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ABSTRACT Superparamagnetic nanoparticles are of great current interest for biomedical applications in both diagnostics and
treatment. Magnetic nanoparticles (MNP) can be manipulated by magnetic fields, so that when functionalized, they can be used for
the purification and separation of biomolecules and even whole cells. Here we report combining the separation capabilities of MNPs
with the functional (binding) capability of molecularly imprinted polymers. Albumin- creatinine-, lysozyme-, and urea-imprinted
polymer nanoparticles were synthesized from poly(ethylene-co-ethylene alcohol) via phase inversion, with both target molecules and
hydrophobic magnetic nanoparticles mixed within the polymer solution. Several ethylene:ethylene alcohol mole ratios were studied.
The rebinding capacities for those three target molecules varied from 0.76 ( 0.02 to 5.97 ( 0.04 mg/g of molecularly imprinted
magnetic nanoparticles. Lastly, the composite nanoparticles were used for separation and sensing of template molecules (e.g., human
serum albumin) in real samples (urine) and results were compared with a commercial ARCHITECT ci 8200 system.
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1. INTRODUCTION

The application of superparamagnetic iron oxide nano-
particles (SPIONs) to biomedical applications has
received much interest recently; different approaches

to their synthesis and surface engineering have been re-
viewed by Gupta and Gupta (1). Controlling interactions
between living cells and SPIONs can be employed for (a)
diagnosis, e.g. biosensing, magnetic resonance imaging
(MRI) (2) and stem cell tracking; (b) separations, e.g., cell
isolation or cellular proteomics; (c) therapies, e.g., hyper-
thermia, magnetofection, and drug delivery. The size of
magnetic nanoparticles (MNPs) depends on their synthesis
process. Precipitation from microemulsions, surfactant or
polymer solutions can readily form nanoparticles with di-
ameters <100 nm, giving superparamagnetic properties.
Several biocompatible polymers have been coated on the

MNP surface to enhance biocompatibility, including chito-
san, dextran (2), poly(acrylic acid), polyethylene glycol,
polylactide, polyvinyl alcohol, and phosphorycholine.

Proteins, peptides and folic acid have been applied for
the targeting of MNPs, generally by conjugating these mol-
ecules to a polymeric MNP coating. However, the coating of
biocompatible polymers and the conjugation of biomolecular
ligands are time-consuming processes, and the final prod-
ucts may not exhibit long-term stability. Recently, molecular
imprinting has been used to modify the surfaces of magnetic
nanoparticles. Molecularly imprinted polymers (MIPs) have
been extensively investigated because of their biomedical
applications in biosensing (3) with optical (4), electrochemi-
cal (5), or QCM transducers (5); in bioseparation (6), espe-
cially for solid phase extraction or when packed in a chro-
matography column (7); and in drug delivery (8), when they
have high affinity with the target bioactive molecules and
thus release those molecules slowly (9). A decade ago, Ansell
and Mosbach were the first to prepare magnetic molecularly
imprinted polymers (MMIPs) via the suspension polymerization
of poly(MAA-co-TRIM) to (S)-propranolol in a magnetic field
(10). A similar approach was recently employed to synthe-
size MMIPs to remove amino acids (e.g., tryptophan (11),
tyrosine, and phenylanine (12)), atrazine (13), cadmium
(14), and tetracycline antibiotics (6c). Other biomaterial,
such as chitosan, has been utilized to prepare magnetic
Cu(II)-imprinted chitosan composites for the selective re-
moval of copper ion (15). A molecularly imprinted polymer-
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coated nanocomposite containing magnetic nanoparticles
was synthesized using the sol-gel method with TEOS to
formFe3O4@SiO2MNPs,whichthenreactedwithatemplate-
silica monomer complex to produce estrone-imprinted MNPs
(16).

Poly(ethylene-co-vinyl alcohols) (EVALs) have a porous
microstructure that is stable under ultrafiltration (17), and
their specific adsorption properties also show potential for
clinical application (18). In the authors’ earlier investigations,
poly(ethylene-co-vinyl alcohols) (EVALs) with various ethyl-
ene contents were adopted as the imprinted polymers (19),
and biomarkers in urine were selected as the target mol-
ecules. Random urine samples were tested to determine
whether interferences from realistic ‘contaminants’ affect
the recognition and quantification capabilites of molecularly
imprinted polymers. Urine contains nonprotein nitrogen
metabolites, carbohydrates and proteins, in concentrations
of less than 0.6-10 mg/mL, 44-500 µg/mL, and 0.1-20 µg/
mL, respectively. The high concentration of nonprotein
nitrogen metabolites such as urea can saturate the cavities
on the surface of molecularly imprinted polymers. Hence,
the selective removal of molecules (such as urea) from urine
may beneficially reduce the interference effect. Also, the
active binding of target molecules on magnetic molecularly
imprinted polymers selectively separates clinically valuable
target molecules (such as proteins) from the biological fluids.

In this work, some biomarkers in urine, including urea,
creatinine, albumin, and lysozyme were employed as tem-
plate molecules during the polymeric processing by phase
inversion separation to imprint these target molecules on
the EVAL. Before the precipitation process, hydrophobic
magnetic nanoparticles were premixed within EVAL/DMSO
solutions. After particle formation, the template molecules
were removed by washing with SDS solution on a magnetic
plate. Experimental results demonstrate that the magnetic
molecularly imprinted EVALs are selective toward the target
molecules. The magnetic molecularly imprinted composite
nanoparticles can also be utilized as signaling labels, through
the measurement of magnetic flux after they have been
incubated with different concentrations of the target. Com-
parison of measurements of real urine samples with results
from a commercial analysis system (Architect ci 8200)
indicates that the MMIPs have sensing potential, but that
future work is needed to quantify the roles of interferences
from nontarget proteins.

2. EXPERIMENTAL SECTION
2.1. Reagents. Creatinine, albumin (from bovine serum,

minimum 98%), lysozyme (from hen egg white), and poly(eth-
ylene-covinyl alcohol), EVAL, with ethylene 27, 32, 38, and 44
mol % (product no. 414077, 414093, 414085, 414107) were
from Sigma-Aldrich Co. (St. Louis, MO). Urea was from Acros
Organics (Geel, Belgium). Dimethyl sulfoxide (DMSO, product
# 161954) was purchased from Panreac (Barcelona, Spain) and
used as the solvent to dissolve EVAL polymer particles in the
concentration of 1 wt %. Iron(III) chloride 6-hydrate (97%) and
iron(II) sulfate 7-hydrate (99.0%) were also from Panreac.
Absolute ethyl alcohol was from J. T. Baker (ACS grade, NJ).
Sodium dodecyl sulfate (SDS) were purchased from Sigma-

Aldrich Co. (St. Louis, MO) and used for the removal of target
molecules. All chemicals were used as received unless otherwise
mentioned.

2.2. Formation of Magnetic Molecularly Imprinted
Poly(ethylene-co-ethylene alcohol) Composite Nano-
particles.Thesynthesisofmagneticalbumin-imprinted,lysozyme-
imprinted, creatinine- imprinted and nonimprinted EVAL nano-
particles included four steps (as shown in Scheme 1). (a)
Magnetic nanoparticles were synthesized by the Massart method,
which is simply coprecipitation of a mixture of iron(III) chloride
6-hydrate and iron(II) sulfate 7-hydrate by sodium hydroxide.
This magnetite was mixed with oleic acid for better dispersion
and repeatedly washed while adsorbed on a magnetic plate, and
then freeze-dried overnight. (b) Dried magnetic nanoparticles
were added to the EVAL solution (EVAL/DMSO ) 1 wt %) to a
concentration of 20 mg/mL. The EVAL/magnetic particle solu-
tion was mixed with 0.03, 0.1, or 0.5 wt % of templates
creatinine, albumin or lysozyme. Although proteins may dena-
tured by DMSO, it is often still possible to obtain good recogni-
tion; it appears likely that small structural fragments of a protein
are the actual recognition elements in these MIPs (20). The
molecular recognition of small structural fragments is well
established in immunology, where it is known epitopic recogni-
tion (21). (c) The EVAL/magnetic particle solution was dispersed
into 10 mL nonsolvent solution (22) (deionized water/isopro-
panol ) 2/3 in weight) for EVAL at 5 °C. (d) Template molecules
were removed by washing with 2 mL 1 wt % SDS solution (for
albumin and lysozyme) 10 min for two times and then deion-
ized water 10 min for four times, using a magnetic plate to
separate the MMIPs. With noncovalent MIPs, there is always the
concern that the washing out of template could damage recog-
nition sites. However, organic solvents (e.g., isopropanol) have
been successfully used for the extraction of phospholipids from
EVAL MIPs (23), so perisistance of recognition capability after
washing is possible. (Imprinting effectiveness factors of ∼6,
reported herein and with the noncovalent phospholipids-
recognizing MIPs noted above, require a difference of only ∼2
kBT in binding energy between targets and nontargets.) The
anionic SDS detergent is effective at protein template removal,
as it disrupts hydrophobic bonding; as some recognition capa-
bility remains in the EVAL after this treatment, we conclude that
nonhydrophobic interactions (such as hydrogen bonding) con-
tribute to the stability of the precipitated EVAL.

All composite nanoparticles were equilibrated with deionized
water overnight before use. The nonimprinted polymers (NIPs)
were prepared identically, except that the template was omitted.

Scheme 1. Separation of Target Molecules Using
MMIP Nanoparticles in Urine

A
R
T
IC

LE

1730 VOL. 2 • NO. 6 • 1729–1736 • 2010 Lee et al. www.acsami.org



2.3. Adsorption of the Templates to Magnetic MIP and
NIP Composite Nanoparticles. The rebinding of the template
molecules or proteins (human albumin and lysozyme) to the
molecularly imprinted or nonimprinted polymers were mea-
sured with 1 mL solutions of 0.02, 0.75, 0.002, and 5.0 mg/mL
albumin, creatinine, lysozyme, and urea, which were dissolved
in the phosphate buffer saline (PBS). These solutions were added
to 1 mL of polymer particles (15 mg) in deionized water on a
magnetic plate for 1 min. A UV/vis spectrophotometer (Lambda
40, PerkinElmer, Wellesley MA) was then used to measure the
concentration decrease in the stock solution, determined by
absorption at 235 nm for creatinine, 280 nm for albumin and
lysozyme.

2.4. Size Distribution and Zeta Potential of MIP Nano-
particles. Creatinine-, albumin-, lysozyme-imprinted polymers
and magnetic nanoparticles were monitored by a particle sizer
(90Plus, Brookhaven Instruments Co., New York). The mea-
surement of the particle size distribution was based on dynamic
light scattering (DLS) at 25 °C with 3 min duration data
collection at the 90° detection angle. The average count rate of
the background was 15 kcps and that of each measurement was
between 20 and 500 kcps. The scattering laser power of this
instrument is the standard 35 mW. The CONTIN algorithm was
used to analyze data.

2.5. Surface Morphology Examination by Scanning
Tunneling Microscopy and Atomic Force Microscopy. Mag-
netic nanoparticles were synthesized as in section 2.2, coated
with oleic acid and then freeze-dried before examination by a
scanning tunneling microscope (easyScan 2, Nanosurf AG,
Switzerland). The image size, scan speed, and points/line were
25 × 25 nm2, 0.2 s/line, and 128, respectively, and the tip
voltage was 50 mV.

2.6. X-ray Diffraction Analysis of Magnetic Molecularly
Imprinted Polymer Composite Particles. X-ray diffraction
analysis (D8 Advance XRD, Bruker, German) was used to
determine the crystalline structure of the ε-Fe2O3 encapsulated
MIP nanoparticles with Cu KR radiation λ ) 1.5406 Å.

2.7. Magnetization Measurement of Adsorption of
Albumin Molecules on the Magnetic Molecularly Impri-
nted EVAL Composite Nanoparticles. Superconducting quan-
tum interference devices (SQUID) are very sensitive magne-
tometers used to measure extremely small magnetic fields,
based on superconducting loops containing Josephson junc-
tions. The magnetic nanoparticles, albumin-imprinted magnetic
EVAL composite nanoparticles before and after removal of
template were freeze-dried and their magnetization monitored
with a the magnetic property measurement system (MPMS XL-
7, Quantum Design, San Diego, CA) at 298 K in (15000 G.
Various concentrations of albumin were then added to the stock
magnetic EVAL MIP nanoparticles 15 mg in 2 mL of PBS to plot
the calibration curves. Random urine samples were secreted
by our colleagues 4 h before the test. Each nanoparticle solution
contained 2 µL of the stock urine sample and 2 mL of PBS
mixture on a magnetic plate (as shown in Scheme 1). Samples
were transferred to the wells in a magnetic field after 1 min
stationary and extracted solution was removed after 10 min.
The magnetic EVAL MIP nanoparticles were washed gently with
DI water and then freeze-dried for the measurement of mag-
netization by SQUID. One milliliter of the urine sample was also
stored in an eppendorf microcentrifuge tube at 4 °C and
analyzed with ARCHITECT ci 8200 system (Abbott Laboratories.
Abbott Park, Illinois, U.S.A.).

3. RESULTS AND DISCUSSION
The use of molecularly imprinted polymers as antibody

mimics was originally developed for ligand-binding assays.
Much attention has recently been paid to the incorporation
of magnetic nanoparticles into molecularly imprinted poly-

mers to separate target biomolecules from complex fluid
mixtures. The approach of suspension polymerization was
first applied a decade ago for preparing molecularly im-
printed polymeric particles (10), giving particle sizes from
approximately a few micrometers down to several hundred
nanometers. The proportions or species of cross-linkers and
functional monomers in molecularly imprinted polymers
can be chosen to form a pseudostable emulsion during
polymerization, and to control the final particle size via the
emulsion droplet size. Larger particles work better in chro-
matography columns, as they do not collapse or block the
flow, while smaller particles have higher specific surface
areas, increasing the capacity of the molecularly imprinted
polymer to absorb the target molecules. Conventional col-
umn chromatography results in dilution of the analyte during
elution from the column. A potential advantage of magnetic
MIPs is that they can in principle give higher final analyte
concentrations, because the separation of the analyte and
the particles can be achieved by magnetic fields, rather than
by flow.

Figure 1 presents the rebinding of the target molecules
to the imprinted EVAL nanoparticles, as determined by the
depletion of the target from the binding solution during a
one-minute binding period. The adsorption of target mol-
ecules, including creatinine, albumin and lysozyme, by
magnetic molecularly imprinted polymers is 1.73-2.77
times higher than of magnetic nonimprinted polymers, as
presented in Table 1. The imprinting effectiveness (the ratio
of binding on MIPs to binding on NIPs) is maximized for
creatinine, albumin, and lysozyme when EVAL is employed
with 27, 32, and 44 mol % of ethylene, respectively. These
optimized ethylene ratios of EVALs were then utilized to
further investigate the removal of target molecules from
urine. Note that the imprinting effectiveness may be higher
for MIPs if incubation with the target is allowed to proceed
for a longer time. In particular, with albumin-imprinted (32
mol % ethylene) EVAL MMIPs, after a half-hour of stationary
adsorption the imprinting effectiveness rose to ca. 6.15, vide
infra. It is also interesting to note that the total rebinding

FIGURE 1. Adsorption capacities of creatinine-, albumin-, lysozyme-,
and non-imprinted EVAL polymer nanoparticles with different mole
% of ethylene contents.
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capacity (mg/g) for creatinine increased with increasing
ethylene, while rebinding capacity for albumin decreased.
For lysozyme, the binding to imprinted polymers increased
slightly with increasing ethylene, but the nonspecific binding
to nonimprinted polymer particles decreased, giving the
highest effectiveness at highest ethylene mol %. These
differences highlight the fact that the optimal composition
for specific vs nonspecific binding may be quite different.
An important consideration for specific binding will undoubt-
edly be the ability of the polymeric material to form comple-
mentary cavities to the target, whereas nonspecific binding
will be dominated by interactions of individual chemical
groups on the polymer and the target.

The adsorption dynamics of albumin MMIPs is presented
in Figure 2a for the same adsorption condition in Figure 1.
The adsorption reached equilibrium after 30 min and the
maximum imprinting effectiveness reached 6.15 with a total
capacity of 7.2 ( 0.55 mg/g. This result (for imprinting
effectiveness) is as good as that obtained previously using
various combinations of functional and cross-linking mono-
mers (20).

The adsorption isotherm for 30 min adsorption is shown
in Figure 2b. A number of different models have been
applied to MIP binding isotherms, including Langmuir, Fre-
undlich (24) and Langmuir-Freundlich isotherm (25) (re-
viewed by Garcı́a-Calzón and Dı́az-Garcı́a (26).) A Freundlich
isotherm, arising from a broad distribution of binding site
affinities, did not fit the observed data well. We instead
allowed for a Gaussian distribution of binding site affinities,
fitting (using MatLab) for the mean dissociation constant,
standard deviation of the dissociation constants, and the
total capacity. The best fit three-parameter curve (shown in
Figure 2b) gives a mean dissociation constant of 26.4 mg/L
(394 nM), a saturation of 9.1 mg/g, and a remarkably narrow
range of dissociation constants (<1 nM). This extremely
narrow range of dissociation constants may indicate that
only one “epitope” in albumin is effective as an imprinting
target (at least within the concentration range studied.)

Figure 3a shows the morphology of the magnetic particles
that were synthesized in this study. The surfaces of those
magnetic nanoparticles are modified with oleic acid to aid
in dispersion. The individual particles have sizes around 6-7
nm. Figure 3b shows the X-ray diffraction (XRD) patterns of
ε-Fe2O3-encapsulated EVAL nanoparticles that were synthe-
sized with imprinting with three target molecules - creati-
nine, albumin, and lysozyme. The X-ray diffraction peaks
of the three samples correspond to (420), (411), and (031),

revealing that ε-Fe2O3 encapsulated in EVAL nanoparticles
had a monoclinic structure (JCPDS card no. 16-0653).

Figure 4a plots the size distribution of molecularly im-
printed EVAL particles, measured directly by dynamic light
scattering. The size distribution of the magnetic nanopar-
ticles is in the range 25-50 nm; these particles are larger
than observed in the STM images in Figure 3a, suggesting
that some aggregation had occurred in the light scattering
preparation. The sizes of the creatinine-imprinted magnetic
EVAL polymers, following the removal of creatinine, are
close to those of the magnetic particles, as measured by DLS.
Although the unwashed (presumably template-bound) lyso-
zyme-imprinted magnetic EVAL particles are on average
considerably larger than the albumin- and creatinine-
imprinted magnetic EVAL nanoparticles, after SDS washing,

Table 1. Rebinding of Template Molecules to the Magnetic Molecularly Imprinted and Nonimprinted
Poly(ethylene-co-ethylene alcohol) and the Imprinting Effectiveness with Different Ethylene Mole %a

creatinine adsorption (mg/g) albumin adsorption (mg/g) lysozyme adsorption (mg/g)

EVAL (ethylene mole%) MMIP MNIP IF MMIP MNIP IF MMIP MNIP IF

27 5.97 ( 0.04 3.46 ( 0.24 1.73 3.13 ( 0.06 1.52 ( 0.12 2.06 0.63 ( 0.01 0.39 ( 0.02 1.69
32 9.30 ( 0.18 7.74 ( 0.20 1.20 2.57 ( 0.10 0.93 ( 0.04 2.77 0.63 ( 0.01 0.54 ( 0.008 1.15
38 10.69 ( 0.22 9.96 ( 0.26 1.10 2.52 ( 0.02 1.97 ( 0.07 1.28 0.68 ( 0.03 0.50 ( 0.06 1.59
44 10.07 ( 0.20 9.00 ( 0.19 1.12 0.50 ( 0.10 0.36 ( 0.24 1.40 0.76 ( 0.02 0.27 ( 0.003 2.74

a MMIP, magnetic molecular imprinting polymer; MNIP, magnetic non-imprinting polymer; IF, imprinting effectiveness.

FIGURE 2. (a) Binding of albumin vs time for magnetic MIPs. (b)
Binding isotherm for different albumin concentrations.
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these particles become much smaller (Table 2). The differ-
ences in particle sizes here may be caused by the different
ethylene mole percentages used, as well as differences in
the physicochemical interactions among the polymer, the
template, and the magnetic nanoparticle. The mean particles
sizes for nonimprinting EVALs are 95 ( 4, 118 ( 5, 135 (
4, and 149 ( 6 nm with 27, 32, 38, and 44 mol % ethylene.
Interestingly, the reduction in the mean size of albumin-
imprinted magnetic EVAL nanoparticles on washing is only
about 6 nm. This likely reflects a lower level of template
incorporation into the MIP, but could also be caused by
greater retention of this template, compared with creatinine
or lysozyme. Table 2 also presents the zeta-potentials of
these magnetic molecularly imprinted nanoparticles. The
surface charges on the creatinine- and lysozyme-imprinted
magnetic EVAL nanoparticles are reduced, and the surface
charge on the lysoyme-imprinted magnetic nanoparticles is
about half that on creatinine- and albumin-imprinted mag-
netic EVAL nanoparticles. The surface charges on creatinine-
and albumin-imprinted magnetic EVAL nanoparticles are
-17.49 ( 0.38 and -19.06 ( 0.43 mV, respectively. Figure
4b presents the titration of target molecules against the
magnetic molecularly imprinted EVAL nanoparticles. The
(negative) surface charge of the creatinine- and lysozyme-
imprinted magnetic EVAL nanoparticles decreased with the

concentration of the target molecules; the surfaces became
more neutral (approaching complete neutrality for creatinine
MIPs).

Figure 5 depicts the magnetization of the magnetic MIPs,
caused by an external magnetic field fielding the range of
(15000 G. Changes in magnetizability may depend on the
size and aggregatability of the MIP nanoparticles. The mag-
netizations of the magnetic nanoparticles, and of magnetic
albumin-imprinted nanoparticles (after template removal),
are both 17.3-18.4 emu/g in a field of 15 000 G. These
magnetization values can depend on the synthesis methods
(1). The magnetic molecularly imprinted nanoparticles be-

FIGURE 3. (a) Scanning tunneling microscopic (STM) image of
magnetic nanoparticles and (b) X-ray diffraction (XRD) pattern of
the magnetic molecularly imprinted polymers.

FIGURE 4. The particles size distribution of (a) magnetic nanopar-
ticles (x) and creatinine- (2), albumin- (b), and lysozyme- ([)
imprinted magnetic EVAL particles before (empty) and after (filled)
the washing. (b) The zeta potentials of creatinine-, albumin-, and
lysozyme-imprinted EVAL polymeric nanoparticles titrated with
target molecules at the reference concentrations.

Table 2. Mean Particle Sizes and Zeta-Potentials of
Magnetic Molecularly Imprinted Polymers

MMIPs particle size (nm) zeta potential (mV)

template

EVAL
(ethylene
mole %)

before
washing

after
washing

before
washing

after
washing

creatinine 27 64 ( 8 44 ( 3 -1.35 ( 1.83 -17.49 ( 0.38

albumin 32 67 ( 4 61 ( 5 -31.63 ( 0.51 -19.06 ( 0.43

lysozyme 44 107 ( 4 66 ( 4 4.32 ( 1.22 -32.13 ( 1.09
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fore the removal of albumin have a much smaller magneti-
zation of around 4.26 emu/g in a field of 15 000 G. Chen et
al. also observed a similar decrease in magnetizability when
preparing magnetic molecularly imprinted polymers (6c).
Moreover, the magnetization of the composite nanoparticles
also decreased with increasing weight ratio of dextran to
magnetite (2). Magnetization curves were obtained at con-
centrations of albumin of 12.5-250 µg/mL, absorbed by
albumin-imprinted magnetic EVAL particles; increasing al-
bumin concentration (and presumably absorption) mono-
tonically reduces the magnetizability of the magnetic MIPs.
Thus, magnetizability is a suitable readout mechanism for
quantification of template binding. Figure 5b plots the
magnetizations of magnetic molecularly imprinted particles
after their absorption of various concentrations of albumin,
measured at 15 000 G. It is interesting to note that the

decrease in magnetization with increase albumin concentra-
tion may in fact be related to the increasing magnitude of
surface charge (Figure 4b), which would oppose magnetic-
field induced aggregation of the nanoparticles.

Table 3 presents the magnetizations (15 000 G applied)
of the magnetic molecularly imprinted particles after the
adsorption of real random urine samples, and the interpre-
tation of the magnetization in terms of concentration ob-
tained by applying the calibration curve in Figure 5b. Some
magnetizations appear to be inaccurate, as determine by
comparison with those measured in hospital using the
commercial ARCHITECT ci 8200 system at a high concen-
tration of albumin. The interfering compounds in those urine
samples are creatinine, uric acid, glucose, urea, AFP, and
CEA, whose concentrations are also presented in Table 4.
The interference of the albumin-imprinted magnetic EVAL
nanoparticles may be caused by either the drying of those
particles or interference in the urine. Multiple interferences
are found in sample 1, and the concentrations of uric acid
and CEA in sample 2 exceed those in samples 3 and 4.
Although more real samples may be examined, the usage
of liquid sample on a GMR sensor (27), the integration of
microelectro-mechanical systems (MEMS), and synthetic
receptors may yet achieve higher accuracy in the determi-
nation of target molecule concentration by the measurement
of superparamagnetic properties (e.g., magnetization). A
fuller study of cross-reactivity is planned to investigate the
tolerance level to interferences (28) for albumin MMIPs, but
is beyond the scope of the present work. At present, we note
that the results presented here provide evidence of a signifi-
cant interference issue in real urine samples, most likely
from urea.

To explore the possibility of using MIPs to remove urea,
were synthesized magnetic urea-imprinted EVAL nanopar-
ticles using EVAL with 27 mol % ethylene (19c). The mean
particles sizes and rebinding capacity in a batch adsorption

FIGURE 5. (a) Superconducting quantum interference devices
(SQUIDs) magnetization measurement of albumin-imprinted mag-
netic EVAL nanoparticles before and after the removal of template
molecules, and after binding different concentrations of albumin.
(b) The calibration curve of magnetization with different concentra-
tions of albumin at an applied magnetic field of 15 000 G.

Table 3. Comparison of Real Sample Measurement
by ARCHITECT ci 8200 System and the Albumin-
Imprinted Magnetic EVAL Composite Nanoparticles

ARCHITECT ci 8200 system MMIPs @ 1500 G

sample
no.

microalbumin
(mg/dL)

magnetization
(emu/g)

albumin
conc.

(mg/dL)
accuracy

(%)

1 0.44 7.31 0.048 10.99
2 0.26 4.12 0.138 53.06
3 0.26 2.81 0.228 87.86
4 0.21 2.93 0.216 97.24

Table 4. Selective Compositions in Real Random
Urinary Samples Measured by ARCHITECT ci 8200
Systema

sample
microalbumin

(mg/dL)
creatinine
(mg/dL)

uric
acid

(mg/dL)
glucos

(mg/dL)
urea

(mg/dL)
AFP

(ng/mL)
CEA

(ng/mL)

1 0.44 98.8 40.9 4 586.44 <0.4 0.55

2 0.26 33.7 17.1 2 144.59 <0.4 0.83

3 0.26 38.0 8.6 2 162.51 <0.4 <0.5

4 0.21 30.8 8.9 2 141.56 <0.4 <0.5

a AFP, alpha-fetoprotein; CEA, carcinoembryonic antigen.
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are around 56 ( 1 nm and 25.86 ( 0.23 mg/g (in 10 mg/
mL urea solution), respectively. In Figure 6, 1 mL of each of
five stock urine samples was repeatedly extracted with 15
mg of the magnetic urea-imprinted EVAL nanoparticles. For
smaller control (nontarget) molecules (glucose, uric acid and
creatinine), the total amount removed after five extractions
is less than 1% of the original concentration. Notably, the
original concentration of those smaller molecules in urine
can be found in Table 4 and are all lower than urea. The
adsorption amounts of those interferences on the magnetic
urea-imprinted EVAL nanoparticles are likely to be very low.
The overall removal of urea from urine steadily increased
to 5.12 ( 0.73% after five extractions; each extraction
removed 1.04 ( 0.77% of urea in the 25 magnetic extrac-
tions processes. When using MNIPs for the removal of urea
from urine samples, the average adsorption is 0 within
uncertainty 0.54% in 12 magnetic extractions processes.

The stability of albumin MMIPs were tested by measuring
their adsorption capacity (30 min adsorption) using the
MMIPs are freezing dried and stored in a dehumidifier for
14 months. As shown in Figure 7, there is only a slight
decrease in the adsorption capacity (<3% of the first time
usage) after six continuous adsorption and washing processes.

4. CONCLUSIONS
Poly(ethylene-co-ethylene alcohol) not only has the ad-

vantage of being biocompatible for the latter in vivo applica-
tions but also can easily undergo polymer processing for
molecular imprinting. In this study, the synthesis of mag-
netic molecularly imprinted EVAL nanoparticles with crea-
tinine, albumin, and lysozyme was demonstrated and those
target molecules were rapidly adsorbed (∼1 min), though
optimal absorption of albumin required ∼30 min. MIPs with
magnetic nanoparticles incorporated (magnetic MIPs, or
MMIPs) showed changes in their magnetization in response
to rebinding, indicating that magnetization may be a useful
readout for MMIP binding and thus target concentrations.
MMIP nanoparticles may be able to be integrated into GMR
sensors for biosensing applications. Finally, preliminary
studies using real urine samples showed promise for mag-

netic sensing of albumin concentration, but also demon-
strated that interferences from other molecular species in
urine must be more fully quantified, or interfering species
must be removed.
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