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Magnetically Enhanced Dielectrophoretic Assembly of Horseradish
Peroxidase Molecules: Chaining and Molecular Monolayers

Jianfei Sun,*™® 9 Haoyan Zhou,"” Yonglong Jin,™ > Meng Wang,® " 9 Yifei Li,” and Ning Gu*™

Recently, interest in the controlled assembly of colloids has in-
creased due to its scientific importance and widespread appli-
cations in nanoscience and nanotechnology." Electric and
magnetic fields are common tools to direct the self-assembly
process under which nanoparticles often form one-dimensional
ensembles. Resulting from high-order damping with partic-
ulate size, the electromagnetic force is traditionally considered
too weak to assemble very small objects. Although there are
recent reports on electromagnetically controlled colloidal ag-
gregation, showing the possibility that an electromagnetic
field can manipulate nanoparticle aggregates,®® the electro-
magnetically mediated assembly of several-nanometres-sized
biological macromolecules has remained unexplored. This is
mainly due to the small size of biological molecules and the
possible destructive effect caused by planar lithographic elec-
trodes. However, there are at least two driving forces in study-
ing the field-controlled assembly of biological macromolecules.
Firstly, proteins are greatly involved in many problems con-
cerning life and health.”" Thus, the controlled assembly of
proteins may well play an important role in fundamental re-
search and clinical therapy. Secondly, biological macromole-
cules are also considered as promising components and ele-
mentary frameworks in next-generation bioelectronics and de-
vices.'>™ The controllable assembly of biological macromole-
cules may be employed as a fabrication method of these com-
ponents.

Herein, we show a novel experimental design to assemble
horseradish peroxidase (HRP) molecules without using litho-
graphical electrodes. Our design is able to generate a magne-
tostatic field and an alternating electric field simultaneously.
The HRP molecules form linear assemblies in the synergistic
presence of the magnetostatic and alternating electric fields.
More interestingly, the enzyme molecules aggregate into a
molecular monolayer on the substrate and their catalytic activi-
ty is scarcely deactivated after electromagnetic treatment. Our
results demonstrate that the electromagnetic force is also ca-
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pable of manipulating biological objects smaller than 10 nm
without deactivation of biological function.

An alternating electric field was extensively employed in col-
loidal assembly, often called dielectrophoresis. The dielectro-
phoretic force can be expressed by Equation (1):

(Foee (1)) = 27e,r*Re[K ()] V|EJ* (M

where Fye is the dielectrophoretic force, ¢, is the permittivity
of the medium, r is the radius of the particles, E is the intensity
of electric field and Re[K(w)]is the real part of the effective po-
larizability (Clausius—Mossotti factor) that is determined by the
intrinsic properties of the material."® If the particles to be as-
sembled were inorganic, the adjustable parameter would just
be E, including field intensity and frequency. For the assembly
of proteins, the factor Re[K(w)] becomes adjustable as well,
since the protein molecules are able to self-adapt to stimula-
tion induced by an external field. Herein, we chose horseradish
peroxidase—a classic enzyme about 4-6 nm in three dimen-
sions!'®—as the building block. Considering that horseradish
peroxidase contains an iron porphyrin group, the magnetostat-
ic field was expected to enhance the effect of an alternating
electric field. Thus, we employed two metal permanent mag-
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Figure 1. Experimental configuration and the generated electric field.

a) Device generating simultaneous magnetostatic and electric fields. The
two types of field are independent from each other. b) Simulated distribu-
tion of the electric field. Blue and red indicate minimal and maximal field in-
tensity, respectively.
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Figure 2. AFM images of HRP aggregation without any field
treatment.

nets with an insulating slice to space them as elec-
trodes (Figure 1a). Due to the attractive interaction
of heteropolar magnets, the gap between the two
electrodes was equal to the thickness of the slice
(400 um in our experiments). In this case, there were
both magnetostatic and electric fields in the gap and
their directions were identical. The simulative distri-
bution of the electric field is presented in Figure 1b.
Based on Equation (1), the field gradient was neces-
sary. We experimentally placed the samples on the
edge of gap, where the drain field provided the gra-
dient for assembly (Figure 1a).

HRP molecules aggregate into an amorphous bulk
after drying naturally without any field treatment
(Figure 2), which is nearly identical to what happens
in the presence of either an electric or a magneto-
static field (see Figures ST and S2 in the Supporting
Information). Here, neither the dielectrophoretic
force nor the magnetostatic force can overcome the
thermal motion, due to the small size of the objects.
However, in the presence of both the alternating
electric field and the magnetostatic field, the mole-
cules assemble into evident linear alignments that
depend on the frequency. This indicates that the die-
lectrophoretic force plays a role (Figure 3). At a fre-
quency of 1kHz the linear structures are about
50 nm wide and over 20 pm long. Based on the sec-
tion analysis (See Supporting Information, Figure S3)
of the green line marked in Figure 3, the assemblies
are about 4-5 nm thick, approximating the size of a
single HRP molecule. Thus, we conclude that the
HRP aggregates are molecular monolayers.

To determine whether the magnetostatic field is
involved in the assembly process, we changed the
distribution of the magnetic field by introducing an
additional pair of permanent magnets in orthogonal
direction (for the experimental configuration, see the
Supporting Information, Figure S4). With this setup,
the four magnets generated a quadrapolar field with
a different distribution from that of a dipolar

field."'® Through this alteration, the linear assembled mor-
phology is destroyed (Figure 4). However, the aggregates
remain molecular monolayers, likewise indicating that the
magnetic field truly contributes to the assembly of HRP mole-
cules.

Also, we substituted BSA (bovine serum albumin), a
common protein without any metal centers, for HRP to con-
firm our hypothesis that the magnetostatic field, in the pres-
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Figure 3. AFM images of HRP aggregation in the presence of both magnetostatic and al-
ternating electric fields. a) 100 Hz, b) 1 kHz, c) 10 kHz, d) 100 kHz.
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Figure 4. AFM images of HRP aggregation in the presence of quadrupolar magnetostatic
and alternating electric fields. a) 100 Hz, b) 1 kHz, ) 10 kHz, d) 100 kHz.

1848  www.chemphyschem.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2008, 9, 1847 - 1850


www.chemphyschem.org

ence of an alternating electric field, can only affect the assem-
bly process for molecules with a high magnetic response. The
BSA assembly shows little linear conformation (Figure 5), but
rather resembles the amorphous bulk aggregates of HRP ob-
tained at either an alternating electric field or a magnetostatic
field. As the Fe-containing HRP molecules certainly have a high
magnetic response, as opposed to metal-free BSA, this con-
firms our hypothesis.
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Figure 5. AFM images of BSA aggregation in the presence of both magnetostatic and al-
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The formation of the HRP molecular monolayer can account
for the increase in catalytic activity of the assembled mole-
cules. Upon formation of the monolayers, all the HRP mole-
cules are exposed to substrate solution. In the absence of an
external field, the spontaneously-formed aggregates are dis-
persed in the bulk, where a proportion of the molecules are
screened by the outer molecules. The inner molecules can play
a catalytic role only after the outermost molecules diffuse into
the solution. Thus, within a given time span, the cat-
alytic activity of electromagnetically-treated HRP
molecules is higher than that of those without as-
sembly.

In conclusion, we have realized for the first time
the electromagnetically induced assembly of enzyme
molecules below 10 nm in size, free of any special
modifications of either the enzyme molecules or the
substrate. In our experimental design, the HRP mole-
cules are not in contact with the electrodes, thus
avoiding some physical and chemical reactions and
enabling the perfect preservation of biological cata-
lytic activity. Also, the mechanism is based on field-
induced moment-moment interactions, different
from the aggregation-growth mechanism along
electrodes that was previously proposed for the as-
sembly of Au nanoparticles." Our work provides a
flexible technique for the assembly of building
blocks, synergetically exploiting electric and magne-
tostatic fields. Due to the generality, simplicity and
adaptability of the design, we believe that this work
should benefit the theoretic development and tech-
nological applications in life science and bioelec-
tronics.

ternating electric fields. a) 100 Hz, b) 1 kHz, c) 10 kHz, d) 100 kHz. The mass concentration

is identical to that of the HRP experiments.

Concerning enzyme assembly, the catalytic function should
be reserved. Figure 6 shows a plot of the frequency-dependent
catalytic activity of the assembled HRP molecules with respect
to those free of assembly. We found that the electromagnetic
treatment had little influence on the HRP catalytic activity. In-
terestingly, the catalytic activity of assembled molecules can
even be higher than that of molecules without assembly.
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Figure 6. Frequency-dependent catalytic activity of assembled HRP versus

naturally aggregated HRP. The comparison of catalytic activity is represented
by the ratio of respective optical densities (OD).
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Experimental Section

Molecule Assembly: The HRP molecules were assembled on a
freshly cleaved mica surface. The substrate was placed onto the
gap between two magnets, as depicted as Figure 1a. A drop of
HRP solution of about 8 uL was spread onto the substrate. The
power supply with a constant voltage output of 50V (peak-peak
value), was switched on until the solution was dried. As our
equipment has four frequency ranges, we chose one typical fre-
quency in every range. The purchased HRP (Sigma Corp.) was dis-
persed in ultra-pure water at a concentration of 0.05 mgmL~". All
samples were characterized by AFM in tapping mode, 20°C.

Measurement of the Catalytic Activity: The catalytic activity of
HRP was measured by the classic catalytic chromogenic reaction
of TMB (3,3,5,5-tetramethylbenzidene) in the presence of H,0,.
The mica slice containing the assemblies was dipped in the 1 mL
mixture of TMB and H,0, for 5 min, and simultaneously another
mica slice containing the naturally formed aggregates of HRP in
the absence of an external field underwent the same treatment
as the comparison. Then 50 uL 2m H,SO, were added into the
two mixture systems as a terminator. Finally, the both optical den-
sity at 450 nm were recorded.
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