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We developed an integrated protein assay device, ‘‘Single Molecule MicroTAS (SMM),’’ which

enables cell lysis, protein extraction, purification, and activity assay. The assay was achieved at the

single-molecule scale for a genetically engineered protein, F1-ATPase, which is the smallest known

rotary motor. A cell lysis condition, with a wide range of applied voltages (50–250 V) and other

optimized values (pulse width: 50 ms; duty: 0.01%; electrode gap: 25 mm; total flow rate: 5 mL min�1)

provided a high enough protein concentration for the assay. Successively, the protein was extracted and

purified by specific binding in a microfluidic channel. During the assay process, the diffusion effect of

lysate between a two-phase laminar flow contributes to optimizing the single-molecule assay condition,

because the concentration of the original lysate from the E. coli solution is too high to assay. To achieve

the most efficient assay condition, the protein diffusion effect on the assay was experimentally and

numerically evaluated. The results reveal that, in our experimental conditions, concentrations of F1 and

other contaminated effluents are optimized for the F1 rotational assay at a channel position. The

adenosine triphosphate (ATP)-driven rotation speed measured in the SMM was compatible with that

obtained by conventional purification and assay. Such a sequential process from cell lysis to assay

proves that the SMM is an example of a sample-in-answer-out system for F1 protein evaluation.
Introduction

Traditionally, Micro Total Analysis Systems (MicroTAS)

developed miniaturized bulk scale processes for the analytical

chemistry field. Recently, MicroTAS researchers have focused on

the miniaturization of biochemical processes for genetic engi-

neering applications. Essential components, such as cell trans-

formation by injecting plasmid deoxyribonucleic acid (DNA),

cell culture, cell lysis, and biomolecule detection, have been

demonstrated on a microfluidic chip.1–4 Moreover, some groups

realized their integration of sequential processing: cell lysis to the

polymerase chain reaction (PCR) of extracted DNA, cell lysis to

the fluorescent detection of eluted proteins.5–7 However, such

MicroTAS still needs to integrate more components to eliminate

off-chip processing, resulting in a more simplified sample-in-

answer-out system. The integration mostly faces difficulties in

handling the different sample concentrations demanded in each

process, e.g. purified biomaterials often need to be concentrated

for the subsequent detection step. This is because researchers try

to simply downscale bulk scale experiments in genetic
aGraduate School of Science and Engineering, Ritsumeikan University,
1-1-1 Noji-Higashi, Kusatsu, Shiga, 525-8577, Japan
bThe Institute of Scientific and Industrial Research (ISIR), Osaka
University, 8-1 Mihogaoka, Ibaraki, Osaka, 567-0047, Japan
cDepartment of Microengineering, Kyoto University, Yoshida-honmachi,
Sakyo-ku, Kyoto, 606-8501, Japan. E-mail: ryuji@me.kyoto-u.ac.jp;
Fax: +81 75 753 3559; Tel: +81 75 753 3559
dPRESTO/CREST JST, 4-1-8, Hon-chou, Kawaguchi, Saitama, 332-0012,
Japan

† Electronic supplementary information (ESI) available: 1. Cell lysis
evaluation by SDS-PAGE. 2. The on-chip rotation assay using
pseudo-lysates. See DOI: 10.1039/b911148d

This journal is ª The Royal Society of Chemistry 2009
engineering to on-chip processing at the micrometer-scale.

Though concentration and dilution devices are necessary

between processes,8,9 their integration is still not well achieved.

Therefore, the next stage is to sequentially integrate multiple

processes on a chip, such as injecting a few microlitres of cell

solution, cell lysis, extraction of target protein and DNA, and

their quantitative or activity measurement.10

To address difficulties in the integration of sequential

processes, we focus on a single molecule assay of proteins

extracted from cells. Traditionally, experiments to elucidate

behaviour of a molecule have been termed single molecule assay

or analysis, even though those protein molecules are numerous in

an assay condition.11–14 This approach realizes the protein

activity measurement at the single molecule level without

concentration or dilution processes. Activities of single mole-

cules, such as myosin,15 kinesin,16–18 F1-ATPase,19 DNA and

ribonucleic acid (RNA) polymerase,20 b-galactosidase21 have

been evaluated from a scientific point of view. Such single

molecule analysis offers great opportunities in drug screening to

reveal a relationship between molecules and diseases, because

some of them are known to affect cell functions.14,22

In most conventional biochemical analysis, the activity of

a single molecule has been measured by dividing the average

activity obtained on the bulk scale by the number of molecules

in the solution. However, when we are able to measure the

activity of a single molecule directly, it is no longer necessary to

determine the concentration of target molecules. Our ultimate

goal is to extract target molecules from a single cell and eval-

uate one of them by taking advantage of single molecule

analysis. It will provide a universal MicroTAS, which has the

capabilities of evaluating plasmid DNA and genetically
Lab Chip, 2009, 9, 3567–3573 | 3567



Fig. 1 A Single Molecule MicroTAS (SMM) integrating cell lysis,

protein extraction–purification–assay components: (a) A SMM overview.

Microfluidic channels are coloured by red ink for clarity. The bottom

glass coverslip (b) has patterned Au electrodes and Ni2+-NTA coatings in

the purification and assay channel region. The top PDMS channel

structure (c) is prepared by a standard moulding process.
engineered protein, essential in genetic engineering processes. By

choosing one well-studied motor protein, the F1-ATPase (here-

after F1, known as the F1 moiety of the FoF1-ATPsynthase) as

a target protein molecule, we developed a ‘‘Single Molecule

MicroTAS (SMM),’’ in which the protein extracted from

Escherichia coli (E. coli) cells is purified and evaluated at the

single-molecule level. To ensure compatibility of our on-chip

assay with benchtop assay, we evaluated on-chip functions by

measuring E. coli and protein concentrations throughout

experiments.

The device was designed specifically for a genetically modified

strain of E. coli, which expresses a large number of F1 molecules.

The device can be applied simply to other kinds of single mole-

cule studies, including motor proteins. It will accelerate under-

standing of molecular functions because many chemical

reactions can be detected only by focusing on countable number

of molecules, even single molecules. Moreover, the molecular

analysis using a micro/nano fabricated structure is more advan-

tageous than that using only a conventional flow cell.23 In

contrast, a substantial amount of molecules is still necessary to

reveal biological processes. It is not a step in the right direction to

stack multiple SMM to increase the number of analyzing mole-

cules for such purposes. We yield those assay conditions to other

MicroTAS developed for cell level analysis.24,25

Essential components in such a SMM can be divided into two

parts: one is the cell lysis part to extract DNA and protein, and

the other is their purification and assay at the single-molecule

level. Many on-chip cell lysis methods have been reported using

physical,26,27 chemical,6,28 thermal,7 and electrical29,30 damage on

cells. Almost all methods are developed for DNA extraction and

evaluation, causing denaturing of proteins, especially, chemical

and thermal cell lysis denatures, and severely deactivates

proteins. To retrieve both DNA and protein, physical or

electrical methods are preferable. However, applying physical

damage on the cells demands relatively large structures, such as

a piezoelectric vibration mechanism27 or nano-scale edge

structures.26 For future integration in the SMM, our first

prototype utilizes a high electric field between microelec-

trodes.30,31 We also note that it is advantageous to use E. coli

cells, which are frequently used in the genetic engineering field,

because they can be lysed relatively easily, compared with other

kinds of cells.26–28,32

The other part, purification and assay of a target molecule,

was usually processed separately for DNA and protein. DNA

molecules are so stable that they are first captured on

microspheres or silicon substrates, and eluted for their

evaluation.28,33,34 On the other hand, protein molecules have to

retain three-dimensional structures to express their functional-

ities in the assay. Normally, the on-chip capillary electropho-

resis separates and purifies the proteins depending on molecular

weight, allowing us to identify proteins and to determine their

concentrations.35–37 However, such processing mostly results in

the denaturation of proteins as a result of surfactants. Since it is

necessary to detect not only protein existence but also its

activity, we adopted a specific molecular binding between

His-tag and nickel-nitrilotriacetic acid (Ni-NTA) to separate

the target F1 from other intracellular materials. Another

binding between biotin and streptavidin was also utilized for its

single molecule assay.
3568 | Lab Chip, 2009, 9, 3567–3573
Experimental

Device fabrication

The SMM shown in Fig. 1(a) has sequential functions, such as

cell lysis, protein dilution by laminar flow, purification, and

assay. The device consists of the bottom coverslip and the top

polydimethylsiloxane (PDMS) channel structure. The coverslip

has patterned chromium/gold (Cr/Au) electrodes for cell lysis

and a Ni-NTA coating for F1 purification (Fig. 1(b)). The top

PDMS layer provides microfluidic channels with two inlets and

one outlet, as shown in Fig. 1(c). One of the inlets used for E. coli

cell injection is connected to the cell lysis chamber, and the other

is utilized for introducing dilution buffer solutions. The

following paragraphs describe the detailed processes.

A coverslip (24 mm � 36 mm, No. 1: 0.12–0.17 mm thick,

Matsunami) was washed in a 10 M KOH solution. On the

coverslip, Cr and Au layers were thermally evaporated (VPC-

260F, ULVAC, Inc.) to thicknesses of 10 nm and 140 nm,

respectively. Positive photoresist (OFPR-800 LB 54 cp, Tokyo

Ohka Kogyo Co., Ltd.) was spin-coated and patterned as a mask

layer for the Cr/Au etching. The Au layer was first removed using

a potassium iodide–iodine solution (KI : I2 : deionized water

(DIW) ¼ 4 : 1 : 80, mass ratio), followed by Cr layer etching.

Acetone and ethanol cleaned the patterned photoresist mask.

Using an emulsion mask, the narrowest gap of 25 mm was

obtained between the triangular-shaped electrodes in a parallel

array. Masking the patterned electrodes by a PDMS slab,

Ni-NTA was coated on the assay area only for the specific

capturing of F1. The coverslip was first immersed in 1 mM

CH3COOH solution, and then 2% 3-mercaptropropyl-

trimethoxysilane (LS-1390, Shin-Etsu Chemical Co., Ltd.) and

0.8% ethanol were added to the solution. After 1 h incubation at

room temperature, the coverslip was washed by DIW and heated

on a hotplate (120 �C, 1 h) for tight coupling of the silane and

glass surfaces. The coverslip was sequentially immersed in
This journal is ª The Royal Society of Chemistry 2009



a dithiothreitol solution (1 mM DTT in DIW) for 30 min,

a maleimide solution (5 mg mL�1 maleimido-C3-NTA

(345–90711, Dojindo Laboratories), 50 mM MOPS-KOH

(pH 7.0), 50 mM KCl) for 1 h, and a Ni2+ solution (10 mM NiSO4

in DIW) for 30 min, along with washing by DIW after each

incubation. The PDMS slab for masking was removed and the

coverslip surface thoroughly washed by DIW.

A standard moulding process prepared the top PDMS layer.

The master for the PDMS replica was prepared by patterning

a thick photoresist SU-8 3050 (MicroChem Corp.) on a silicon

wafer. The PDMS prepolymer and curing agent (Silpot184W/C,

Dow Corning Toray Co., Ltd.) were mixed at a ratio of 10 : 1 and

poured onto the silicon mould. Following the curing process at

90 �C for 1 h, the slab was removed from the mould. Dimensions

for the cell lysis chamber and assay channel were D ¼ 150 mm,

W ¼ 5 mm, L ¼ 11 mm, and D ¼ 150 mm, W ¼ 580 mm, L ¼
120 mm, respectively. The PDMS replica was bonded directly

onto the cleaned coverslip, and two inlet and outlet holes punched

for connections to syringe pumps (IC3210, KD Scientific Inc.).
Sample preparation

The E. coli strain used in our experiment, JM103 D(uncB-uncD),

was genetically engineered to express the mutant complexes of F1

from the thermophilic Bacillus PS3.38 For this gene expression,

a plasmid pKAGB1 carried F1 mutant genes for the a(C193S and

6 His-tag at N terminus), g(S107C/I210C), and b(10 His-tag at

N terminus).39 The F1 mutant was purified according to the

method of Noji et al.40 The transformed E. coli cells were

cultured using a LB agar plate and 35 mL medium, including

0.1 mg mL�1 ampicillin. The initial cell concentration for

injecting the cell inlet was adjusted to 4 � 108 cells mL�1. This

was achieved by defining a correlation between cell concentration

and absorbance OD600 (UV-1700, Shimadzu Corp.).

As a control experiment to the sequential assay on SMM, we

separately purified an F1 off-chip using the same construct as

described above. Cells were cultured up to 1 L Luria Broth (LB)

medium and collected by conventional centrifugation steps. Cell

lysate obtained by sonication was injected into an affinity column

filled with Ni-NTA Agarose beads (30210, Qiagen, Valencia,

CA). F1 fusing 6�His-tagged proteins were eluted by imidazole.

The eluate was desalted by a prepacked disposable column (PD-

10, 17-0851-01, GE Healthcare), resulting in a final F1 concen-

tration of about 2.5 mM.

For the off-chip ATP-driven rotation assay, we prepared

a 5 mm � 20 mm flow chamber using a Ni-NTA-coated
Table 1 Assay protocol for the sequential assay in the SMM

Process

Cell inlet

Solution Flow rate/m

Initialization DIW 5.0
Cell lysis Cell solution 3.0
Purification Buffer A 3.0
Washing Buffer B 2.5

Bead solution 2.5
Single molecule assay Incubation, 10 min

Buffer B 2.5
ATP solution 2.5
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coverslip, and a non-coated one with spacers. The purified F1

molecules, diluted to 0.2 nM in a buffer A (50 mM MOPS-KOH

(pH 7.0), 50 mM KCl, 2 mM MgCl2) were immobilized by His-

tags and Ni-NTA bindings. Streptavidin-coated microspheres

(�0.68 mm in diameter, Seradyn, Inc.) were attached to the

biotinylated g-subunit. Finally, 2.5 mM ATP in a buffer B

(2 mg mL�1 BSA in Buffer A) was injected to initiate F1 rotations

recognized by the microsphere rotation. The bead rotation was

observed using an inverted microscope with a 100� oil-immer-

sion objective (IX71, Olympus Corp.) and captured by CCD

camera (WAT-120N, Watec Co., Ltd.) at the video rate. After

conversion to an AVI file, the rotation speed was analysed using

PC-based software (Image J, NIH).
Sequential assay

The sequential processing in the SMM from the cell lysis to the

single molecule assay was performed by the liquid manipulation,

as listed in Table 1. Before starting the process, DIW filled the

fluidic system, and was then replaced by buffer A to avoid bubble

formation inside channels. The flow rate was kept at 5 mL min�1

throughout the process by sucking at the outlet. A cell suspension

of 4 mL was injected and lysed by applying a pulse voltage for

10 min, which was long enough to immobilize eluted F1 on the Ni-

NTA-coated channel surface and to remove cell debris from the

assay channel. A function generator (WF1943B, NF) and

a bipolar amplifier (HSA4052, NF) applied the electric field. For

protein purification by removing contaminated proteins and

a blocking of glass surface for the following assay, buffer A and B

were sequentially introduced for washing for 20 min in total. The

streptavidin-coated microspheres in buffer B were immobilized on

the biotinylated g-subunit in a flow chamber. After this process,

the buffer solution was incubated for 10 min without syringe

manipulation, resulting in a higher yield of avidin–biotin bindings.

Refer to the schematic illustration in Fig. 4(b) for these molecular

bindings. Following the washing of microspheres by buffer B,

a 2.5 mM ATP solution was introduced. The on-chip ATP-driven

rotation assay was observed and analysed by the same experi-

mental procedure described for the off-chip assay. The following

experiments investigated the cell lysis and assay in detail.

The cell lysis efficiency was evaluated by recovering cell lysate

at the downstream of the cell lysis chamber. The supernatant of

the centrifuged (15 000 rpm, 4 �C, 20 min) lysate was analysed by

absorptiometry OD280. The absorbance was measured for

solutions obtained by different cell lysis conditions: square pulse

width (0–50 ms), applying different voltages (0–250 V, 0–100 kV cm�1)
Buffer inlet

L min�1 Solution Flow rate/mL min�1

DIW 0.0
Buffer A 2.0
Buffer A 2.0
Buffer B 2.5
Bead solution 2.5

Buffer B 2.5
ATP solution 2.5
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Fig. 2 E. coli cell lysis between a set of triangular electrodes.
and flow rates (1–10 mL min�1). When one of the three parame-

ters was varied, the other two were kept constant as follows:

pulse width (50 ms), voltage applied (250 V, 100 kV cm�1), and

flow rate (3 mL min�1). Pulse duty (0.01%) and the initial cell

concentration were kept constant for comparison.

When eluted protein diffuse in the laminar flow during cell

lysis and protein purification processes, a biased flow rate of

3.0 mL min�1 for the cell inlet and 2.0 mL min�1 for the buffer inlet

were utilized to induce wider F1 molecule distribution in the

assay channel. The diffusion direction perpendicular to the

buffer flow corresponded to the y-axis in the next numerical

simulation section (see Fig. 5(a) for the coordinates). Once the

single molecule assay system was established by bead injection,

the number of rotating beads was counted in the assay channel.

The bead density was averaged for each 50 mm channel width.

Because of its dependency on the concentration of eluted

proteins, we varied the applied voltage from 0 to 250 V. The

other lysates obtained by off-chip sonication were also injected

for comparison with on-chip cell lysis.

Numerical simulation for F1-ATPase diffusion

During the cell lysis and protein purification processes, F1 and

contaminated intracellular materials diffuse in the y-direction at

the downstream of the mixing point, where the cell lysate from

the cell lysis chamber and buffer A merge. When two solutions

are evenly mixed and generate a developed laminar flow, mole-

cule diffusion can be estimated easily using an analytical solution

for the one-dimensional diffusion equation. However, since the

two flow rates were not equal, numerical simulation provided

a more accurate diffusion profile for the target protein. There-

fore, the profile was numerically calculated using a three-

dimensional laminar flow model with the PC-based software,

FLUENT 6.3. It is especially the case that the molecule distri-

bution is not uniform in the z-direction, but is enhanced near the

channel surface. This is because flow velocity is lower at the

channel surface than in the middle of the channel, and is known

as ‘the butterfly effect’.41,42 Therefore, to discuss assay efficiency,

we focused on the F1 density only on the channel surface. Table 2

lists the boundary conditions for the simulation. A diffusion

coefficient of 25 mm2 s�1 was used based on the Stokes–Einstein

relationship by assuming an F1 dimension of 10 nm, which is

close to a protein with similar molecular weight.6

Results and discussion

Cell lysis and sequential assay

The behaviour of the E. coli cells during cell lysis was observed,

as shown in Fig. 2. Even with a constant flow of 5 mL min�1 at the
Table 2 Parameters for the numerical simulation of the F1 concentra-
tion

Channel width for protein and
buffer inlets

348 mm

Channel width for assay channel 580 mm
Channel height 150 mm
Flow rate for protein inlet 3 mL min�1

Flow rate for buffer inlet 2 mL min�1

Diffusion coefficient 25 mm2 s�1
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outlet, cells formed multiple pearl chains between the tips of the

triangular-shaped electrodes. Therefore, eluted proteins, mostly

F1 molecules, flowed downstream for the rotation assay. The

total amount of eluted proteins increased with an increase in

applied voltage and pulse width and with decreasing of flow

rates, as shown in Fig. 3(a)–(c). Here, we would like to note that

F1 is dominant compared with other contaminated proteins

(see ESI,† 1. Cell lysis evaluation by SDS-PAGE). The result

shown in Fig. 3(a) reveals that a longer exposure of E. coli cells to

a dc electric field is preferable for effective cell lysis. Similar

results were also reported for other kinds of cells.43,44 We fixed

the pulse width at 50 ms and evaluated the effects of field strength

and flow rate. As expected, a higher electric field yields higher

protein concentrations, as shown in Fig. 3(b). Fig. 3(c) implies

that proteins are eluted, even with high flow rates, because

a higher OD280 was measured than OD280 ¼ 0.027 without any

applied voltage. This is advantageous for the high throughput

processing of target proteins. Focusing only on the amount of

eluted protein, we can conclude that applying a higher voltage

with a narrower electrode gap, lower flow rate, and longer pulse

width are effective in the cell lysis. However, because of steric

hindrance, higher F1 concentration is not necessarily preferable

for the single-molecule assay. This is usually performed with the

F1 concentration in the nM range, as mentioned for the off-chip

assay. In addition, the flow rate should be kept high enough to

provide a tolerable amount of time for the total process.

Electrolysis was another problem caused by high voltage and

long pulse width. Therefore, we chose the parameters based on

this trade-off as follows: voltage applied (250 V), flow rate for the

cell lysis chamber (3 mL min�1), and pulse width (50 ms).

The rotation of microspheres in the on-chip ATP-driven assay

was captured with a frame rate of 15 fps, as shown in Fig. 4(a).

For clarity, sequential images were taken of an F1 motor protein

with two microspheres, which was occasionally constructed by

their aggregation. The molecular configuration is illustrated in

Fig. 4(b). Rotations of a single microsphere could be still ana-

lysed because the g-subunit did not bind to the centre of

a microsphere given its ellipsoidal shape. We chose three rotating

microspheres to analyse their rotation speed, as shown in

Fig. 4(c). An average rotation speed of 1.8–3.1 rps for the on-chip

assay is compatible with that of 1.9–2.6 rps for the off-chip

conventional assay. The result implies that our SMM could
This journal is ª The Royal Society of Chemistry 2009



Fig. 3 Absorptiometry results of the cell lysis component in the SMM. The graphs show absorbance (OD280) against (a) pulse width, (b) electric field

strength, and (c) flow rate. The absorbance represents the concentration of eluted proteins.

Fig. 4 (a) The ATP-driven F1 rotation assay visualized by two aggre-

gated microspheres. A frame rate of 15 fps was used to capture the

sequential images. (b) Schematic illustration of protein configuration for

the assay. (c) Comparison of the F1 rotating speeds. Results obtained in

the integrated device (SMM) and in the conventional assay using F1

purified by benchtop purification are shown by solid red lines and dotted

blue lines, respectively.
process from the cell lysis to the single molecule assay, which was

also realized by benchtop protein purification and assay.

F1 molecule diffusion

Fig. 5(a) shows the contour map for the F1 molecule diffusion

profile on the surface of assay channel. The normalized F1

concentrations for one inlet (protein inlet) and the other (buffer

inlet) were set to 1 (red) and 0 (blue), respectively. As designed, in

shown in Fig. 1, the outlet is located at the channel downstream,
Fig. 5 (a) Contour map for F1 molecules at the channel surface.

Normalized F1 concentration is coloured as red for 1 and blue for 0.

(b) Concentration profiles for cross-sections at x ¼ 10, 21, 130 mm.

This journal is ª The Royal Society of Chemistry 2009
x ¼ 130 mm. The concentration profiles for cross-sections are

shown in Fig. 5(b), depending on the position (x ¼ 10, 21,

130 mm) in the flow direction. Comparing with a conventional

laminar flow using the same flow rate for both inlets, the protein

is widely dispersed to the buffer inlet side because of the biased

flow rate (3 : 2) at the Y-junction. In particular, the dispersion at

the channel surface is larger than that at the middle of the

channel, given the butterfly effect.41,42 We expected that this

protein gradient would produce the best concentration for the

single-molecule assay. To examine this assumption, we analysed

the different assay conditions and compared them with the result

from the numerical simulation.

The sequential assays in SMM were performed by applying six

different voltages (0, 50, 100, 150, 200, 250 V) while keeping

other parameters constant: the flow rate is listed in Table 1 and

a pulse width of 50 ms was used. Therefore, the initial protein

concentration flowing into the Y-junction varied depending on

the voltage applied. In addition to these on-chip cell lysis, lysate

obtained by off-chip sonication was also injected in to the SMM

as a reference assay. For the numerical simulation results, the

concentrations were normalized by OD280 ¼ 0.32, measured at

the applied voltage of 250 V corresponding to 100 kV cm�1 in

Fig. 3(b). The computed F1 concentrations in the y-direction are

plotted, as shown in Fig. 6(a), where the results were averaged

from the Y-junction (x ¼ 0) to the outlet (x ¼ 130 mm). For the

y-axis, y ¼ 0 and 580 mm correspond to the sidewalls in the assay

channel of the F1 protein and buffer inlet sides, respectively. The

concentration gradient for the F1 molecule is generated between

y ¼ 300 mm and y ¼ 400 mm, though the initial concentration

dominates y¼ 0–300 mm. Since the lysate prepared by sonication

has a very high protein concentration of OD280 ¼ 11.5, the

gradient was plotted for y ¼ 380–580 mm only.

Fig. 6(b) shows the corresponding experimental results. The

densities of the rotating microspheres were plotted in the

y-direction. They were measured throughout the channel (x ¼
0–130 mm) and averaged for each 50 mm width in the y-direction

resulting in 11 data points. Cell lysates were obtained by the same

conditions as above for Fig. 6(a): applying voltages of 0, 50, 100,

150, 200, 250 V, and off-chip sonication. Arrows indicate the

positions where the highest density was obtained, which means

that the assay condition for the F1 molecule was optimized there.

The same coloured arrows for the numerical simulation results in

Fig. 6(a) point to the corresponding positions in the y-direction.

Comparing Fig. 6(a) and (b), we are able to expect to deter-

mine the F1 concentration at a given cell lysis condition, which

provides F1 with the best condition to establish the molecular

system for the single molecule assay. However, the F1
Lab Chip, 2009, 9, 3567–3573 | 3571



Fig. 6 (a) F1 concentration in the y-direction channel depending on

applied voltages for cell lysis. Concentrations are normalized by

OD280 ¼ 0.32 obtained at 250 V, and calculated results are averaged in

the x-direction. (b) Density of rotating beads measured in the SMM.

Arrows in (b) indicate the position where the highest density is obtained,

and the corresponding x-positions are indicated in (a).
concentrations that yielded the highest densities for rotating

microspheres in each cell lysis condition spread in a range from

almost 0 to 0.65 in normalized concentration values in Fig. 6(a).

The range is too wide to conclude that the F1 concentration is

optimized. This reveals that the assay condition was not opti-

mized only with respect to the F1 concentration but also to other

conditions, including contaminants. This is because the molec-

ular system for the rotation assay is established by layering

Ni-NTA on the channel surface, the F1 molecules, and a micro-

sphere to the biotinylated g-subunit. Such multilayer protein

bindings cannot be explained by the target protein concentration

only. F1 molecules are mixed with other contaminated proteins

and cell debris, and their diffusion coefficients range widely,

depending on their size. The concentration ratio among these

materials in lysate varies in the y-direction in the channel due to

their different diffusion coefficients. Given the tug-of-war

between the molecules in access to the channel surface (in other

words the different binding affinities of molecules to the surface)
3572 | Lab Chip, 2009, 9, 3567–3573
the density of F1 molecules bound to the Ni-NTA-coated glass

surface may have a gradient in the y-direction. Assuming such

a tug-of-war effect, the density of the rotating microspheres

are maximized at a certain position with each given cell lysis

condition.

Two factors support the tug-of-war effect: one is by compar-

ison with a conventional off-chip assay condition, and the other

is by an additional experiment mimicking the lysate dilution in

a Y-shaped channel. In the off-chip assay using F1 molecules,

which is purified by a benchtop conventional protocol yielding

a more highly purified protein than our SMM, the rotation assay

cannot be observed at too high or too low a concentration. Too

high a concentration causes steric hindrance among molecules,

and too low a concentration decreases the probability of estab-

lishing the assay system due to its stochastic phenomenon

(Fig. 4(b)). As stated in the off-chip experiment section, the

nanomolar range is appropriate for observing the assay. As the

second support, the additional experiment was performed to

eliminate the possibility of a missed operation disturbing the

protein concentration gradient in the SMM. Three kinds of

pseudo-lysates were prepared and assayed in a simple Y-shaped

channel. The density of the rotating microspheres had the same

distribution as Fig. 6(b), where the highest efficiency was

obtained at a certain position in the y-direciton (see ESI,† 2. The

on-chip rotation assay using pseudo-lysates). Considering the

above-mentioned issues, not only was the F1 concentration

optimized but all the assay conditions were too.

Conclusion

We have fabricated a ‘‘Single Molecule MicroTAS (SMM),’’

which comprises cell lysis, protein extraction, purification, and

activity assay. Evaluating the cell function, we found that protein

extraction by applying a pulse voltage is enough to achieve the

single-molecule assay. The resulting F1 rotation assay in the

SMM is comparable with the off-chip conventional assay in

which the concentration of the F1 molecule is clearly optimized

after purification by a laborious benchtop process. Considering

the numerical simulation for the F1 molecule diffusion and the

experimental results for the rotation assay, we conclude that

the SMM always optimizes the assay condition. Therefore, the

molecular system for the single-molecule assay can be con-

structed with a given sample condition, i.e., regardless of the cell

initial concentration or the cell lysis condition. We expect the

result to shed light on a new applicability of MicroTAS to single

molecule evaluations.
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Supplementary information 
1. Cell lysis evaluation by SDS-PAGE 

The cell lysis condition was evaluated quantitatively by absorptiometry at 280 nm (OD280), as described in the 
main text. However, the measured absorbance is attributed to all proteins, including contaminants. We 
additionally electrophoresed several protein solutions used in our experiment, as shown in Fig. S1. For 
comparative purposes, a solution flowed in the cell lysis chamber with no applied voltage in lane 1. Lysates for 
lanes 2 and 3 were prepared by the on-chip cell lysis, with applied voltages of 150 V (60 kV/cm) and 250 V 
(100 kV/cm), respectively. In the cell lysis, other parameters were as follows: flow rate for the cell lysis 
chamber (3 μL/min), duty (0.01%), and pulse width (50 μs), which was used to examine the diffusion 
phenomenon in the assay channel. Lanes 4 to 9 were obtained by diluting an F1 solution purified off-chip 
conventionally. The initial F1 concentration of 2.5 μM was adjusted to 10~100 nM. The result indicates that F1 
molecules consisting of α, β, γ-subunits were predominantly detected in lanes 2 and 3, even though other 
contaminated proteins were slightly observed in the same lanes. Focusing on these F1 components, F1 
concentrations in lysates can be approximately estimated as 30 nM and 70 nM for lanes 2 and 3, respectively. 

 

 

 

Fig. S1 Proteins separated by SDS-PAGE. The inset indicates the sample preparation for each lane. 
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2. The on-chip rotation assay using pseudo lysates 

Unstable flow caused by missed operation of the SMM may disturb the concentration gradients of lysates, 
resulting in the failure to optimize the single molecule assay condition. To confirm the diffusion phenomena 
discussed in the main text, we imitated the diffusion using pseudo lysates in a Y-shaped channel. Lysates were 
prepared by mixing F1 purified off-chip and contaminated proteins obtained by the sonication of E. coli without 
F1 expression. Then the pseudo lysates were diluted to have the same OD280 as obtained in Fig. 3b: OD280=0.16 
for 150 V (60 kV/cm), 0.32 for 250 V (100 kV/cm), and 11.5 for sonication. The same assay protocol shown in 
Table 1 was performed by replacing the “cell solution” by the pseudo lysate. Densities of the rotating 
microspheres were plotted, as shown in Fig. S2, in which the same coloured symbols as used in Fig. 6 were 
used for comparison. The density was maximized at the similar position in the y-direction, as measured in the 
sequential assay in the SMM (Fig. 6b). The results support that lysate concentration is optimized for the single 
molecule assay. 
 
 

 
Fig. S2 Density distribution of rotating microspheres in the y-direction measured by assays using pseudo lysates. 
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