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Ion-Channel Biosensors—Part I: Construction,
Operation, and Clinical Studies
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Abstract—This paper deals with the construction and operation4
of a novel biosensor that exploits the molecular switching mecha-5
nisms of biological ion channels. The biosensor comprises grami-6
cidin A channels embedded in a synthetic tethered lipid bilayer. It7
provides a highly sensitive and rapid detection method for a wide8
variety of analytes. In this paper, we outline the fabrication and9
principle of operation of the ion-channel switch (ICS) biosensor.10
The results of a clinical study, in which the ion-channel biosensor11
is used to detect influenza A in untreated clinical samples, is pre-12
sented to demonstrate the utility of the technology. Fabrication of13
biochip arrays using silicon chips decorated with “ink jet” printing14
is discussed. We also describe how such biochip arrays can be used15
for multianalyte sensing. Finally, reproducibility/stability issues of16
the biosensor are addressed.17

Index Terms—.
Q1

18

GLOSSARY19

BLM Bilayer lipid membrane.20

ELISA Enzyme-linked immunosorbent assay (a biochem-21

ical technique used mainly in immunology to de-22

tect the presence of an antibody or an antigen in a23

sample).24

Fab Fragment antigen binding portion of antibody.25

hCG Human chorionic gonadotropin (glycoprotein hor-26

mone is produced during pregnancy and can be used27

for early detection).28

βhCG β subunit of hCG gonadotropin.29

gA Gramicidin A ion channel.30

gAglyB Gramicidin with a glycine group linker to biotin.31

gA5XB Gramicidin with five aminocaproyl group linker.32

ICS Ion-channel switch.33

IgG Immunoglobin G, the most common human34

immunoglobin.35

MSL Membrane spanning lipid.36

MSL4XB Membrane spanning lipid with four aminocaproyl-37

linked biotin.38
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PCR Polymerase chain reaction, which is a technique to 39

amplify a single or few copies of a piece of DNA 40

across several orders of magnitude. 41

X≡ Aminocaproyl group. 42

4X≡ Four aminocaproyl groups. 43

4XB≡ Four aminocaproyl-linked biotin. 44

I. INTRODUCTION 45

B IOLOGICAL ion channels are water-filled subnanosized 46

pores formed by protein molecules in the membranes of 47

all living cells [1], [2]. Ion channels play a crucial role in living 48

organisms by selectively regulating the flow of ions into and out 49

of a cell thereby controlling the cell’s electrical and biochemical 50

activities. This paper deals with construction and operation of 51

a novel biosensor that exploits the molecular switching mecha- 52

nisms of ion channels. Such ion-channel-based biosensors can 53

detect target molecular species of interest across a wide range of 54

applications. These include medical diagnostics, environmental 55

monitoring, and general biohazard detection. 56

A novel biosensor that incorporates gramicidin A ion chan- 57

nels into a tethered synthetic cell membrane was developed by 58

Cornell et al. [3]. Over the past few years, many novel func- 59

tionalities have been added to successive generations of the 60

biosensor [4]–[7]. These include the covalent linkage of Fab (see 61

Glossary) to the gramicidin channels, the use of flow cells and 62

the miniaturization of electrode dimension from 1 mm to 20 µm. 63

Throughout this paper, we refer to this ion-channel biosensor as 64

the ion-channel switch (ICS) biosensor. 65

The ICS biosensor provides an interesting example of engi- 66

neering at the nanoscale. It is significant that the functionality 67

of the device depends approximately on 100 lipids, and a single 68

ion channel modulating the flow of billions of ions in a typi- 69

cal sensing event of approximately 5 min. Since the gramicidin 70

channels (each with conducting pore of diameter 0.4 nm and 71

length 2.8 nm) move randomly in the outer lipid leaflet of the 72

membrane (1.4 nm thick), we can view the biosensor as a fully 73

functioning nanomachine with moving parts. Indeed, each in- 74

dividual gramicidin channel diffuses randomly over an area of 75

order 1 µm2 . Furthermore, the 4-nm-thick lipid bilayer is teth- 76

ered 4 nm away from the gold surface by hydrophylic spacers 77

thereby allowing ions to diffuse between the membrane and 78

gold. This permits a flux in excess of 106 ions per second to 79

traverse each channel. 80

A. Main Results 81

This paper describes the construction, operation, and usage 82

of the ICS biosensor. The fabrication of the ICS biosensor has 83
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several interesting properties that make it an appealing case84

study.85

1) Construction and Operation of the Biosensor: The ICS86

biosensor incorporates a self-assembled monolayer providing87

enhanced stability (see literature review given shortly for a com-88

parison with other schemes). The tethered bilayer permits 2-D89

diffusion of gramicidin channels that provides a remarkable gat-90

ing mechanism. Since gramicidin has a terminal ethanolamine91

group that permits a range of chemistries, the biosensor may92

be prepared for use with a wide range of receptors to detect93

many different analytes. The ICS sensing mechanism does not94

require washing [unlike an ELISA assay (see Glossary)], pro-95

vides large transduction amplification (millions of ions for every96

channel dimerization), and a high detection sensitivity since a97

single channel can diffuse and identify analyte molecules bound98

to many capture sites. The ICS biosensor also provides an ob-99

jective electrical readout that is intrinsically digital. The digital100

output permits the use of sophisticated statistical signal pro-101

cessing algorithms to estimate the type and concentration of102

analyte.103

In Section II, the construction of the biosensor is discussed104

in detail. The interface between the biochemical part of the105

biosensor and the electrical measurement system is provided106

via a gold surface to which the lipid bilayer containing the ion107

channels is tethered and a silver-coated return electrode that is108

immersed in the electrolyte above the biomimetic surface.109

2) Rapid Detection of Microorganisms: The ICS biosensor110

provides a rapid detection mechanism for low-molecular-weight111

drugs to supramolecular. In Section III, we illustrate the use of112

the ICS biosensor for the rapid detection of the influenza A virus.113

One of the major advantages of using the ICS biosensor over the114

ELISA method is that many of the lengthy steps involved in the115

processing and incubation in an ELISA are no longer necessary.116

3) Multianalyte Detection Using Biochip Arrays: In117

Section IV, we illustrate how sensor arrays of the ICS biosen-118

sor can be fabricated and used for multianalyte detection. A119

novel element in the design of these arrays is the use of a ti-120

tanium oxide ring at the perimeter of the electrode opening,121

which serves as both a mechanical and electrical seal. A key122

issue in fabricating an array capable of multianalyte detection123

is the site-specific decoration of the chip with different antibod-124

ies. We describe this construction and show that biochip arrays125

can detect multiple analytes from a single sample addition to126

the sensor. Finally, in Section V, we discuss scale-up issues of127

the ICS biosensor including reproducibility of results and the128

challenges of stability/storage. These are key requirements for129

a commercial diagnostic technology.130

The companion paper (Part II) deals with modeling the elec-131

trical and chemical kinetics of the biosensor to predict its perfor-132

mance. We also illustrate the use of statistical signal processing133

algorithms for the stochastic detection of analytes.134

B. Related Work135

The literature on biosensors is vast. Neher provides an in-136

teresting overview of the interface between ion channels and137

microelectronics [8]. Several companies/research groups have138

developed biosensors based on synthetic lipid monolayers and 139

bilayers. For example, OhmX Corporation is currently develop- 140

ing a reagentless biosensor system using self-assembled mono- 141

layers tethered to a gold surface for the electronic detection 142

of biomarkers in clinical samples [9]. Stochastic signal analy- 143

sis has been employed by Bayley’s group at Oxford and has 144

made substantial contributions in advancement of ion channel 145

biosensors [10], [11]. The detection of single gramicidin chan- 146

nel currents in a tethered membrane is described in [9]. Here, 147

we focus on the ICS biosensor currently being developed by 148

Surgical Diagnostics Pty Ltd., as an important example of an 149

ion-channel-based biosensor. We provide a review of related 150

work in biosensors involving ion channels and tethered lipid 151

membranes shortly. 152

The first attempt at developing a practical membrane-based 153

biosensor device was reported in [12]. The poor stability of the 154

receptor–membrane complex limited the range of applications 155

of the device. One of the first examples of a functionally active 156

biomimetic surface was reported in [13], in which an active 157

cytochrome C was incorporated into a tethered membrane. 158

The stabilization of the bilayer lipid membrane (BLM) has 159

been a central theme in the development of ion-channel biosen- 160

sors [14]. Many strategies have been developed. The primary 161

focus has been on physisorbing or chemically attaching a layer 162

of hydrocarbon to a silicon [15], hydrogel [16], polymer [17], 163

or metal surface [18]. Subsequently, a second layer of mobile 164

lipids is fused onto the tethered monolayer to form a tethered 165

BLM. Earlier works on BLM stabilization is reviewed in [19] 166

and [20]. In [21], peptide nanotubes have been fabricated within 167

a supported self-assembled monolayer. The ICS biosensor em- 168

ploys an alkane disulphide bond to stabilize the BLM at the 169

electrode surface. 170

A key requirement of an ion-channel biosensor is to engineer 171

a switching mechanism that modulates the flow of ions when 172

an analyte is detected [7]. Mechanisms range from antichannel 173

antibodies that disrupt ion transport [22], to molecular plugs that 174

block the channel entrance [23]. OmpF porin channels from 175

Escherichia coli were incorporated into a tethered BLM and 176

their conduction modulated using the channel-blocker colicin 177

[24]. All mechanisms proposed so far have had a very limited 178

range of application and require reengineering for each new 179

analyte. The ICS, while using ion-channel transduction provides 180

a mechanism that may be adapted to many different classes of 181

target. 182

Miniaturization and patterning are two further opportunities 183

for tethered membrane technologies [25], [26]. The functional- 184

ities, which may be brought to tethered bilayers are becoming 185

extensive. Topographical templates for chemoselective ligation 186

of antigenic peptides to self-assembled monolayers have been 187

fabricated in [27]. 188

The remainder of this paper is organized as follows. Section II 189

explains the details of the operation of the biosensor in detection 190

of large and small analytes. Section III provides the details of 191

a study performed using the ICS biosensor to detect influenza 192

A in clinical samples. Section IV discusses fabrication issues 193

such as multiplexing and multianalyte detection capabilities of 194

the biochip array. Section V discusses methods for improving 195
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stability as well as storage capability of the ICS biosensor. Our196

companion paper (Part II) deals with modeling, analysis, and197

signal processing of the ICS biosensor. It is hoped that these four198

aspects, namely, construction, modeling, analysis, and signal199

processing, provide the reader with an interesting case study200

that can be suitably modified to other types of biosensors.201

II. CONSTRUCTION AND OPERATION OF ICS BIOSENSOR202

In this section, we discuss the fabrication and operation of203

the ICS biosensor. This discussion forms the basis for modeling204

the biosensor dynamics in the companion paper (Part II).205

A. Principle of Operation206

The low-molecular-weight bacterial ion-channel gramicidin207

has been used (see [3] and [28], see also [6] for a review), as the208

basis of a biosensor platform with a range of applications for209

the detection of low-molecular-weight drugs, large proteins, and210

microorganisms [29], [30]. As described earlier, the ICS biosen-211

sor employs a lipid monolayer tethered via a disulphide group212

to a gold surface. The membrane is separated from the gold sur-213

face by an ethylene glycol spacer that provides a reservoir for214

ions permeating through the membrane. The transduction mech-215

anism depends on the properties of gramicidin A within a BLM.216

Gramicidin monomers diffuse within the individual monolayers217

of the BLM. The flow of ions through gramicidin only occurs218

when two nonconducting monomers align to form a conduct-219

ing dimer. The gramicidin channels within the tethered inner220

leaflet of the lipid bilayer are also tethered to the gold electrode.221

Also, attached to the gold surface as part of the inner leaflet are222

membrane-spanning lipids. The arrival of analyte cross-links223

antibodies attached to the mobile outer layer channels to those224

attached to membrane spanning lipids. Due to the low density225

of tethered channels within the inner membrane leaflet, this an-226

chors them distant, on average, from their mobile outer layer227

partners. Gramicidin dimerconduction is thus prevented and the228

biosensor admittance decreases. Applying a small alternating229

potential between the gold substrate and a reference electrode230

in the test solution generates a charge at the gold surface that231

causes electrons to flow in an external circuit.232

The membrane stability is primarily enhanced by tethering233

the inner membrane leaflet to the gold surface. However, addi-234

tional stability is achieved by substituting a major fraction of235

the tethered lipids with archaebacterial lipids. These are lipids236

modeled on constituents found in bacteria capable of surviving237

extremes of temperature and hostile chemical environments.238

Characteristics of these lipids are that the hydrocarbon chains239

span the entire membrane and that all ester linkages are re-240

placed with ethers [31], [32]. BLM films have previously been241

formed from archaebacterial lipids and resulted in membranes242

that are stable to temperatures in excess of 90 ◦C [33]. A stable243

membrane incorporating ion channels can be self-assembled on244

a clean, smooth gold surface using a combination of sulphur–245

gold chemistry and physisorption [34]. Most studies of the ICS246

biosensor have used antibody Fab fragments as the receptor;247

however, the approach has also been demonstrated to operate248

Fig. 1. Large analyte transduction mechanism. The binding of analyte (green)
to the antibody fragments (Fab) (red) causes the conformation of gramicidin A
to shift from conductive dimers to nonconductive monomers. This causes a loss
of conduction of ions across the membrane. The scale can be visualized by the
fact that the tethered lipid bilayer is 4 nm thick.

Fig. 2. Small analyte transduction mechanism. In the absence of analyte,
the mobile channels cross link to antitarget Fabs anchored at the tether sites.
Dimer formation is prevented and the biosensor conductance decreases. The
introduction of analyte competes off the hapten (target analog) and increases
the biosensor conductance.

using oligonucleotide probes, heavy metal chelates, and cell- 249

surface receptors. 250

B. Large and Small Analyte Detection 251

Large analytes include proteins, hormones, polypeptides, mi- 252

croorganisms, oligonucleotides, DNA segments, and polymers. 253

In the same manner that an ELISA sandwich assay may be 254

developed based on a complementary antibody pair, the ICS 255

biosensor may be adapted to the detection of any antigenic tar- 256

get for which a suitable antibody pair is available. The bacterial 257

ion-channel gramicidin A is assembled into a tethered lipid 258

membrane and coupled to an antibody targeting a compound of 259

diagnostic interest. The binding of the target molecule causes 260

the conformation of the gramicidin channels to switch from pre- 261

dominantly conducting dimerto predominantly nonconducting 262

monomers, as shown in Fig. 1. For target analytes with low 263

molecular weights such as therapeutic drugs where the target 264

is too small to use a two site sandwich assay, a competitive 265

adaptation of the ICS is available. This is shown in Fig. 2. 266

III. RAPID DETECTION OF INFLUENZA A VIRUS 267

IN CLINICAL SAMPLES 268

Experimental results for detection of influenza A virus us- 269

ing the ICS biosensor are detailed in this section. Influenza 270

is a highly contagious respiratory infection that is spread by 271

aerosol transmission or close personal contact. Rapid detec- 272

tion of the virus is crucial for prompt patient management and 273

implementation of public health alert and control measures. 274

The ICS biosensor offers a rapid method for the detection 275

of microorganisms within 10 min at room temperature, with- 276

out the attendant time-consuming steps of specimen extraction, 277
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specimen washing, and incubation that are currently necessary278

in an ELISA or PCR test for virus detection [35], [36].279

A. ICS Biosensor for Rapid Influenza A diagnosis280

A complementary pair of monoclonal antibodies were se-281

lected for reactivity to a specific strain of influenza A subtype.282

Fab fragments were prepared from two commercially available283

influenza A nucleocapsid-specific monoclonal antibodies and284

fragmented using papain digestion (www.piercenet.com) and285

biotinylated with iodoacetyl-LC-biotin according to a propri-286

etary method that was developed in-house. An equimolar mix287

of the two monoclonal antibodies was used. Comparison was288

made with a commercial kit obtained from Medix Biochemica289

(www.medixbiochemica.com) and by culture. The Medix test290

kit consisted of a chromatographic strip paper impregnated with291

influenza A antibodies. An internal control was included in the292

test strip. After treating the specimen in the extraction solution293

for 5 min at room temperature, the immunochromatographic294

strip was immersed into the treated sample mix for an addi-295

tional 10 min and read against a color standard. The culturing296

techniques were as previously reported [35], [37].297

B. Clinical Samples298

Two groups of respiratory samples were collected across the299

state of South Australia and tested to assess the effects of in-300

terferences in the untreated clinical samples and the sensor re-301

sponse to the targeted influenza A virus.302

1) Group 1: This group consisted of 74 samples drawn from303

nasopharyngeal aspirates, sputum, bronchial or tracheal304

aspirates, nose, and throat swabs during the period July–305

August 2006. The samples were stored at 4 ◦C, and tested306

within two days by ICS, Medix as well as by culture. How-307

ever, during the period July–August 2006, when Group 1308

samples were collected, no cases of influenza A occurred309

in South Australia. Therefore, the samples in Group 1310

serve as a useful test for false positives.311

2) Group 2: This group consisted of 34 randomly selected312

samples that had been collected during an outbreak of in-313

fluenza A in July–September 2005. These samples had314

been stored at −70 ◦C. (The number of clinical samples315

in this group was limited by the sample populations the316

authors were able to negotiate from the South Australian317

government.) These specimens had previously been sub-318

mitted for routine virus culture.319

C. Results of Influenza A Trial320

The test results for Group 1 and Group 2 were analyzed321

in terms of sensitivity, specificity, positive predictive values322

(PPVs), and negative predictive values (NPV). These are de-323

fined as324

Sensitivity =
number of true positives

number of true positives + number of false negatives

Specificity =
number of true negatives

number of true negatives + number of false positives

TABLE I
COMPARISON OF ICS AND MEDIX RAPID TESTS WITH CULTURE FOR
DETECTION OF INFLUENZA A VIRUS IN 34 RESPIRATORY SPECIMENS

PPV =
number of true positives

number of true positives + number of false positives

NPV =
number of true negatives

number of true negatives + number of false negatives
.

(1)

325

1) Group 1: Of 74 samples in Group 1, no influenza A virus 326

was detected using the ICS, the Medix kit, or by culture. 327

Thus, the ICS did not yield false positives. Also, using cul- 328

ture or antigen ELISA [35], [37], it was found that 14/74 329

of the samples yielded a positive result for influenza B, 330

adenovirus, respiratory syncytial virus, or parainfluenza 3 331

virus. This means that the ICS showed no cross-reactivity 332

with unrelated viral antigens or interference by heteroge- 333

neous respiratory specimens. These results illustrate the 334

specificity of the ICS. 335

2) Group 2: The 34 samples in Group 2 were tested using 336

the ICS and Medix test. The specimens were diluted with 337

an equal volume of phosphate buffer saline (PBS) prior 338

to addition to ICS and Medix test. When compared to 339

the culture as reference, the ICS and Medix tests showed 340

very similar sensitivities, specificities, PPVs, and NPVs 341

in detecting influenza A virus. The results are shown in 342

Table I. 343

Thus, the addition of fresh or frozen clinical samples directly 344

to the ICS sensor permits a rapid determination of the presence 345

of influenza A virus without the need for detergent disruption 346

or sample preparation with very similar results to existing com- 347

mercial immunochromatographic test strips. After this trial, the 348

importance of sample flow on detection sensitivity of the ICS 349

biosensor has been explored and it was found that a substantial 350

improvement resulted from sample flow rates of 10–50 µL/min. 351

Future trials will incorporate a modified test element incorpo- 352

rating analyte flow during data acquisition. 353

IV. BIOCHIPS AND MULTIANALYTE DETECTION 354

A. Biochip Arrays 355

Sensor arrays have been fabricated using silicon nitride, 356

silicon carbide, and glass substrates. Using this format, a 357

multianalyte-detection capability is demonstrated. Multianalyte 358

detection is an advantage as it permits onboard calibration to 359

correct for systematic variations that can occur across an elec- 360

trode array and to correct for electrode-to-electrode variation 361

between different sensors. A novel element in the design of 362

these arrays is the use of a titanium oxide ring at the perimeter 363
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Fig. 3. Cross section of one element in a silicon chip sensor array. The design
incorporates five layers: 1) an underlying silicon wafer, 2) a 50 nm titanium (Ti)
barrier, 3) a 200 nm gold layer, 4) a 100 nm silicon nitride (Si3 N4 ) layer and a
patterned ring of titanium oxide (TiO2 ). The titanium oxide ring is designed to
provide a hydrophilic surface at the membrane edge.

Fig. 4. (a) Optical microscopy image of a 16-element sensor array with 150 µm
diameter electrodes. The apparently square geometry of the sensor elements
arises from the gold being patterned as rectangles and the silicon nitride openings
being round. The thin (100 nm) and transparent silicon nitride allows the gold
to be viewed through the nitride layer. Also visible is the light gray 2 µm wide
titanium oxide ring. (b) Optical microscopy image of a test array with four
electrode elements of 150, 100, 50, and 20 µm diameter.

of the electrode opening. The titanium ring is designed to pro-364

vide a mechanical seal for the outer leaflet preventing it from365

diffusing beyond the area of the tethered inner leaflet lipids. In366

addition, the titanium seal retains water during the patterning367

of antibodies, and during the dry down process for storage. A368

schematic of the design of an element in a silicon chip is shown369

in Fig. 3.370

Examples of electrode arrays recorded by optical microscopy371

are shown in Fig. 4. Fig. 4(a), illustrates a 16-element array of372

150 µm diameter electrodes. Fig. 4(b) depicts a test array of four373

electrodes ranging from 150 to 20 µm diameter. A consequence374

of reducing the electrode diameter from 150 to 20 µm is a375

reduction of the membrane capacitance and an increase in the376

biosensor resistance. Both measures scale with membrane area,377

the capacitance linearly, and the resistance inversely.378

Although the impedance of these electrodes is dependent on379

area, the time constant of the response is independent of area.380

A dependence is expected, however, when the spacing of the381

ion channels or antibodies are comparable to the electrode di-382

mensions. In the present case, these spacings are approximately383

0.1–1 µm, far smaller than the smallest 20 µm diameter electrode384

reported here. However, one consequence of using an electrode385

array to measure the target species concentration rather than a386

single electrode of comparable area is the improvement in the387

quality of estimating the response rate. In fact, an exponential388

fit to the admittance decay curve measured across 16 electrodes389

yielded coefficients of variation (standard deviation/mean) of390

well below 10%. This indicates that the silicon chip fabrication391

procedures can provide a highly reproducible electrode geom- 392

etry and structure. The distributed sensing array possesses a 393

statistical improvement of 16 independent measurements rather 394

than one. A further benefit of miniaturization is the detection of 395

single channel noise that permits stochastic analysis, which is 396

discussed in the companion paper. 397

B. Multianalyte Detection 398

Sensor arrays also have the ability to measure multiple tar- 399

get concentrations from a single sample addition to the sen- 400

sor. A key problem when fabricating an array capable of mul- 401

tianalyte detection is the site-specific decoration of the chip 402

with different antibodies. The approach used here is shown 403

in Fig. 5. A fluid-handling spotter (sciFlexarrayer leased from 404

Scienion AG, Berlin) was loaded with the appropriate antibody 405

solution and directed to a chip surface that had been partially 406

dried from glycerol, trehalose, polyvinylpyrrolidone, or their 407

combinations. 408

The lower size limit of the electrodes was determined by the 409

resolution achievable by the spotter-surface characteristics and 410

not the constraints of the electrode–membrane characteristics. 411

The limiting dimension set by the spotter-surface combination 412

was 80 µm diameter, whereas the limit set by the electrode– 413

membrane combination was 10 µm. Fig. 5 shows an exam- 414

ple of a chip array with four arbitrary antibody receptors, i.e., 415

one quadrant, contains four electrodes, with the pregnancy hor- 416

mone human chorionic gonadotrophin (βhCG), two quadrants 417

have antibody receptors for influenza A, and a further quadrant 418

uses the reference receptor to a target not in the test sample. 419

Fig. 6(a) shows the response to four samples containing either 420

150 mIU/mL βhCG, 100 ng/L influenza A virus or neither. The 421

reference electrode cluster yielded a null result to all three chal- 422

lenges; the βhCG cluster yielded a positive response (reduction 423

in admittance read as a negative slope) to the 150 mIU/mLβhCG 424

sample but zero to the influenza A challenge, whereas the in- 425

fluenza A clusters yielded a positive result to challenge with 426

influenza A but zero to βhCG. Fig. 6(b) shows the layout of the 427

four quadrants. These data show the ability of an electrode array 428

to detect multiple target species in one sample addition. In this 429

case, the sample volumes used were 100 µL but these can be 430

reduced to 10–20 µL using a coplanar return electrode. 431

V. SCALE-UP ISSUES 432

Reproducibility of results is essential for calibrating a sensor. 433

Also, stability and storage are critical issues for biosensors. We 434

discuss these issues shortly. 435

A. Reproducibility 436

Variation in the sensor performance occurs between test ele- 437

ments within a single chip and between chip to chip. Custom- 438

fabricated chips were supplied by Micralyne, Edmonton, 439

Canada. The line resolution of standard silicon foundry tech- 440

niques substantially exceeds the requirements of the BioChips 441

used here. Silicon was chosen as a platform for scaling-up sen- 442

sor production since it was viewed as a mature technology that 443
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Fig. 5. (a) Site-specific coating was achieved by directing a metered volume of biotinylated antibody Fab onto an electrode element (230 µm diameter) in the array.
The electrode surface was pretreated with 2%–5% trehalose solution and dried prior to spotting the surface. Prior to spotting, the membranes had been assembled
to a common structure across all electrodes, including a streptavidin linker to the ion channels and membrane spanning lipids. (b) sciFlexarrayer (Scienion AG,
Berlin) provided a stream of 20 pL volume drop. Typically, 15 drops were applied to each electrode resulting in 1.2 nL per quadrant of four electrodes. Each
quadrant received a different biotinylated antibody fragment. (c) Chip used here was a cluster of four 2×2 electrode arrays—each 230 µm diameter on either a
glass or silicon substrate.

Fig. 6. (a) From left to right, the first set of bars correspond to electrode
with no receptors, second set correspond to electrodes with βhGG receptors,
third and fourth set contain influenza A receptors. Chip challenged with sin-
gle sample possessing 150 mIU/mL βhCG and 100 ng/mL influenza A virus.
(b) Array geometry and the distribution of antibodies on each of the four clusters.

operated within a highly controlled, clean environment. How-444

ever, an unexpected problem arose in the adaptation of standard445

photolithographic approaches to the fabrication of patterned sur-446

faces for use in Au-alkanethiol-based sensors. The etch proce-447

dures employed to expose the patterned gold seriously contam-448

inates the gold surface in a manner that we have been unable to449

totally reverse. Cleaning solutions such as Piranha followed by450

deionized water and ethanol could achieve a functioning device451

Fig. 7. Daily means of 16 estimates of 60 mIU/mL βhCG in PBS at 30 ◦C
over a one-month period. Similar results were obtained over a 12-month period.

but the longer term stability was seriously compromised. High- 452

energy argon ion milling of the surface was necessary immedi- 453

ately prior to coating the thiol or disulphide species regardless 454

of the wet-cleaning process employed. The optimal approach is 455

to vary the lithographic process steps to permit a deposit gold 456

last sequence, which although requiring a final masking step, 457

achieves the best results. 458

Monitoring sensor performance over many batches provides 459

an estimate of the batch-to-batch variation in performance. Fig. 7 460

shows a one-month record of response to 60 mIU/mL βhCG, 461

run without calibrators or any internal corrections for an array of 462

16 measures on a plastic slide. Each day represents an average 463

of 16 measures from one array and over the month from 16 464

separate arrays. The sample challenge was a standard solution 465

of 60 mIU/mL βhCG. The average daily coefficient of variation 466

over 16 measures was 12% and the coefficient of variation of 467

the daily means over the 16 arrays measured during the month 468

was 4.7%. These measures were performed in PBS at 30 ◦C on 469

sensors made that day. 470

A major step towards achieving a quantitative test is to provide 471

an onboard calibrator to correct for daily variation. This is par- 472

ticularly important when measurements are made from serum 473

or blood where matrix variations cause substantial changes to 474
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Fig. 8. Improvement in reproducibility that can be achieved by employing a
calibrator (a) Uncorrected response rate to a challenge by analyte. T1 and T2
are two tests of the target concentration, C is a calibration measure, and R is a
reference channel that permits a differential measure. The latter is used in blood
or serum where matrix artifacts are minimized through the use of a differential
reading between the test and reference electrode. The data have been normalized
to the gating amplitude only. (b) Response to challenge by analyte in which the
calibrator response has been used to normalize the test responses. The effect of
normalizing to the calibrator values is to reduce the coefficient of variations of
T1 and T2 from 27% and 22% to 15% and 14%, respectively.

the standard curve. In the absence of a calibrator, the variation475

essentially eliminates the possibility of all but semiquantitative476

measurements. Fig. 8 shows an example of the potential im-477

provement in reproducibility that can be achieved by employing478

a calibrator. The approach depends on a multianalyte capability.479

Fig. 8(a) shows a series of individual chip arrays. The hori-480

zontal scale describes particular chip arrays. The vertical scale481

is a measure of the response rate to a challenge of analyte. In482

Fig. 8(a), the response rate has been normalized to the gating483

amplitude of each measure. This is equivalent to reporting on the484

inverse of the time constant of an exponential fit to the response.485

Fig. 9. Illustration of the mechanism responsible for change in performance
upon storage (a) Schematic of a sensor membrane containing gaglyB, the short
linker biotinylated gramicidin ion channel, and no biotinylated membrane span-
ning lipid −MSL4XB. (b) Same construct containing +MSL4XB.

In Fig. 8(b), the response rate of each chip is normalized to the 486

gating amplitude of the calibration channel data. This results in 487

a substantial improvement in reproducibility. The provision of 488

a calibrator channel is a significant benefit brought by simulta- 489

neous multianalyte detection. 490

B. Stability and Storage 491

A key requirement for a diagnostic technology is the ability to 492

store cell-integrated sensors for extended periods with minimal 493

degradation in performance. Fig. 9(a) shows a schematic of a 494

sensor containing the biotinylated gramicidin analog, gaglyB, 495

being gated by the multivalent protein, streptavidin (molecu- 496

lar weight 60 kDa). It was found that if the linker attaching 497

the biotins to the ion channel was reduced in length to a glycine 498

group, then the on-rate for the binding of streptavidin with biotin 499

was ineffective in achieving gating on the 5–10 min timescale. 500

However, as shown in Fig. 9(b), if the membrane spanning lipid, 501

MSL4XB, is present (this has a far longer linker between the 502

biotin and the tethered lipid), a strong rapid gating occurs. The 503

experimental evidence for this is shown in Fig. 10(a) and (b). 504

This suggests that streptavidin binds to the biotin attached by 505

the longer linker on the MSL4XB but not to the biotin attached 506

by a shorter linker on the gaglyB. However, once bound to 507

MSL4XB, the streptavidin is presented in a way to permit gat- 508

ing of the gaglyB. It is proposed that gating of the gaglyB only 509

occurs from the gaglyB diffusing to a site where streptavidin has 510

already bound to the MSL4XB. This provides a method of deter- 511

mining the average diffusion distance of the ion channel in the 512

membrane and a means of probing whether this distance alters 513

on storage. By titrating the gating reaction rate to the concentra- 514

tion of the streptavidin challenge, the on-rate of streptavidin to 515

the MSL4XB, f1 , is determined. This may be contrasted with the 516

far slower on-rate of the streptavidin to the gaglyB. Comparing 517

these f1 values with those obtained from directly cross-linking 518

ion channels possessing longer 5XB linkers, it is possible to de- 519

termine the diffusion distance. The various combinations of f1 520

are given in Table II. In Table II, it is evident that when using the 521

longer 5XB linkers the dependence on the MSL4XB is almost 522

eliminated. 523

The ratio of the slopes of Case 2 and Case 3 in Table II 524

provides a measure of the reaction rate, f1 . The ratio is 0.17 525

meaning that the density of mobile channels is greater than the 526
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Fig. 10. Experimental gating result for the membrane challenged by 0, 0.1,
0.3, 1, 3, or 10 nM streptavidin. (a) With no MSL4XB, little response is seen
at all streptavidin concentrations. (b) With MSL4XB with 0, 0.1, 0.3, 1, 3, or
10 nM streptavidin causes a progressively larger faster response.

TABLE II
EXPERIMENTALLY DETERMINED f1 VALUES FOR THE VARIOUS COMBINATIONS

OF ION CHANNEL AND MSL4XB DESCRIBED EARLIER

density of the tethered membrane spanning lipid MSL4XB cap-527

ture sites. This is necessary if streptavidin is used as a species528

for linking the channel or the tethered lipid to the biotinylated529

antibodies. However, higher levels of MSL4XB result in sub-530

stantial cross linking of gA5XB to MSL4XB by the streptavidin.531

This problem is eliminated by using a covalent linkage to the532

antibody fragment. Such a covalent linkage allows for larger533

densities of MSL4XB resulting in significantly higher sensitivi-534

ties. In the present study, since the density of channels added in535

the mobile layer is 3 × 109 molecules/cm2 , the MSL4XB den-536

Fig. 11. Plot of gating magnitude versus MSL4XB density relative to the
standard density of 6.7 × 108 molecules/cm2 . Drying and storage for two weeks
at 20 ◦C causes a need for higher densities of MSL4XB to achieve the same
gating magnitude. Increasing capture site density improves both storage and
sensitivity of the sensor.

sity is 6.7 × 108 molecules/cm2 . We refer to this estimate as the 537

standard density. Varying the MSL4XB density relative to this 538

standard density permits us to estimate the diffusion distance of 539

the ion channels. 540

Fig. 11 illustrates the MSL4XB density plotted relative to 541

the standard density. It can be seen that when the sensors are 542

fresh, the gating amplitude rises from a very low value at zero 543

MSL4XB to a maximal value at approximately the standard 544

density of MSL4XB. This indicates a diffusion distance of the 545

channels of (6.7 × 108)−0.5 cm ≈ 0.4 µm. This further suggests 546

that the membrane surface has a complex structure that restricts 547

the diffusion distance. If the diffusion were unrestricted, a dif- 548

fusion distance ten times this value would be expected based 549

on reported values of the self-diffusion coefficient of grami- 550

cidin in lipid bilayers. When the sensors are dried and stored, 551

the diffusion distance is reduced approximately by 40%. This 552

implies that drying and storage further restricts the average dif- 553

fusion distance (see Fig. 11). To maintain a gating response 554

for long periods of storage requires increasing the density of 555

MSL4XB. 556

VI. CONCLUSION 557

This paper has provided a detailed description of construc- 558

tion and operation of an ICS biosensor. Fabrication issues such 559

as miniaturization and multiplexing were addressed. A clini- 560

cal study detailing the use of the ICS biosensor in detecting 561

influenza A virus in untreated clinical samples was discussed. 562

Reproducibility and storage issues were also discussed together 563

with improvements made to the ICS biosensor. This paper sets 564

the stage for the companion paper (Part II), which constructs dy- 565

namical models for the ICS biosensor and uses statistical signal 566

processing algorithms to estimate the analyte. 567

REFERENCES 568

[1] B. Hille, Ionic Channels of Excitable Membranes, 3 ed. Sunderland, 569
MA: Sinauer Associates, Inc., 2001. 570



KRISHNAMURTHY et al.: ION-CHANNEL BIOSENSORS—PART I: CONSTRUCTION, OPERATION, AND CLINICAL STUDIES 9

[2] S. H. Chung, O. Anderson, and V. Krishnamurthy, Eds., Biological Mem-571
brane Ion Channels: Dynamics, Structure and Applications. New York:572
Springer-Verlag, 2007.573

[3] B. Cornell, V. L. Braach-Maksvytis, L. G. King, P. D. Osman, B. Raguse,574
L. Wieczorek, and R. J. Pace, “A biosensor that uses ion-channel575
switches,” Nature, vol. 387, pp. 580–583, 1997.576

[4] G. Woodhouse, L. King, L. Wieczorek, P. Osman, and B. Cornell, “The ion577
channel switch biosensor,” J. Mol. Recognit., vol. 12, no. 5, pp. 328–334,578
1999.579

[5] B. Cornell, G. Krishna, P. Osman, R. Pace, and L. Wieczorek, “Teth-580
ered bilayer lipid membranes as a support for membrane-active peptides,”581
Biochem. Soc. Trans., vol. 29, no. 4, pp. 613–617, 2001.582

[6] B. Cornell, “Membrane-based biosensors,” in Optical Biosensors: Present583
and Future, F. S. Ligler and C. A. R. Taitt, Eds. Amsterdam, The584
Netherlands: Elsevier, 2002, p. 457.585

[7] F. Separovic and B. Cornell, “Gated ion channel-based biosensor device,”586
in Biological Membrane Ion Channels, S. H. Chung, O. Andersen, and587
V. Krishnamurthy, Eds. New York: Springer-Verlag, 2007, pp. 595–621.588

[8] E. Neher, “Molecular biology meets microelectronics,” Nature Biotech-589
nol., vol. 19, pp. 121–124, Feb. 2001.590

[9] D. Georganopoulou, “Reagentless electrochemical biosensors for clinical591
diagnostics,” presented at the 41st Annu. Oak Ridge Conf., Baltimore,592
MD, Apr. 2009.593

[10] M. C. Peterman, J. M. Ziebarth, O. Braha, H. Bayley, H. A. Fishman,594
and D. M. Bloom, “Ion channels and lipid bilayer membranes under high595
potentials using microfabricated apertures,” Biomed. Microdevices, vol. 4,596
pp. 236–236, 2002.597

[11] S. Howorka, J. Nam, H. Bayley, and D. Kahne, “Stochastic detection of598
monovalent and bivalent protein–ligand interactions,” Angew. Chem. Int.599
Ed., vol. 43, pp. 842–846, 2004.600

[12] F. S. Ligler, T. L. Fare, E. E. Seib, J. W. Smuda, A. Singh, P. Ahl,601
M. E. Ayers, A. W. Dalziel, and P. Yager, “Fabrication of key compo-602
nents of a receptor-based biosensor,” Med. Instrum., vol. 22, pp. 247–256,603
1988.604

[13] R. Naumann, E. K. Schmidt, A. Jonczyk, K. Fendler, B. Kadenbach,605
T. Liebermann, A. Offenhausser, and W. Knoll, “The peptide tethered lipid606
membrane as a biomimetic system to incorporate cytochrome c oxidase in607
a functionally active form,” Biosens. Bioelectron., vol. 14, no. 7, pp. 651–608
662, 1999.609

[14] J. Li-Fries, Ion channels in mixed tethered bilayer lipid membranes, Ph.D.610
dissertation, Max Planck Institut für Polymerforschung, Mainz, Germany,611
2007.612

[15] S. Heysel, H. Vogel, M. Sanger, and H. Sigrist, “Covalent attachment of613
functionalized lipid bilayers to planar waveguides for measuring protein614
binding to biomimetic membranes,” Protein Sci., vol. 4, no. 12, pp. 2532–615
2544, 1995.616

[16] X. D. Lu, A. L. Ottova, and H. T. Tien, “Biophysical aspects of agar-617
gel supported bilayer lipid membranes: A new method for forming and618
studying planar bilayer lipid membranes,” Bioelectrochem. Bioenerg.,619
vol. 39, no. 2, pp. 285–289, 1996.620

[17] C. A. Naumann, W. Knoll, and C. W. Frank, “Hindered diffusion in621
polymer-tethered membranes: A monolayer study at the air–water in-622
terface,” Biomacromolecules, vol. 2, no. 4, pp. 1097–1103, 2001.623

[18] C. Steinem, A. Janshoff, W. P. Ulrich, M. Sieber, and H. J. Galla,624
“Impedance analysis of supported lipid bilayer membranes: a scrutiny625
of different preparation techniques,” Biochim. Biophys. Acta., vol. 1279,626
pp. 169–180, 1996.627

[19] E. Sackmann, “Supported membranes: Scientific and practical applica-628
tions,” Science, vol. 271, pp. 43–48, 1996.629

[20] A. L. Plant, “Supported hybrid bilayer membranes as rugged cell mem-630
brane mimics,” Langmuir, vol. 15, pp. 5128–5135, 1999.631

[21] K. Motesharei and M. R. Ghadiri, “Diffusion-limited size-selective ion632
sensing based on SAM-supported peptide nanotubes,” J. Amer. Chem.633
Soc., vol. 119, pp. 11306–11312, 1997.634

[22] J. Bufler, S. Kahlert, S. Tzartos, A. Maelicke, and C. Franke, “Activation635
and blockade of mouse muscle nicotinic channels by antibodies directed636
against the binding site of the acetylcholine receptor,” J. Physiol. Lond.,637
vol. 492, pp. 107–114, Apr. 1996.638

[23] A. N. Lopatin, E. N. Makhina, and C. G. Nichols, “The mechanism of639
inward rectification of potassium channels: long-pore plugging by cy-640
toplasmic polyamines,” J. Gen. Physiol., vol. 106, pp. 923–955, Nov.641
1995.642

[24] T. Stora, J. H. Lakey, and H. Vogel, “Ion-channel gating in transmem-643
brane receptor proteins: Functional activity in tethered lipid membranes,”644
Angew. Chem. Int. Ed., vol. 38, pp. 389–392, 1999.645Q2
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