmicrorods using a track-etched

PC membrane as a sacrificial mold.
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Materials

Disk-shaped hydrophobic PVPE (polyvinylpyrrolidofiee) track-etched polycarbonate
membranes (PC membranes) with pore diameters ofd10al um, respectively, were
purchased from GE Water & Process Technologiesv¢Bes PA, USA). Poly(sodium 4-
styrene-sulfonate) (PSS, MW ~70,000), 3,4-ethylemedhiophene (EDOT), avidin
(Av, MW 68,000), fluorescein isothiocyanate labebaddin (avidin-FITC), and bovine
serum albumin (BSA, MW 67,000) were purchased f&igma-Aldrich (St. Louis, MO,
USA). FIuidMAG-PS magnetic nanoparticles (25 mg/mkih magnetite core and
poly(sodium 4-styrene-sulfonate) shell having arbggnamic diameter of 100 nm, were
purchased from Chemicell GmbH (Berlin, Germany)chHloromethane (DCM) was
obtained from Merck, (Darmstadt, Germany). All gios were dissolved in pH 8.0
phosphate buffer (0.01 M) prepared from analytg@de KHPO, and KHPO,. The
washing solution (PBS Tween 20) consisted of pH @@sphate buffer (0.01 M)
potassium chloride (0.15 M) and Tween-20 (0.05%ltragure water (18 2-cm,

Millipore Corporation, USA) was used for the preggain of all aqueous solutions.

Apparatus

Electrochemical polymerization was performed in08 gL cell using a 2 mm diameter

gold-disk working electrode (CH Instruments, In8ystin, TX, USA), a Pt counter

electrode and a Ag/AgCI reference electrode. Thexteldes were connected to an



Autolab Pgstat 12 potentiostat/galvanostat (Econ@@ds.V., Utrecht, The Netherlands).
The electrodes were cleaned by wet polishing inswecessive steps using a laboratory-
made circular polisher as well as Gamma Micropdlisteagglomerated 14m and 0.05
um alumina suspension (Buehler, Lake Bluff, IL, US#spectively.

Quantitative fluorescence intensity measurementge veone with an epifluorescent
microscope formed by a conventional inverted micopg (IX71 with TH4-200 halogen
light source, Olympus) combined with a xenon illnating system (75W, ebx75
isolated, LEJ, Jena, Germany), a fluorescent murot (U-MSWB2, Olympus), a Pan
Fluorite objective 20x with aperture 0.4 (Olympas)d a 7.1 Megapixel digital camera
(C-7070, Olympus). The mirror unit had excitatiah¢chromatic mirror and emission
wavelengths as follows: 420-480, 500 and 515 nspeetively. All fluorescent images
were taken using the same camera settings (804$€xposure time, 4.8 aperture).
Scanning electron microscopic imaging was performeidg a SEM instrument (JEOL
JSM-5500LV, JEOL, Tokyo, Japan) equipped with epeligpersive X-ray spectroscopy
(EDS). The iron content of magnetic rods and thedMAG-PS magnetic nanopatrticles
was determined by using electrothermal and flam@miation atomic absorption
spectrometry, respectively. The flame AAS measurgsmevere carried out on a Varian
Techton AA6 AAS spectrometer with manual impulsbulization adapter, air-acetylene
flame with 10 cm burner at a wavelength of 248.3amd spectral bandwith of 0.2 nm.
The electrothermal atomization AAS measurementsewsrformed using a Perkin-
Elmer HGA-500 pyrolytic graphite furnace accommauatl0-20 pul sample volume, , at

a wavelength of 385.9 nm and spectral bandwith 2htn.



Methods

Preparation of PEDOT:PSS magnetic microrods

The imprinted and non-imprinted rods were prepargidg an electrochemical template
synthesis method depicted in Scheme 1. Hydrophadi&-etched PC membranes with 1
um diameter cylindrically shaped pores were usedsaxificial microreactors for
growing the polymeric microrods involving the follong succession of steps:

a) electrode preparation
The gold electrodes were first polished with aluansuspension and ultrasonicated in 1:1
(v/v) water:isopropanol for 5 min. After this prestment the electrode was rinsed with
deionized water and kept in water until used. Tle® RC membrane disk was placed on
the electrode and fixed with a custom made Teflog.rFor the imprinted rods the
electrode-membrane assembly was incubated jrd_1@mplate protein solution (1 mg/ml
avidin-FITC) for 30 min, followed by a thorough sing with ultrapure water to remove
the unbound proteins.

b) electropolymerization
After the electrodes were assembled, the electroicia cell was filled with 20QL of
deoxygenated aqueous monomer solution containid . EDOT, 0.0125 M PSS and
12.5 mg/ml FluidMAG-PS magnetic nanoparticles. Ethemical synthesis of the
PEDOT:PSS:FluidMAG-PS microrods was performed aistant potential (E = 0.75 V

vs. Ag/AgCl/3 M KCI). The electropolymerization wastopped before having



overgrowth of the polymer outside of the pores, wehen the pores were filled with the
polymer composite. In the setup used this corred@admo a charge of 5 mC.

c) Separation of the magnetic microrods
The membrane containing the synthesized microrods fivst mechanically detached
from the electrode surface placed in a 1.5 mL glésisand then subjected to a series of
washing and rinsing steps with the aim of extractihe magnetic microrods. In all
subsequent steps 1 mL of solvent was added to idiecontaining the rods and the
solution was shaken gently for 5 min. Before thduttuns were removed by a
micropipette the magnetic microrods were colleaedhe bottom of the vial for 3 min
using a neodymium magnet. The extraction procedwoesisted of the following
successive steps: (i) incubation in 1M NaOH, forn2@ to remove excess avidin from
the surface of the PC membrane and enable itsldigso in DCM (ii) rinsing with
water:methanol solution (50:50 v/v), (iii) dryinpg membrane , (iv) dissolving it in
DCM, (v) washing the microrods 4 times with DCMdompletely remove any residual
PC. Final rinses were done using a solution of amethand water (50:50 v/v) for three
times.
Before the shaking steps, the vial was placed irultrasonic bath (Realsonic 40-S,
Realtrade Co., Hungary, 37 kHz nominal frequenayn\8b60-500 V amplitude) for a few
seconds to re-suspend all the rods. Also, at eggération step the successful collection

of the magnetic microrods was confirmed by optinaroscopy.

Epifluorescence measurements



Ten ug of magnetic rods was placed in a vial with 2@00f 10?2 mg/mL bovine serum
albumin (BSA) to block the non-specific bindingesit After 8 min incubation the rods
were separated by magnetic field from the solutiwhijch was removed by using a
micropipette. The rods were washed with 2@0aliquots of PBS Tween 20 buffer for 3
min and were collected again by a magnetic fietd2fonin. To visualize the rebinding of
the template avidin, the rods were incubated indiaviFITC solutions of different
concentration, each time for 28 min followed by mi2 magnetic separation. To remove
nonspecifically bound proteins, the rods were wddhst with 400uL of PBS Tween 20
and then with PB for 3 min. The collected rods wesuspended in 50 PB and all of
them were spotted onto a glass microscope sliden@aging.

All images were taken in a dark environment usimgd settings on the epifluorescent
microscope and on the camera.

To evaluate the amount of bound protein, we tollk@escence picture of the rods. The

fluorescence intensity was calculated as the messngntensity over the rods.

Determination of the iron content of the magneticrorods and the FluidMAG-PS

magnetic nanoparticles by atomic absorption speugty (AAS)

FluidMAG-PS nanoparticleand PEDOT:PSS polymer rods were collected by filtration
on a 10 mm diameter PVPF track-etched polycarbonsmbrane filter with a pore
diameter of 100 nm. The PC membrane was transfamtech small quartz crucible. 0.2
ml high purity nitric acid (63%) was added then #anple was dried under an IR lamp.

The crucible was placed into a furnace and ashe8b@C for 2 h. The residue was



dissolved in 0.2 mL 1:1 mixture of cc. HN@nd cc. HCI then supplemented with
deionized water to a final volume of 3 mL. The ir@ontent of FluidMAG-PS
nanoparticles was determined by flame-AAS methotdengraphite furnace AAS method

was used for the PEDOT:PSS polymer rods.

Magnetization measurement of the polymer micromaus the FluidMAG-PS magnetic
nanoparticles

Magnetization measurements were carried out usi8@QdID magnetometer (Magnetic
Property Measurement System - Quantum Design I8an Diego, CA, USA).
FluidMAG-PS nanoparticleand PEDOT:PSS polymer rods were collected by filtration
using a PVPF track-etched polycarbonate membrdiee With a pore diameter of 100
nm. The folded membrane was placed into a gelaset capsule for the magnetization
measurements in order to avoid the loss of polyimes.

The diamagnetic background from the filter and ¢hpsule were separately determined
and found to be at least two orders of magnitudallemthan the signal from the sample.
After the subtraction of this baseline, the magraton curves were normalized to 1 mg
magnetite (FgD,) content, as determined by AAS measurements, ibottase of the

FluidMAG-PS nanoparticle and the PEDOT:PSS polyradrsamples.

Results and Discussion

Preparation of surface imprinted magnetic microrods



Magnetic surface imprinted polymer rods have bempared by the modification of a
protein imprinting method introduced by our group generate cylindrical microrods
grafted on a solid electrode surface [39]. Hereused as a sacrificial mold for the
confinement of the polymerization polycarbonatekratched membranes with ca. one
order of magnitude smaller diameters, i.e. memlsravith uniform cylindrical pores of 1
pum diameter and fum length. This type of membrane is hydrophobicnature,
therefore proteins can readily adsorb onto it fragueous solutions. This offers
straightforward means for simple physisorptiontd target protein, avidin, without the
need for multistep chemical synthesis or any pagtnent. Adsorption of avidin into the
pores of the PC membrane has been verified usflup@escence-labeled protein, avidin-
FITC. The membrane was incubated with differentcemtrations of the labeled avidin

for 30 min. The adsorption isotherm can be sedfigare 1.
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Figure 1: Avidin-FITC adsorption on the surface mdlycarbonate membrane from
different concentration solutions. The inset shakes fluorescent microscope image of
the PC membrane incubated with 0.1 mg/mL avidin€=ITThe bar in the inset
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Monolayer coverage has been achieved at 1 mg/neiprooncentration so from further
on this concentration has been used for the pratemobilization. 30 min incubation
time was sufficient to saturate the surface ofrtydrophobic membrane with the protein.
PEDOT:PSS has been chosen as the polymer matred lmasseveral considerations: (i)
PEDOT:PSS is highly conductive (10 S/cm [40]), #fere electropolymerization allows
for unhindered spatially directed polymer growth time membrane pores [41], (ii)
polymerization of the EDOT monomer in the presentd®SS can be carried out in
agueous environment, which is a clear advantagenwimgrinting proteins (iii) the
PEDOT:PSS matrix shows low nonspecific protein guson [38, 39]. To impart
magnetic properties to the polymer, commerciallyailable superparamagnetic
nanoparticles were mixed into the pre-polymerizatolution. We have chosensBg
nanoparticles with a hydrodynamic diameter of 161) because this is the minimum size
of multidomain-core particles that are in-batchasaple by an external magnetic field.
Very importantly, they were pre-functionalized wigoly(styrenesulfonate), the same
polymer as the dopant, supposedly enhancing tinempsulation in the polymer matrix
by charge compensation, i.e. the positive chargderlectrosynthesized PEDOT chains
are compensated by the negatively charged magnatioparticles owing to their PSS
coating. The Jum PC membrane pore diameter has been chosen auglgrdop allow

free access of the magnetic nanoparticles intpdtines.

The surface imprinted magnetic PEDOT:PSS polymds mere electrosynthesized in

the avidin modified membrane pores using constaterngial voltammetry until the pores



were filled up completely with the polymer. A chagmtstic current transient recorded

during electropolymerization is shown in Figure 3.
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Figure 3: Current transient recorded during thected@olymerization of a mixture of
0.01 M EDOT, 0.0125 M PSS and 12.5 mg/ml FluidMAG-i the pores of a PC
membrane having an adsorbed layer of avidin onptire walls. The inset shows the

charge vs. time during polymerization.

The initial increase in the current density indésathe instantaneous formation of a thin
layer of conducting polymer underneath the membranethe electrode from the
penetrated monomer solution [39]. When the monoraersiepleted from this thin layer
the growth of the polymer is confined exclusivatythe pores. This corresponds to the
current maximum at ca. 20 seconds. After this pthietcurrent is decreasing rapidly to
the value determined by the diffusion limited tyamg of the monomer within the pores.
As the pore is gradually filled up with the electdly conductive PEDOT/PSS the
diffusion path length of the monomers from the bsdkution is also shortened resulting

in a close to linear increase in the current. Theakpoint observed at 260 seconds



demarks a steeper increase of the current corrdsporthe complete pore filling. If the
electropolymerization is performed further the PEDIESS film grows hemispherically
around the pores at the solution facing surfacthefmembrane. To limit the polymer
growth to the pore interior the polymerization hadbe stopped at the characteristic
breakpoint which is revealed only if the polymetiaa time exceeds this value. As the
synthesis of the microrods has proven to be vepyodicible in terms of the electrical
charge required to fill up the pores, therefore, polymerization in each synthesis cycle
was stopped at 5 mC. After completing the polynaitm the membrane was detached
from the gold electrode surface and the polycarteomaembrane was dissolved in
dichloromethane. This was followed by sequentiashifag steps to remove the organic
solvent and reconstitute the microrods in watershifeg was done batchwise, collecting
the magnetic particles using a magnetic separaspirating the liquid and reconstituting
the particles in the next solvent by ultrasoniaatior 3 s. Finally, the surface imprinted
magnetic particles were obtained as dispersiomueaus phase which facilitates their
use in applications where biological antibodies hhigtherwise be utilized. Non-
imprinted magnetic nanoparticles for comparisonehéeen fabricated also without

adsorbing avidin onto the PC membrane beforehand.

Morphological characterization of the magnetic noids by optical and scanning

electron microscopy

Optical microscope images of the particles wereertalshowing mostly separate,

dispersed rods, including some aggregates (Figure 4



a. b.
Figure 4: Optical microscope images of surface imipd magnetic microrods at

different magnifications.

Taking a closer look at the microrods with scannahgctron microscope revealed that
many of these aggregates are, in fact, partiabgdupolymer particles which are formed

due to the intercrossing pores in the PC membrfaigere 5).

Figure 5: Typical SEM images of non-imprinted (apaurface imprinted (b) magnetic

PEDOT:PSS microrods. (Note that the magnificatiesslightly different.)



There is no distinct difference at the magnificatiosed for inspection between the
surface morphology of non-imprinted and surfacerimpd particles. The microrods
have relatively high aspect ratio as determinethbygeometry of the PC mold, i. e., their
diameter is approx. im, equal to the pore diameter, while their lengtlariound 7fum,

equal to the thickness of the membrane. They drestcas we found that they withstand

short ultrasonication without breaking apart.

Encapsulation efficiency of FluidMAG-PS magnetimayarticles into the magnetic

microrods

We hypothesized that the charge compensation mechanill result in an efficient
incorporation of the PSS coated magnetic nanopertico find out the encapsulation
efficiency we determined the iron content of thegmetic microrods as this can only
originate from the magnetite content of the incogped magnetic nanoparticles. AAS
measurements revealed that the FluidMAG-PS magnatioparticles contained approx.
44 % w/w iron in the form of magnetite, while tlien content of the magnetic microrods
was ca. 5.1 % w/w. This implies that the FluidMAG-Bontent of the magnetic polymer
rods is approximately 12 % w/w. The initial polynzation mixture contains 79 % w/w
magnetic nanoparticle besides the EDOT monomer (®&\#) and the PSS (16 % w/w).
This means that the polymer rods contain roughiytines less magnetic nanoparticles
than the polymerization mixture. The reason fostls related with the competition
between the two negatively charged species, PSFlandMAG-PS, to compensate in-

situ the positive charge of PEDOT chains formed irdurelectropolymerization.



However, the diffusion of the much larger size &MAG-PS within the pores is
obviously slower than that of free PSS. The diffuscoefficient of FIuiIdMAG-PS is
estimated to be 2.5xf0cnf/s using the Stokes-Einstein equation while thaP88 is
5x10° cnf/s [42]. While increasing the FluidMAG-PS/PSS ratiothe polymerization
could have increased the amount of magnetic naticigarincorporated in the polymer
microrods, this was unnecessary since the magsepiarability of the rods was adequate
with this composition too. Of note, preliminary expnents shown that higher
FIluidMAG-PS content considerably decreased the aéteolymer growth while lower
FluidMAG-PS/ PSS ratio (0.025 M PSS vs. 2.5 mg/nidMAG-PS) resulted in rods

that were not magnetic enough to be collectediefftty within a reasonable time.

Magnetic properties of the magnetic polymer rods

The main goal of the measurements described belswavverify that the FluidMAG-PS
magnetic nanoparticles incorporated in the polymeds transmit their magnetic
properties to the microrods thus enabling the iefficmagnetic collection and separation
of the polymer particles.

Magnetic properties of the FluidMAG-PS nanopariclnd microrod samples were
characterized by two methods. The field dependehtkeir magnetization (M-H curve)
was measured at room temperature with a superctnduguantum interference device
(SQUID). The feasibility of magnetic collection thie rods from dilute suspensions using
a permanent (NdFeB) magnet was demonstrated iimeoassay conditions by optical

transmission measurements.



The corresponding magnetization curves of the M#G-PS nanoparticlesand

microrod samples are shown in Figure 6.
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Figure 6: Magnetization curves of the FluidMAG-P&naparticles (curve#l) and the
PEDOT:PSS microrod samples (two independent batcuege #2 and #3) normalized
to 1 mg quantity of. (The error bars for the mio@samples are mostly related to the
uncertainty of the magnetite content determinatidrhe reproducibility of the

magnetization measurement introduces negligibler grr

For both types of samples, the magnetization cushiesv superparamagnetic behavior at
room temperature. No remanent magnetization israedewithin the precision of the
measurement when the M-H curve is recorded withiedsing magnetic field. For both
types of samples a fast saturation of the magrigtizés observed in the field range of 2-
4 kOe (0.2-0.4 T). According to these results thegnetic properties of the magnetic
nanoparticles remain intact during the polymeraatiThe difference observed between
the magnetization of the two batches of rod samghdesinantly originates from the error

in the determination of their magnetite content.e§é results also support the



reproducibility of our method for the synthesisrofls with high magnetic nanopatrticle

content.

As described in the previous section, the polyneerimicrorod samples containing
magnetic nanoparticles show superparamagnetic grepevith a low field of saturation,
which opens a way for their magnetic collection ikny to conventional magnetic
nanopatrticles [43]. To confirm and quantify thipaetion process we carried out optical
transmission measurementsia635 nm using a red laser as illumination sourceaon
suspended PEDOT:PSS microrod sample containing @mL microrod in
water:methanol mixture (50:50 v/v). Initially theispension was ultrasonicated for 1
minute to avoid the aggregation of the microrodle Tight path length within the
suspension was 3 mm. During the magnetic collectiwocess we recorded the
transmitted light intensity change in time, as aasuge of the particle concentration,
while carrying out the following steps: (i) the mocod suspension was stirred using a
micropipette, (ii) after the swirling ceased (100asNdFeB rod magnet was placed near
the cuvette generating a magnetic field perpendictib the incident light beam.
Movement of the magnet was carried out by a litiesarslation stage which ensured the
precise and quick positioning, thus the transiperniod between the zero- and finite-field
states was limited to ~1 s. Time dependence oftridm@smission upon the magnetic
collection is shown in Figure 7 where the differentves correspond to different magnet
positions i.e. different magnetic fields (see Tahb)e while the inset shows the zero

magnetic field case, where the subsidence causgdbity can be observed.
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Figure 7: Temporal dependence of the light transimis in aqueous PEDOT:PSS
microrod suspensions in static magnetic fields ussdcollect the rods from the
suspensions. The different curves (#1, #2 and #8gspond to different strength of the
magnetic field as summarized in Table 1. Insertbrthe magnet corresponds to t=0s.
The results of fitting with exponential decay acting to the formula T=1-c-exp(#t)

are also indicated by dashed lines for each curvehe graph together with the
corresponding values of the relaxation timeThe inset shows time dependence of the

light transmission measured without magnetic f(elarve #4).

As shown in Figure 7, the transmission increasgmeantially after the application of
magnetic field (indicated as t=0 s in Figure 7) auproaches the level of 100%
corresponding to the transmission of the wateedilkample cell without the microrods.
In this timeframe the measured transmission cafitteel well with the formula T=1-

c-exp(-tf), where c is the reduction of the transmissiotha zero-field initial state due

to light absorption and scattering of the rodsr{geroportional to the rod concentration)



and tis the time constant of the magnetic collectionug;ithe density of beads in the
suspension exponentially decreases in time dutiregnbagnetic collection. The time
constants determined by the fitting for differemtspions of the magnet are listed in

Table 1.

Magnet  position® | H® oH/or¢ ¢

[cm] [kOe] [kOe/cm] [s]
#1 0.5 3.18 3.8 20
#2 1.1 1.62 1.6 50
#3 2.3 0.54 0.4 110
#4 infinity 0 0 1385

Table 1: Time constants of the magnetic collectimgasurement at different distances
from the magnet. Labels #1-#4 correspond to thesd in Fig. 7.

ddistance between the pole of the rod-shape magdetha light spot,

Pstrength of the magnetic field,

“spatial derivative of the magnetic field (along théal direction) at the light spot,

%the corresponding time constants of the magnetieatn measurements.

Changing the position of the magnet varies thengtre of the magnetic field at the

location of the light spot and accordingly the metggation of the microrods. Hence, the
magnetic force acting on the microrods, (Fe= uOEI(m DH) , Wherepy is the permeability

of vacuum andn is the magnetic dipole moment of a rod), can Iliieiehtly controlled

along with the timescale of the magnetic separatiorihe field range of our study the



relaxation time was found to be inversely propardioto the magnetic force. As can be
seen in Table 1 the rod-like NdFeB magnet usedhe fgresent study generates a
magnetic field with a relatively slow spatial vditen. Scaling up of the magnetic force
by an order of magnitude can be easily achievedgusptimally shaped magnets or by
arrangements based on several permanent magnetsh wiakes such magnetic
separation efficient for rods with considerably @wevel of magnetic nanoparticle
content as well.

One can observe in Figure 7 a relatively high naisan early stage of the experiments
which decays with longer times. This is due toftbetuation caused by the rods moving
in or out of focus in the very small focal spotesid0-100um) of the light beam. The
noise is gradually reduced in time as the rodscgécted by the magnet, i.e., cleared
away from the detection volume. Similar reductidmoise occurs during sedimentation

by gravity.

Selective binding of avidin on the surface impanteagnetic microrods

The existence of selective protein binding sites woragnetic avidin-imprinted
PEDOT:PSS microrods has been verified by measuitteg adsorption isotherm of
avidin-FITC on both the imprinted and non-imprintpdlymer. The microrods were
incubated with different concentration of the teatplprotein, washed and visualized by
a fluorescence microscope. Fluorescence intensitye particles was calculated and
plotted against the concentration of the incubasialytion. Figure 8 shows the binding

isotherms of non-imprinted and surface imprintedroparticles.
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Figure 8: Binding curve of avidin-FITC on the nangrinted and avidin imprinted
PEDOT:PSS microrods (the error bars indicate thpeambility of 3 replicate

measurements on the same sample).

As can be seen from the experiment the amount etémplate protein bound by the
imprinted microrods far exceeds that of the nonrintpd rods. The microrods prepared
in the presence of the target protein bind appraieéhy 5 times more avidin than the non-
imprinted ones indicating the success of the imjprgn process to create selective
recognition sites on the polymer surface. Thisedéhce between imprinted and non-
imprinted polymer is substantially higher than whaets achieved in a similar approach
that used wide-pore silica beads as sacrificiakroneactors and free-radical crosslinking

polymerization for surface imprinting of proteirnsi].

Conclusion



For the first time, we have synthesized microngizerface imprinted magnetic particles
by the template polymerization method that are &bkelectively capture a target protein
from the sample solution. PEDOT:PSS microrods dnimg@ superparamagnetic
nanoparticles were generated by electropolymearati uniform cylindrical pores of a
track-etched polycarbonate membrane, the walls lnEhwhad been modified with the
target protein, avidin by simple physical adsonmptidissolution of the membrane
resulted in a suspension of micrometer-size polyrads with selective avidin binding
sites on their surface. Magnetization measuremesrified the successful incorporation
of the magnetite nanoparticles. The results shaWwatithey can be collected efficiently
from solution using permanent magnets employedlassacal magnetic nanoparticle
assays and can be redispersed afterwards. Thisash\antage in ligand binding assays
where the surface imprinted microrods can servandibody substitutes. As a proof of
concept the applicability of the PEDOT:PSS micrarémt the selective binding of avidin
has been verified by fluorescence microscopy measemts. Due to their high specific
surface area, large magnetic susceptibility, lowmaeent magnetization, simplicity of
preparation, and high affinity towards the targedt@in, surface imprinted magnetic
PEDOT:PSS microrods appear to be potential careBdat binding assays, in drug

delivery and in trace enrichment of specific tasget
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