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1 | INTRODUCTION
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Abstract

Dielectrophoresis (DEP) is an AC electrokinetic effect mainly used to manipulate
cells. Smaller particles, like virions, antibodies, enzymes, and even dye molecules
can be immobilized by DEP as well. In principle, it was shown that enzymes
are active after immobilization by DEP, but no quantification of the retained
activity was reported so far. In this study, the activity of the enzyme horseradish
peroxidase (HRP) is quantified after immobilization by DEP. For this, HRP is
immobilized on regular arrays of titanium nitride ring electrodes of 500 nm
diameter and 20 nm widths. The activity of HRP on the electrode chip is mea-
sured with a limit of detection of 60 fg HRP by observing the enzymatic turnover
of Amplex Red and H,O, to fluorescent resorufin by fluorescence microscopy.
The initial activity of the permanently immobilized HRP equals up to 45% of
the activity that can be expected for an ideal monolayer of HRP molecules on
all electrodes of the array. Localization of the immobilizate on the electrodes
is accomplished by staining with the fluorescent product of the enzyme reac-
tion. The high residual activity of enzymes after AC field induced immobilization
shows the method’s suitability for biosensing and research applications.
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cle and medium, defines whether a particle experiences
attraction (positive DEP) or repulsion (negative DEP) in

Dielectrophoresis (DEP) is the force acting on a polar-
izable particle in a nonuniform electric field [1]. The
frequency-dependent Clausius—Mossotti factor K(w), and
therefore the frequency-dependent permittivity of parti-

Abbreviations: DEP, dielectrophoresis; HRP, horseradish peroxidase;
ITO, indium tin oxide; LOD, limit of detection; NA, numerical aperture;
PEG, polyethylene glycol; RPE, R-phycoerythrin; TiN, titanium nitride.

high electric field gradients [2].
Fppp = 27160, Re [K ()] VIE|)? @)

DEP is mainly applied to cells, which can be trapped,
isolated, sorted, separated, or characterized by DEP [3].
As the force directly depends on the volume of the parti-
cle, the immobilization of smaller particles requires higher
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field gradients (see Equation 1), which can be produced by
sharp electrode geometries. This way, submicron particles,
for example, polystyrene beads and virus particles, can be
separated or immobilized by DEP as well [4, 5]. Although
the mechanism behind the phenomenon is still a subject
of recent studies and discussions [6-10], proteins [11, 12],
enzyme molecules [13], and even small dye molecules [14]
were also manipulated by DEP. As the immobilization on
nanoelectrodes is label free and accomplished in seconds
[15, 16], DEP might become a method of choice for the pro-
duction of biosensors. Furthermore, protein molecules can
be immobilized as singles as has been shown with pairs
of planar nano-electrode tips and R-phycoerythrin (RPE)
[12]. In a first attempt to produce a protein nanoarray
for single-molecule experiments, bovine serum albumin
(BSA) was immobilized on a small nanoelectrode array of
nine electrodes with a tip diameter of 30 nm. The pro-
tein molecules were immobilized either permanently or
temporarily, dependent on the applied field strength, but
were not proven to be isolated as singles yet [15]. For the
immobilization of single enzymes or protein molecules on
arrays, sharp electrode tips with a diameter below the par-
ticles diameter are required [16, 17]. Recent advances in
the standard complementary metal-oxide-semiconductor
production process of silicon-based electrode arrays by
reactive ion etching allowed the standardized production
of sufficiently small electrode tips: arrays of thousands
of cone-shaped electrodes were produced with a minimal
diameter of about 1.5 nm, which can be adjusted to larger
diameters by chemical mechanical polishing [16].

For biosensors, lab-on-chip-devices and single enzyme
molecule experiments, not only the reliable trapping, but
also a high residual activity of the involved enzymes has
to be ensured. In principle, the amount of immobilized
BSA was estimated [18] and the activities of anti-RPE anti-
bodies and horseradish peroxidase (HRP) were shown [13,
19]. However, there was no absolute quantification of the
immobilizate’s activity. In order to evaluate the applicabil-
ity of DEP-immobilized enzyme arrays, the present study
provides a quantitative determination of the activity of
enzyme molecules permanently immobilized merely by
DEP.

As a model enzyme, HRP was chosen. HRP is a
single subunit, 44 kDa heme protein with a known
three-dimensional structure and catalytic pathway and a
complex glycosylation pattern [20, 21]. This enzyme has
been studied intensively for centuries and has become
a standard chemical for diagnostic kits and immunoas-
says because of its availability, high stability, and high
activity in colorimetric and fluorometric assays [22]. For
similar reasons, it is a popular enzyme for the proof-of-
principle for single enzyme molecule experiments [23-28]
and was already shown to be active after DEP on nanoelec-

trode arrays [18]. In this study, we have employed titanium
nitride (TiN) ring electrode arrays, which combine the
advantages of the well-established tungsten cylinder elec-
trode arrays [13, 17, 18] with a smaller electrode geometry
of only 20 nm width.

2 | MATERIALS AND METHODS

2.1 | Materials

HRP (EC 1.11.1.7) Type VI-A was purchased from Sigma.
BSA (Albumin Fraction V for western blotting, from
bovine serum) was acquired from Applichem. Both
were dissolved in deionized water to give a final
concentration of 4 mg/ml. Protein concentrations
were measured using each protein’s molar extinc-
tion coefficient (HRP: €403 ,m = 102 mM™ cm™; BSA:
E50nm = 43.8 mM™ cm™[29, 30]) using a Nanodrop
spectrophotometer ~ ND-1000(PEQLAB  Biotechnolo-
gie GmbH). Stock solutions were stored at —20°C. For
spectroscopic activity measurements of free HRP, the
enzyme was diluted using phosphate buffer with 0.1%
BSA and 0.1% Triton X 100. Amplex Red (10-acetyl-3,7-
dihydroxyphenoxazine) was purchased from Cayman
Chemical, dissolved in dimethyl sulfoxide, and stored
at —20°C. Dilutions were prepared on the day of use in
deionized water. 30% H,0, was purchased from Merck
and also diluted daily. All dilutions were stored on
ice and protected from light. Phosphate buffer pH 7.5
was prepared by mixing 100 mM KH,PO, (Roth) and
100 mM K,HPO, (Acros Organics) until the desired
pH was reached. The buffer was filtered using 0.22 um
syringe filters and stored at +7°C or -20°C. PEG 20,000
(polyethylene glycol, M = 20,000 g/mol) was purchased
from Roth and was dissolved in deionized water to a final
concentration of 2% (w/v), filtered, and stored at -20°C.
Resorufin (Biotium) was dissolved in dimethylformamide
resulting in a concentration of 1 mM and was diluted in
phosphate buffer before use.

2.2 | Inactivation of HRP

HRP was inactivated following a published protocol with
minor modifications [31]. HRP at a final concentration of
0.44 mg/ml was incubated for 2 h with 6 mM sodium azide
and 6 mM H, 0, in phosphate buffer. After inactivation, the
buffer was changed against sodium bicarbonate buffer pH
8.7 in six cycles using an Amicon Ultra-4 centrifugal filter
unit with a molecular cutoff of 30 kDa. In a 2.6 uM Amplex
Red assay using the fluorescence spectrometer, the activ-
ity of the inactivated HRP was determined to 0.06% of the
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initial enzyme activity. The inactivated enzyme was stored
at -20°C. For DEP, an aliquot was thawed, and the buffer
was exchanged against deionized water in 10 cycles using
a VivaSpin 500 centrifugal concentrator with a molecular
cutoff of 30 kDa. The final concentration of the inactivated
enzyme was 2.2 mg/ml. The sample was stored at -20°C in
aliquots.

2.3 | Microscopy

Two upright fluorescence microscopes were used in this
study: Olympus BX51 and Olympus BX53. Both micro-
scopes were equipped with an LED illumination system
(CoolLED pE4000; Acal BFi), a 60X objective with a
numerical aperture (NA) of 0.7 and a long working dis-
tance (LUCPlan FLN, Olympus) and a 100X objective
with NA = 0.9 for imaging in air (MPlanFL; Olympus),
which were used for all measurements and fluorescence
images shown here. Using the Olympus BX51, images were
acquired using the Software Cell™, which controlled a
cooled CCD camera (F-View II; SIS—Soft Imaging Sys-
tem/Olympus) and a shutter driver (Uniblitz Model VCM-
D1; Vincent Associates, Rochester, NY). For Amplex Red
assays on this microscope, the filter set WIG (U-MWIG3
from Olympus, with excitation filter BP 530-550, dichroic
mirror 570 and emission filter BA575IF) was used. The
Olympus BX53 was equipped with a sCMOS camera (Orca
flash 4.0, Hamamatsu) and controlled using the manufac-
turer’s software CellSens Dimensions, which allowed to
control the light source with a virtual shutter. Amplex Red
assays and fluorescence micrographs of resorufin-stained
samples were monitored using the filter set Cy3 (Chroma
UF39004 with excitation filter AT540/25x%, dichroic mirror
AT565DC, and emission filter AT605/55 m). Rhodamin 123
staining was imaged using the filter set FBW (Olympus
U-FBW, emission 460-495 nm; dichroic mirror 505 nm,
emission filter 510IF). Images were processed using ImageJ
(http://imagej.nih.gov/ij) [32].

For scanning electron microscopy, the microscope Zeiss
EVO MA 10 with the manufacturer’s software SmartSEM
(version 5.07) was used. An acceleration voltage of 3 kV
was applied at a low beam current of 9 pA. The work-
ing distance was 5 mm. No preparation of the sample
was necessary. The atomic force microscope (NanoWiz-
ard 3, JPK Instruments) was used with a cantilever with
a spring constant of 42 N/m and a sharpened tetrahe-
dral silicon tip (OMCL-AC160BN-A2, Olympus) in tapping
mode. Imaging was performed in air and images were pro-
cessed using Gwyddion, a free open-source software for
scanning probe microscopy data visualization and analysis
(http://gwyddion.net) [33].

2.4 | Amplex Red assays

For the measurement of HRP activity, Amplex Red and
H,0, were used as substrates. A substrate solution with
either 2.6 uM or 26 uM Amplex Red, 88 uM H,0,, and
0.1% (w/v) PEG 20,000 in phosphate buffer was pre-
pared shortly before use. For the characterization of the
enzyme, measurements were done with the luminescence
spectrometer Perkin Elmer LS 55. Acrylic cuvettes with
a path length of 10 mm (Sarstedt, REF 67.755) were
used and filled with 1.5 ml substrate solution. The reac-
tion was monitored for 60 s with 1, = 540 nm and
Adem = 610 nm. The turnover rates were calculated from
the linear increase in fluorescence intensity using a cal-
ibration curve, which was determined with resorufin
standards.

For on-chip Amplex Red assays, the substrate solution
was prepared in a reaction tube and protected from light
until use. A small piece of a silicone foil with 100 um
thickness (Wacker ELASTOSIL Film 2030 250/100) with
a 5 mm hole was placed on a 12X12 mm cover glass #1.
For bringing the electrode array into focus, 1.5 ul phos-
phate buffer was pipetted onto the prepared cover glass,
which was then placed onto the chip. The luminous-field
diaphragm was partly closed to avoid unnecessary photo-
bleaching or photooxidation. After focusing, cover glass
and chip were separated, cleaned with deionized water,
and dried using an N, stream. Then, the substrate solution
was placed between cover glass and chip in the same way
as the buffer. The chip was carefully placed under the 60x
objective and a measurement was started. By this proce-
dure, manual focusing with the substrate solution in place
was avoided to minimize photooxidation. The increase in
fluorescence was observed using the Cy3 (Olympus BX53)
or WIG (Olympus BX 51) filter set and the 550 nm LED
at 100% output. Images were taken in 10 s intervals for
2 min using the automated image acquisition and an auto-
mated shutter. The exposure time was 200 ms (Olympus
BX51) or, because of the higher sensitivity of the used
sCMOS camera, 50 ms (Olympus BX53). After the fluores-
cence image acquisition, a brightfield image was taken to
check the positioning of the electrodes in the focal plane.
If necessary, the positioning was corrected for the next
measurement. Turnover rates were calculated from the
increase in brightness in a fixed region of interest in the
acquired image stack. Calibration curves for resorufin fluo-
rescence, which were acquired for each of the microscopes,
were applied. The HRP concentration and mass was cal-
culated from the turnover rate using calibrations, which
were measured at the luminescence spectrometer. For
convenience, an Image] macro was written that stream-
lined image analysis. Exponential fits were calculated
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Titanium nitride (TiN) ring electrode arrays. (A) Scheme of the production process for TiN ring electrode arrays. (B)

Brightfield image of the complete array, consisting of four subarrays (20x). (C) Section of the same array, containing an orientation cross
without electrodes (100x). (D) Scanning electron microscope image. (E) Atomic force microscope image

using OriginPro 2019 based on a Levenberg-Marquardt
algorithm.

2.5 | Electrode arrays

Electrode chips were produced in a standard 0.25 ym com-
plementary metal-oxide-semiconductor protocol on 8 inch
silicon wafers. Each array consisted of four subarrays con-
taining 6256 electrodes. For easier orientation on a chip,
some electrodes were omitted leaving cross-shaped areas.
Tungsten cylinder electrodes had a diameter of about
500 nm and a gap of about 2 ym. The cylinders were embed-
ded in SiO,. All electrodes of a subarray were electrically
connected by an underlying conducting metal layer [13].
For details on the production process, please refer to Otto
et al. [19]. TiN ring electrodes were produced using the
same layout as the current batch of tungsten cylinder elec-
trodes (Figure 1B, C) [12]. As for tungsten cylinders, a
SiO, layer was deposited on a metal stack and structured
by etching cylindrical holes into it. The holes were lined
with a 20 nm TiN layer and filled with SiO, by chemical
vapor deposition. Excess SiO, and TiN on the surface were
removed by chemical mechanical polishing (Figure 1A).
Scanning electron and atomic force microscope images
show that the rings are not filled completely (Figure 1D, E).
In the case of TiN ring electrodes, all four subarrays on a
chip are electrically connected to each other and are set on
the same potential.

2.6 | Dielectrophoresis

For DEP, a cover glass with a conductive layer of indium
tin oxide (ITO, SPI Supplies, 70-100 Q) was used as a
counter electrode. Electrode chips were mounted to micro-
scope slides and connected to a socket for the application of
electric fields. Consecutive numbers were assigned to the
mounted chips. Electrical connections to the indium tin
oxide surface and to the contacting patches of the electrode
chips were prepared by using a carbon-based conductive
glue (Leit-C, Plano). A commercially available silicone film
with a thickness of 100 um (Wacker ELASTOSIL Film 2030
250/100) was cut into squares with a 94 mm hole and used
as spacer material between ITO and chip. A protein sample
dissolved in deionized water was placed between electrode
chip and ITO counter electrode (Figure 2A). The conduc-
tivities of the samples amounted to about 45 uS/cm for
HRP, below 45 pS/cm for inactivated HRP, and 75 pS/cm
for BSA.

Alternating currents were generated using a function
generator (Wavetek model 193) and a wide band ampli-
fier (Toellner TOE 7606). Frequency and amplitude of the
signal were monitored using a counter (Voltcraft 7202),
oscilloscope (Rhode & Schwarz RTC1002), and RMS volt-
meter (Rhode & Schwarz URE) (Figure 2B). For the
immobilization of proteins, a frequency of 10 kHz and an
amplitude of 7 Vrys (20 V,,,) were set and applied to the
electrode chip for 10 min. After DEP, the chip was rinsed
with deionized water and incubated three times for about
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FIGURE 2 Schemes of the experimental setup for

dielectrophoresis (DEP) experiments. (A) Schematic
three-dimensional view (not to scale). (B) Electrical setup

5 min under phosphate buffer. After each incubation step,
it was again rinsed with deionized water.

2.7 | Cleaning and reuse of chips

Tungsten cylinder electrode chips were cleaned by exten-
sive rinsing using deionized water and by the application
of the First Contact cleaning polymer (Photonic Cleaning
Technologies). Before use, the chips were exposed to an
N, plasma for 10 min using the KinPen (Neoplas). TiN
ring electrodes are chemically more inert than tungsten
and were cleaned using deionized water, First Contact
cleaning polymer and peroxymonosulfuric acid (“piranha
solution”). Piranha solution was prepared directly on-chip
by mixing 4 ul H,SO, (96%) with 1.2 ul H,0, (30%). After
5 min of incubation, the chip was rinsed with deionized
water, shortly incubated with 1.25 M NaOH and washed in
diluted phosphate buffer for 15 min.

3 | RESULTS

3.1 | Activity of HRP in solution

HRP catalyzes the oxidation of the colorless substrate
Amplex Red by H,0, to resorufin, which is highly flu-
orescent with an excitation maximum at 563 nm and
an emission maximum at 587 nm [34]. In order to cal-
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FIGURE 3 Concentration dependent activity of horseradish
peroxidase (HRP) toward Amplex Red and H,0,. (A) Apparent k.,
for both tested Amplex Red concentrations. (B and C) Nonlinear
regression for the calculation of the HRP concentration from the
increase in resorufin fluorescence. (B) 2.6 UM Amplex Red. (D)

26 uM Amplex Red

culate the exact amount of HRP in a sample from the
velocity of the turnover reaction, the HRP activity has
to be known exactly. As already reported by Gorris and
Walt, the apparent Amplex Red turnover rates are depen-
dent on the HRP concentration [26]. This is probably the
case because the final step in the building of resorufin
is an enzyme-independent dismutation reaction of two
Amplex Red radicals [35]. Those are more likely to react
otherwise, that is, with surfaces, if the allover HRP and
Amplex Red radical concentration is low [26]. Therefore,
the concentration-dependent activity of HRP was mea-
sured for two Amplex Red concentrations (2.6 uM and
26 uM) using a fluorescence spectrometer (Figure 3A). For
both assays, the HRP activity reached its maximum above
a HRP concentration of 0.03 nM. For concentrations above
0.03 nM HRP, the turnover rate dc(resorufin)/dt depends
linearly on the HRP concentration. The apparent maxi-
mum turnover rates for Amplex Red to resorufin were
21.6 + 0.7 s71(2.6 uM Amplex Red) and 174 + 2 s7'(26 uM
Amplex Red). At the lowest measured concentrations, the
apparent HRP activity was reduced to about 60%-65% of
the maximum activity. The measurement range for the
assays on the chip cannot be restricted to the concentra-
tion range above 0.03 nM, because an upper bound of 1.9 pg
HRP is expected to be immobilized as a molecular layer on
the TiN ring electrode arrays, resulting in a concentration
of 0.03 nM in 1.5 pl reaction volume. Therefore, nonlin-
ear calibration curves were prepared (Figure 3B, C) for the
calculation of the HRP concentration from an unknown
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sample. The resulting equation is:

1 chesorufin
HRP [nM] = - 2
M) = fy/ 5 =5 @

For c(Amplex Red) = 26 uM: f=1.12; g =1.76
For c(Amplex Red) = 2.6 uM: f = 1.14; g = 13.76

3.2 | On-chip measurements of HRP
activity by fluorescence microscopy

For the determination of the HRP activity on an elec-
trode chip, a measurement chamber containing 1.5 pl of
the Amplex Red substrate solution was built directly onto
the chip’s surface. The increase in resorufin concentration
was monitored using a fluorescence microscope. To prove
this measurement principle, known HRP concentrations
were added to the substrate solution before placing it on a
clean electrode chip, which resulted in pg amounts of HRP
in the measurement chamber. Furthermore, blank mea-
surements with the Amplex Red substrate solution, but
without any HRP, were performed. For the calculation of
the amount of HRP on the chip or in the sample volume,
respectively, the fluorescence in a region of interest was
measured in 10 s intervals. The velocity of the turnover of
Amplex Red to resorufin in the first minute of observation
was calculated using calibration curves for the resorufin
fluorescence, which were measured under the same exper-
imental conditions (Figure 4A). The amount of HRP
which this turnover rate could be assigned to was then
calculated using Equation (2). These experiments were
performed with two Amplex Red concentrations to test
which concentration is more advantageous for measuring
HRP concentrations on the chip. For 26 uM Amplex Red,
a higher HRP activity and therefore higher sensitivity was
expected, but also stronger effects of product accumulation
or adsorption to surfaces and by photooxidation.

On freshly cleaned TiN ring electrode chips, the back-
ground activity without any HRP was found to amount to
only 0.005 + 0.001 pg HRP in assays with 26 uM Amplex
Red. When free HRP was added to the on-chip Amplex
Red assay, a linear increase in resorufin fluorescence with
time was measured (Figure 4B) and the HRP activity was
quantified. Two HRP concentrations were tested to deter-
mine the accuracy and reproducibility of the assays. The
assay containing 26 uM Amplex Red had a tendency to
overestimate the amount of HRP (Figure 4C), but also had
a smaller standard deviation for low HRP amounts and a
lower background noise. The limit of detection (LOD) of
both assays was calculated using Equation (3) [36]. This
results in a LOD of 0.06 pg HRP for the assay with 26 uM
Amplex Red and 0.12 pg for the assay with 2.6 uM Amplex
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FIGURE 4 On-chip Amplex Red assay with free horseradish

peroxidase (HRP) on titanium nitride (TiN) ring electrodes. (A)
Calibration curve for the measurement of resorufin concentrations
using the microscope Olympus BX53. (B) Example of increase in
resorufin fluorescence in the 26 UM Amplex Red assay with 10 pg
free HRP and with a blank sample without HRP. (C) Results for the
measured amount of free HRP in samples with known HRP
concentration on-chip using two different Amplex Red
concentrations

Red. As rather small amounts of HRP are expected on the
chip after DEP, the assay containing 26 uM Amplex Red
was chosen for further measurements. For comparison,
the LOD of the method using the fluorescence spectrom-
eter was calculated, too, giving a value of 13.3 pg HRP.
The standard deviations of the cuvette-based spectrome-
ter data were a tenth of the microscope data, resulting in a
lower LOD for HRP if concentrations are considered. How-
ever, the LOD for the absolute amount of enzymes is 100
times higher because of the 1000-fold larger volume of the
cuvette.

LOD = Vpiank + 1.645 - Opjank + 1.645 - Ojow (3)

where Jp.nc = mean of blank measurements;
Oplank =standard deviation of flank measurements; and
Olow = Standard deviation of the lowest tested concentra-
tion.

When tungsten cylinder electrodes were used for the
experiments, background activities without HRP were
very high. The velocity of the turnover equaled an amount
of up to 3 pg of free HRP on the electrode chip. Therefore,
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titanium nitride (TiN) ring electrodes

tungsten cylinder electrodes were not used in experiments
with HRP.

3.3 | HRP on TiN ring electrodes:
Immobilization and activity measurements

HRP was immobilized on TiN ring electrodes by DEP. A
voltage of 7 Viys and a frequency of 10 kHz were applied
for 10 min. Very similar experimental conditions were
shown to be suitable to immobilize both HRP and BSA on
tungsten cylinder electrodes [13, 18]. For immobilization of
unlabeled HRP, 4 mg/ml of the enzyme dissolved in deion-
ized water was incubated on the electrode chip 01. The
electrode chip with immobilized HRP was washed three
times with phosphate buffer. Afterward, the HRP activity
on the chip was measured seven times with Amplex Red
assays (26 uM Amplex Red) followed by washing of the
chip after each measurement (Figure 5). The initial activ-
ity on the chip equaled 7.5 pg of free HRP and appeared
to incline asymptotically toward a finite value. Therefore,
least-squares fits were performed to gain more information
from the collected data set. Three models were considered
and tested to show which one represented the data best.
Equation (4) describes simple washing off of adsorbed HRP
from the chip surface according to Nernst’s distribution
law. Equation (5) includes a constant term which would
represent a permanently immobilized fraction of HRP. In
Equation (6), a possible, linear inactivation or desorption
of the permanently immobilized HRP fraction is consid-
ered. Using these models, exponential fits were performed
on the obtained data (Figure 6).

N
Mygp [pg] = my -e K @
_N
mygp [pgl =m; -e K +m, (5)

N
mygp [pgl = my -e K1+ my + myN (6)

Scheme of the experimental procedure of horseradish peroxidase (HRP) immobilization and activity measurements on

with N = number of measurement and washing cycles;
m, = temporarily adsorbed HRP; k; = washing rate of my;
m, = permanently immobilized HRP; m; = inactivation
desorption rate of m,.

The best fit was achieved using the model described
by Equation (6). The fitted curve aligned with the data
almost perfectly and showed the highest corrected R?. As
compared to a simple R? value the corrected R? takes into
account the number of free parameters and allows a better
comparison between models differing in complexity. The
introduction of the additional parameter m; also removed
an increasing trend in the residual plot (Figure 6).

The immobilization by DEP, washing with phosphate
buffer, and a sequence of Amplex Red assays (Figure 5)
were repeated on the same chip after piranha-cleaning.
Three other chips with TiN ring electrodes were used for
two runs of this experiment as well. In some cases, the
number of measurements after immobilization and wash-
ing was increased to up to 14 for a more significant result.
For most of the runs, the fit following Equation (6) again
described the obtained data best. The second run of the
experiment on chip 01 resulted in similar parameters as
the first one, but with higher uncertainties of the parame-
ters (Figure 7). Measurements on chip 03 showed a similar
behavior as HRP on chip 01 in both experiments (Figure 7).
The data with the best fitted curve for each experiment and
the residual plot are shown in Table S1.

The experiments on electrode chips 02 and 04 resulted in
less successful HRP immobilization. In one experiment, on
each of these chips very small activities of the immobilized
HRP were detected. The data did not allow to calculate the
parameter m; reasonably. Instead, the simpler model rep-
resented by Equation (5) resulted in the best fit. Affected
fit parameters are marked with “a” in Figure 7 or were not
detectable (n.d.) at all. If permanently immobilized HRP
was detectable on these chips, the measured amount was
up to 10 times lower than on chip 01 and chip03 (Figure 7).
The data and best fits for chip 02 and 04 are shown in
Table S1.
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FIGURE 7 Activity of permanently immobilized horseradish peroxidase (HRP) on titanium nitride (TiN) ring electrode chips. HRP was

immobilized by dielectrophoresis (DEP), washed, and characterized by Amplex Red assays (26 UM Amplex Red) two times on each chip. For
further analysis, the obtained data was fitted using model Equation (6) or, in cases indicated with a, Equation (5). Error bars show the
standard derivation of the parameter given by the fit program. (A) HRP activity of the permanently immobilized enzyme fraction (m,). (B)
Washing rate mj; thereof (n.d.: not detected). (C) HRP activity of the temporarily adsorbed enzyme fraction (m;,). (D) Washing rate

thereof (k;)
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Electrode chip and activity of
permanent immobilizate

Chip 01, run 1
m, =1.3 pg

before Amplex Red assays:

after Amplex Red assays:

Chip 02, run 1
m, =0.1pg

Chip03,run1
m, = 0.95 pg

FIGURE 8

Fluorescence micrographs of a region of the titanium nitride (TiN) ring electrode array with immobilized horseradish

peroxidase (HRP) before and after incubation with 26 UM Amplex Red assays. Images were taken in air with the microscope Olympus BX53,

objective 100x NA = 0.9; Filter Cy3; LED 550 nm (100%) and an exposure time of 2 s. All images are shown with the same scaling and contrast

settings
3.4 | Localization of active HRP
immobilizates

Before and after the sequence of Amplex Red assays, flu-
orescence images of the electrode arrays were recorded.
This allowed to detect residual resorufin sticking to the
HRP immobilizate. Resorufin fluorescence on the elec-
trodes only increased when the permanently immobilized
fraction m, equaled 0.32 pg of free HRP or more. Resorufin
was detected mainly on the electrodes. The fluorescence
intensity was higher on the edges of the arrays, which
is best seen on chip 03 (Figure 8). Even clearer evi-
dence for the location of HRP on the chip would be
possible if fluorescently labeled enzymes were used. There-
fore, HRP samples were used for DEP after labeling the
enzyme with either Cy5-NHS (Cytiva) or DY649P1-NHS
(Dyomics) according to the manufacturer’s protocol. How-
ever, the chosen enzyme label and purification method
appear to have influenced the fluorescence of the immo-
bilizate and, more importantly, resulted in inactive immo-
bilizates in most cases. This was not expected because
labeling of the enzymes reduced their catalytic activity
only slightly when assessed for freely diffusing HRP in
solution.

3.5 | Control measurement 1: Incubation
of HRP on chip without applied field prior
to Amplex Red assay

To make sure that the active HRP was immobilized by
DEP and not by random adsorption of the enzyme to
the chip, blank measurements were performed. For that
purpose, 4 mg/ml HRP was incubated for 10 min on a
freshly cleaned chip, but no electric field was applied.
After washing with phosphate buffer, series of six to seven
Amplex Red assays (26 uM Amplex Red) were performed.
This experiment was carried out four times. Some HRP
adsorbed temporarily to the chips, but it was washed off
quickly in an exponential manner. The activity ceased to
zero following model Equation (4) or, in one case, to a
constant amount equivalent to 0.01 pg free HRP. The data
together with the best resulting fit are shown in Table S2.
The activity of temporarily adsorbed HRP without an
applied field was similar for the first experiments on chip
02 and chip 04, equaling 0.8-0.9 pg free HRP (Table 1).
The second run on chip 02 and the one on chip 03
resulted in lower apparent HRP activities, equaling 0.4—
0.5 pg. Therefore, the activities of temporarily adsorbed
HRP molecules are an order of magnitude smaller than
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TABLE 1 Activity of horseradish peroxidase (HRP) on
titanium nitride (TiN) ring electrode chips after incubation without
applied field. HRP incubated on the chip, washed, and
characterized by Amplex Red assays (26 UM Amplex Red) in the
same way as in experiments with applied field

Chip run m, [pg] m, [pg]

02 1 0.82 + 0.09 n.d.

02 2 0.43 + 0.04 n.d.

03 1 0.51 + 0.03 n.d.

04 1 0.87 + 0.06* 0.011 + 0.009*

Note: For further analysis, the obtained data were fitted using model Equa-
tions (4)—(6). The result of the best fit is shown, which was obtained with
Equation (4) or, in cases indicated with *; Equation (5).

Abbreviations: n.d.: no defined.

that for DEP experiments, which resulted in calculated
activities of temporarily adsorbed enzymes of up to 21 pg
free HRP (Figure 7).

After the experiments, the electrodes were checked
for the adsorption of resorufin to the surfaces as shown
in Figure 8. No additional resorufin fluorescence was
detected on the chips.

3.6 | Control measurements 2: DEP with
inactive proteins and Amplex Red assay on
such immobilizates

The experiments with randomly adsorbed HRP showed
that the apparent HRP activity on the chip is an effect of
the applied electric field as it does not occur without an
applied field. To check whether the increase in fluores-
cence intensity is caused by enzymatic turnover of Amplex
Red and not by adsorption of trace amounts of resorufin
to the immobilizate, surface protein samples without cat-
alytic activity were immobilized and used in the same
Amplex Red assay. For the first test, inactivated HRP was
used. The enzyme was irreversibly inactivated by incu-
bation with excess amounts of H,0O, and sodium azide,
which leads to the destruction of the heme center [31].
As a second sample, BSA was used. BSA was shown to be
immobilized at similar DEP conditions on different nano-
electrode arrays and showed no HRP-like activity [16, 18].
Both samples were immobilized successively on the freshly
cleaned chip 01, which showed the best results after DEP
with HRP before. After DEP and washing with phosphate
buffer, each immobilizate was tested for HRP activity in a
single Amplex Red assay. The activity on the chip equaled
0.006 pg for immobilized inactivated HRP and 0.004 pg for
immobilized BSA. Both values correspond well with blank
measurements on freshly cleaned chips. Furthermore, the
immobilizates were checked for adsorbed resorufin by
fluorescence microscopy in air. No additional resorufin flu-
orescence was found in comparison to images taken before

FIGURE 9

Fluorescence micrographs of bovine serum
albumin (BSA) immobilizate before (A) and after (B) incubation
with 10 UM rhodamine 123 in phosphate buffer for 5 min. Images

were taken in air with the microscope Olympus BX53, objective
100x NA = 0.9; Filter FBW; LED 470 nm (100%) and an exposure
time of 2 s. Both images are shown with the same contrast settings

Amplex Red assays. This result was expected because
the assay without any HRP involved contains only trace
amounts of resorufin. Therefore, the chip was incubated
with 2 uM resorufin for 5 min. The immobilizates again
showed no additional fluorescence. To show that protein
molecules were really immobilized, the BSA immobilizate
was also incubated with 10 yM rhodamine 123 in phosphate
buffer. Rhodamine 123 was already shown to strongly
adsorb to protein surfaces immobilized by DEP [13] and
acted accordingly in previous experiments with labeled
BSA. Indeed, rhodamine fluorescence clearly increased at
the electrode positions (Figure 9), proving that BSA was
immobilized on the TiN ring electrodes. Even the circular
shape of the electrodes was reproduced.

4 | DISCUSSION

4.1 | Evaluation of Amplex Red assays for
the measurement of HRP activity on
electrode chips

HRP activities were measured using Amplex Red assays.
After characterizing the reaction kinetics using a fluores-
cence spectrometer, the assays were repeated in the smaller
volumes on the chip and measured using the fluorescence
microscope. On TiN ring electrodes, background activities
without HRP were sufficiently low and HRP concentra-
tions could be measured with both tested Amplex Red
concentrations. The assay with 26 pM Amplex Red was
chosen for further investigation because of its lower LOD.
A disadvantage of the high Amplex Red concentration
is that the assay tends to overestimate the HRP concen-
tration on the chip (Figure 4). This is possibly the case
because the accumulated resorufin causes photooxidation
of the remaining Amplex Red [37]. This inaccuracy is taken
into account when measurement results are discussed, but
appeared acceptable given the very low sample volume and
proximity of the optical focus to surfaces.
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When tungsten cylinder electrodes were used, the back-
ground activity of the chip surface without HRP was in
the same order of magnitude as expected for a subarray
fully covered with HRP. The apparent HRP activity can be
attributed to the tungsten or tungsten oxide surfaces. Tung-
sten oxide nanoparticles are reported to catalyze redox
reactions and photocatalytic oxidations [38, 39]. Other
metal oxide nanoparticles also interfere with the Amplex
Red assay [40]. Therefore, the tungsten cylinder electrode
arrays are not suitable for the immobilization of HRP if the
enzyme activity has to be measured with an Amplex Red
assay. The tungsten electrodes may interfere with other
assays for oxidoreductases as well.

4.2 | Activity of HRP on TiN ring
electrodes after immobilization by DEP

On chip 01 and chip 03, all DEP experiments with active
HRP led to successful immobilization of active protein.
The best model for fitting the obtained HRP activity curves
was represented by Equation (6) (Figure 6). For the first
experiment on chip 01, the fit resulted in Equation (7),
which can be interpreted as two different fractions of HRP
immobilized on the chip.

N

mygp [pg] =19.1pg-e 0% +1.3pg—0.13pg-N (7)

m, represents the activity of only loosely bound HRP on the
chip which is washed off in an exponential manner during
the measurements. It equaled 19.1 pg of free HRP. A smaller
fraction, m,, represents HRP permanently immobilized by
DEP. On chip 01, m, shows as much HRP activity as is
expected for 1.3 pg of free HRP in solution. As indicated
by m;, it is also washed off or inactivated, but only in a lin-
ear way. About 10% of the initial activity m, is lost in each
measurement cycle. For the second experiment on chip 01
and for both experiments on chip 03, Equation (6) again
resulted in a satisfactory fit. The values for the parameters
m, (0.95-1.05 pg HRP) and m; (6-7% of m,) were also simi-
lar (Figure 7). Fitting according to Equation (6) was still the
best of the tested options, although it led to a rather high
uncertainty in the fit parameters (Figure 7), higher residu-
als and a slightly lower corrected R? than for the first exper-
iment on chip 01 (Table S1), pointing to a further mecha-
nism. Possibly residual enzyme fragments that stay on the
chip after cleaning influence immobilization and wash-
ing of the freshly applied HRP. An additional variation of
apparent fluorescence intensity might be caused by drift of
the sample in z-direction resulting in some defocusing.
The determined amount of active HRP on chip 01
and 03 appears quite realistic, considering the geometry
of the electrode rings and the size of the enzyme. On
each chip, there are 25,024 electrode rings with an outer

radius of 500 nm and a width of 20 nm. This results in
a total electrode surface of 7.36 x 107 m?. The radius
of gyration of the enzyme is rygrp = 2.65 nm [41]. When
the HRP molecules are packed densely on the surface,
each molecule would occupy an area of 2.8x1077 m?.
Accordingly, about 1000 HRP molecules would fit on each
electrode and 4.4 x 1077 mol enzyme molecules would
fit onto the surfaces of all electrodes on a chip, which
equates to 1.9 pg HRP. Taking into account that the Amplex
Red assay with 26 uM Amplex Red may overestimate the
HRP activity on the chip (see Figure 4), the activity of
the permanent enzyme immobilizates corresponds to 0.65-
0.85 pg free HRP. This equals 34%-45% of the activity
of those HRP molecules that would fit onto an enzyme
monolayer on top of the electrode surfaces. An appar-
ently reduced enzyme activity was expected for the HRP
immobilizate on electrode surfaces as compared to freely
diffusing enzyme molecules. Reduced enzyme activities
and diffusion limitations are drawbacks of many immobi-
lization techniques [42]. Intrinsic effects of the surface of
the solid support, for example, organized water layers as
well as gradients of pH and of substrate concentration can
affect the conformation, stability, and activity of enzymes
and the observed turnover rates [43]. The orientation of the
enzyme molecules relative to the surface also influences
the activity. For 5-galactosidase from Lactococcus lactis, the
activity of the enzyme immobilized covalently on beads
equals the activity of the free enzyme when the active site
is oriented toward the solution, but reduced to one-third
of its initial value when physically adsorbed to the surface
in a random orientation [44]. When the active site of -
galactosidase from Clostridium cellulovorans is oriented in
an angle of 90° to the surface normal, the activity is only
53% of the enzymes activity in solution [45]. With 34%-
45% retained activity, the HRP immobilized on chip 01 and
03 was preserved to a similar degree as randomly oriented
B-galactosidase. This allows to presume that HRP is also
oriented randomly relative to the electrode surface and has
not been inactivated by the electric field during immobi-
lization. A further loss in activity can be expected due to
the possibly unfavorable packing or stacking of enzyme
molecules [43], but this apparently is not the case for HRP
on TiN ring electrodes. Possibly the structure of the elec-
trodes is small enough to create a distribution that allows
a nearly undisturbed enzyme activity.

In all cases of successful immobilization of HRP on TiN
ring electrodes, activity of the permanently immobilized
enzyme fraction decreases by 6%-12% in the course of each
experiment round (Figure 7B). This loss in activity might
be due to inactivation or leaching of the enzyme molecules.
A more careful handling of the chip, for example, by less
intense rinsing between measurements or by avoiding the
surface-active PEG supplement in the substrate solution,
might reduce leaching of the immobilized HRP. Inactiva-
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tion of HRP by excess H,0, is also possible, but typically
occurs when H,O, is offered in excess without a reduc-
ing substrate [46, 47]. The applied excess in H,O, was only
fourfold, which is reported to be optimal for the turnover
of Amplex Red by free HRP [26].

In contrast to the results on chip 01 and 03, very low
amounts of HRP were permanently immobilized on chip
02 and 04 (Figure 7). Apparently, there is some varia-
tion in the quality of the used TiN ring electrode chips,
although they were direct neighbors on the same silicon
wafer. Consequently, the immobilization of active HRP by
DEP worked properly only on 50% of the tested chips,
namely chip 01 and chip 03. The failure of the chips 02 and
04 may be a result of variations in the production process
or in storage and handling of the chips, but still the main
cause remains unclear.

4.3 | Localization of active HRP
immobilizates

After measuring its HRP activity using Amplex Red assays
and washing, the HRP immobilizates showed resorufin
fluorescence (Figure 8). Apparently, the reaction product
sticked to the enzyme surface. Fluorescence was higher
at the edges of the arrays, indicating that the amount of
immobilized HRP is also higher there. The same immobi-
lization pattern is typically observed when immobilizing
fluorescently labeled proteins on tungsten cylinder elec-
trode arrays since the gradient of the electric field is higher
at the edges of the array than in the center of the array [18].

Apparently, there is more than one monolayer of HRP
immobilized at the edges of the array, but only the upper-
most monolayer is assumed to be fully active. Lower
enzyme layers will show reduced activity due to restricted
substrate availability. The upper layer will restrict diffusion
physically and deplete the local substrate concentration
by its activity. Also, the edges of the array only repre-
sent a minor fraction of the electrodes. Therefore, the
activity of the additional HRP layers on these electrodes
can be neglected when the activity of the immobilizate is
discussed.

Labeling of the HRP before immobilization would have
led to a clearer evidence for its location, but had to be
omitted in this study. The enzyme label or residual free flu-
orophore molecules interfered with the immobilization of
active enzyme molecules. The additional charges that are
added to the enzyme by the fluorescent label possibly alter
the effect of the electric field on the enzyme or reduce the
stability of HRP at the surface. Since no modification of the
enzyme is actually necessary for DEP itself and since the
unlabeled enzyme gave more reliable results, the label-free
method was preferred for this study.

4.4 | Control measurements

To rule out misinterpretation of the presented results,
several control measurements were performed. In one
approach, active HRP was incubated on the chips without
an applied field. It resulted in no permanent immobilized
HRP or a two orders of magnitude lower amount of per-
manently immobilized HRP as compared to experiments
with successful DEP immobilization (Table 1). This shows
that permanent immobilization of HRP in DEP experi-
ments indeed is caused by the electric field and not by
unspecific adsorption to the electrodes or to the silicon sur-
face. The amount of temporarily adsorbed HRP was also
clearly smaller than after successful DEP immobilization.
Random adsorption can be higher in DEP experiments
because the electric field also causes streaming effects [48].
The streaming HRP solution supplies more HRP molecules
from the volume which can adsorb to surfaces than the sta-
tionary solution that can be depleted in enzyme molecules
near the surface over time. Furthermore, the permanently
immobilized HRP layer may adsorb additional enzyme
molecules temporarily.

In a second approach, inactive proteins were immobi-
lized by DEP and examined for possible apparent HRP
activities. Neither the immobilizate of inactivated HRP
nor the BSA immobilizate showed detectable HRP activity.
It can be concluded that the increase in resorufin fluo-
rescence in on-chip Amplex Red assays is caused solely
by immobilized active HRP molecules, not by immo-
bilized inactive proteins by, for example, adsorption of
trace amounts of resorufin. The experiment also allowed
some conclusions on the staining of the HRP immobi-
lizates by resorufin, which was used to localize the active
immobilizate. No staining of the inactive proteins was
observed after incubation with Amplex Red assays or with
a resorufin standard. This indicates that the resorufin that
accumulated in solution over time can be almost neglected
as a possible cause of HRP staining. Possibly Amplex Red
radicals are involved, which are suspected to react with
surfaces when produced in a setup with a high surface-
to-volume ratio [26]. Nevertheless, it was possible to stain
the immobilized BSA with rhodamine 123, revealing the
expected immobilization pattern (Figure 9) and proving
that the inactive protein was immobilized by DEP on TiN
ring electrodes.

5 | CONCLUDING REMARKS

HRP molecules were successfully immobilized without
any chemical alteration on the surface of TiN ring elec-
trode arrays by AC electrokinetic effects. An Amplex Red
assay was used to characterize the activity of the immobi-
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lized HRP on-chip. The HRP immobilizate was active, but
desorbed from the chip in the course of the measurements.
It was possible to identify two fractions of immobilized
HRP. The larger one was immobilized only temporar-
ily and desorbed quickly in an exponential manner. This
fraction is assumed to be adsorbed nonspecifically to ran-
dom points on the SiO, surface or on top of the actual
HRP immobilizate. The other fraction of the immobi-
lized enzyme was smaller, but lost only 6%-12% of its
initial activity after each measurement. This fraction of
HRP is concluded to be the permanently immobilized
HRP on the electrode surface. The initial activity of the
permanently immobilized enzyme equaled up to 45% of
the activity that can be expected for a complete mono-
layer of HRP molecules on the electrodes. Regarding the
inevitable effects of surface immobilization on enzyme
activity and the uncontrolled orientation and packing of
the molecules, this is a rather high fraction of retained
activity for a surface-immobilized enzyme. The elucidation
of the high residual activity of HRP after AC electrokinetic
immobilization is an important step toward the applica-
tion of this method in research as well as in sensing and
biotechnology.

For future use of this kind of active enzyme array,
the stability of the immobilizate should be optimized, for
example, by tuning the DEP conditions, composition of the
substrate solution, and handling of the chip. The washing
of the randomly adsorbed fraction of HRP could be accel-
erated by using a surfactant, for example, Tween 20 [45],
and would be done before the actual use of the enzyme
array. For single-enzyme molecule studies, active enzyme
molecules would be immobilized on cone shaped silicon
electrodes [16]. Tip sizes <2 nm are already available and
should allow the singling of enzyme molecules as soon
as a molecule with a diameter slightly larger than the tip
diameter is used [17].
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