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Abstract: Improving the limit of detection by preconcentration and reducing the response time of 

optical biosensors are key requirements to enable their use in point of care (PoC) applications. To 

address these requirements, we have shown that integration of isoelectric focusing (IEF) at a pH 

step with a leaky waveguide (LW) sensor containing a non-specific affinity ligand (reactive blue 4 

dye (RB4)) can reduce the limit of detection of an exemplar protein (bovine serum albumin (BSA)) 

by a factor of 600 - 930 and reduce the response time to < 60 s. This is 6 - 9 times better 

preconcentration and up to 16 times faster response time than previous reports. IEF was 

performed with standard ampholytes and with simple acids and bases forming a pH step. Using 

ampholytes gave good preconcentration, but was much slower than using a pH step. The LW 

sensor used a thin agarose hydrogel layer into which RB4 was immobilized. The dye acted both as 

a non-specific affinity ligand and to visualize the waveguide resonances. This allowed the refractive 

index of the waveguide to be monitored in real time at any point along the 10 mm separation 

channel length. 

 

Keywords: Leaky waveguide, electrokinetic preconcentration, response time, limit of detection, 

point-of-care. 

 

Introduction: Label-free optical biosensors hold promise to allow quantitative measurement of 

analytes at physiological levels [1] for applications such as point-of-care (PoC) diagnostics [2-4]. 
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An important factor that determines the suitability of a technology for PoC diagnostics is the time 

required to obtain the results. The acceptable time of response to some extent is determined by 

the nature of condition being diagnosed, but there has been some consensus on a turnaround of 

about 15 min [5]. As previously discussed by Eddowes [6], for purely diffusive transport the lower 

the analyte concentration, the slower the system will be to reach equilibrium. While a response 

time in the order of minutes or less is obtainable at µM concentrations, inconveniently lengthy 

response times of hours to days are found at nM or lower concentrations. This in turn reduces the 

attractiveness of label-free biosensors for PoC diagnosis. 

 The problem of long response time at low analyte concentrations to some extent has been 

addressed by performing initial rate instead of equilibrium measurements. The measurement of 

initial rate is, however, challenging because further improvements in the signal-to-noise ratios are 

required to obtain the required limit of detection (LOD) for biomarkers. Alternatively, active sample 

transport to the detection regions has been used by applying electric field [7-9], ultrasound waves 

[10] and using nanochannels [11, 12]. The use of electric field is popular because it offers benefits 

such as ease of integration, amenability to automation, speed and portability [13, 14]. Additionally, 

the approach allows incorporation of sample clean-up along with preconcentration of analytes 

using discontinuous electrolytes [14-19]. Sample clean-up is particularly relevant for reliable 

measurement of biomarkers at physiological levels in complex biological samples [20, 21]. 

 A widely used label-free biosensor is surface plasmon resonance (SPR), but the integration 

of electric field driven sample transport and preconcentration is not feasible because the 

continuous gold film will short any electric field applied parallel to the sensor surface. Thus, the 

integration of electrohydrodynamic (EHD) [22] and dielectrophoresis (DEP) [23] has only been 

demonstrated for SPR gold nanohole arrays. While 100-fold enrichment of a protein (bovine serum 

albumin, BSA) was demonstrated in 1 min using EHD, it took about 1000 s to preconcentrate the  

same protein using DEP. The authors stated that the EHD or DEP integrated SPR nanohole array 

platform required low conductivity solutions limiting their applicability for the analysis of complex 

biological samples, which are highly conducting because of the presence of salts [24-26]. SPR 

gold nanohole arrays are typically fabricated using methods such as focused ion beam lithography 

(FIB) limiting their scope for mass manufacturing. In case of EHD, the need to apply pressure in 

the range of 4 kPa to drive the analytes through the nanoholes, somewhat reduces the portability 

of the system by requiring pumps. The instrumentation used to probe and record the output of 

nanohole array comprised of an inverted epifluorescence microscope and spectrometer/ cooled 

camera. The high cost of the instrumentation further limits the suitability of the EHD or DEP 

integrated SPR nanohole arrays for PoC applications.  

 We address the above limitations by integration of  the electrophoresis method isoelectric 

focusing (IEF)  with leaky waveguide (LW) [27-32] detection using a non-specific affinity ligand. By 

using either ampholytes or simple acids and bases either a pH gradient or step could be formed in 

the channel. The application of the electric field parallel to the sensor surface distinguishes this 
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method from others where the field was applied perpendicular to the sensor. In addition, the 

agarose waveguide only occupied ~2 µm of the 275 µm depth of the channel, so this was a liquid 

phase preconcentration, not gel electrophoresis. Previously, a metal-clad LW (MCLW) using a thin 

titanium layer has been used to apply an electric field perpendicular to the sensor surface to allow 

bacteria to be rapidly transported to the MCLW for detection  [33].  The field could only be applied 

for a short time to prevent dissolution of the ~10 nm titanium layer. This is in contrast to the 

presently described method, where the parallel field could be applied via carbon-fibre filled 

polystyrene electrodes for >2500 s. 

 
Figure 1: Comparison of (a) previous work using a perpendicular and (b) current work using 

a parallel electric field to the sensor surface 

 

 Proteins such as BSA, hemoglobin (Hb) and myoglobin (Mb) were preconcentrated by 

three orders of magnitude in times ranging from 60  to 600 s using IEF at a pH step integrated with 

LW. Proteins were dissolved in 10 mM NaCl to approach the high conductivity of biological 

samples such as blood and urine. In this work, the LW comprised of a glass substrate coated with 

a thin porous agarose layer doped with a blue dye, reactive blue 4 (RB4), to permit visualization of 

the LW resonance and serve as a non-specific affinity ligand. Whole channel imaging in real-time 

was carried out to track changes in the refractive index (RI) distribution. The changes in the RI of 

the waveguide are observed as shifts in the resonance angle in the reflectivity curve of the LW. 

The LW is an all-dielectric structure making its integration with electrophoresis feasible, while still 

being simple to fabricate by methods such as spin coating and without requiring additional 

structures/ components. Finally, the instrumentation used to used to probe and record the output of 

the LW comprised of affordable and off the shelf components such as a superluminescent diode 

(SLD) and uncooled CMOS camera. Thus, this work is a significant step towards rapid 

measurement of analytes at physiological levels for PoC diagnostics. 

 

Experimental: 

Chemicals and Materials: 1 mm thick microscope glass slides were purchased from VWR 

(Leicestershire, UK). Sulphuric acid (H2SO4), 25% (v:v) glutaraldehyde (GA), reactive blue 4 (RB4, 

dye content 35%), phosphoric acid (H3PO4), arginine, iminodiacetic acid, Mowiol® (40-88), 1 M 

hydrochloric acid (HCl), 1 M sodium hydroxide (NaOH), sodium chloride (NaCl), bovine serum 

albumin (BSA), myoglobin (Mb) and haemoglobin (Hb) were bought from Sigma-Aldrich 
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(Gillingham, UK). Glycerol and 35 wt% hydrogen peroxide (H2O2) were purchased from Fisher 

(Loughborough, UK). Ultrapure™ LMP agarose was purchased from Life Technologies (Paisley, 

UK). 40% BioLyte® 3/10 were obtained from Bio-Rad (Hertfordshire, UK). The melting point of the 

agarose used in this work is 65.5 °C and it sets at temperatures below 25 °C. SnakeSkin™ Dialysis 

Tubing, 3.5K MWCO membrane was bought from Thermo Fisher Scientific (Altrincham, UK). 275 

μm thick double-sided adhesive film (3M 7961MP) was bought from Cadillac Plastics (Swindon, 

UK). 10 mm thick Perspex was obtained from RS Components (Corby, UK). Crystal clear 

polystyrene (PS) and 35% carbon fiber-filled high impact PS (CF-PS) granules were purchased 

from Northern Industrial Plastics (Oldham, UK) and RTP Company (Bolton, UK) respectively. 

 

LW and flow cell Fabrication: Glass slides were cut into ~25.4×25.4 mm squares using a diamond 

scribe and cleaned in piranha solution (caution – highly corrosive), which was prepared by mixing 

H2SO4 and H2O2 in the ratio of 3:1, followed by a thorough wash in de-ionized water. 

Subsequently, the glass slides were dried overnight at 110 °C in an oven (Memmert, Schwabach, 

Germany). 

 2% (w:v) agarose solution was prepared by adding 0.2 g of polymer in 10 ml de-ionized 

water and heating in a microwave until fully dissolved. The agarose solution was left on a hot plate 

at 150 °C for 1 h in a closed vial while stirring at 125 rpm. 12.5 µl of 25% (v/v) glutaraldehyde was 

added and the solution was heated and stirred for another 15 min. Subsequently, the solution was 

spin coated onto piranha cleaned glass substrates at 3000 rpm for 30 s. RB4 was then immobilized 

on agarose waveguides by incubating them in a solution containing 20 mg/ml NaCl, 10 mM NaOH 

and 5 mg/ml RB4 for 1 h followed by a thorough wash in de-ionized water. 

 The individual layers of the flow cell are shown in Figure 2 (a). The main channel (marked 

as AA') of width and length of 1.5 mm and 20 mm respectively was laser cut in adhesive 1. Holes 

of diameter of 1.5 mm were drilled in the membrane and adhesive 2 to serve as inlet and outlet 

fluidic ports for the main channel. Two slots of width 1.25 mm separated by a centre to centre 

distance of 11 mm were laser cut in adhesive 2 to form the acidic and basic channels. This 

resulted in a sample volume between the acidic and basic channels of ~5 µl.  

 The acidic and basic channels were separated from the main channel via a membrane to 

prevent the proteins in the sample solution in the main channel from diffusing into the acidic/ basic 

channels, while still allowing the ions to migrate from the acidic/ basic channels to the main 

channel on applying an electric potential. The top layer of the flow cell was made of Perspex, which 

was CNC machined to house the injection molded luer connectors. Through holes of 1.25 mm 

diameter were also drilled in Perspex to access inlet and outlets of the main, acidic and basic 

channels. The luer connectors fitted in the reservoirs of acid/ basic and main channels were made 

by injection molding of CF-PS and PS respectively. The luer connectors made of CF-PS also 

served as electrodes to apply the voltage along the length of the main channel. 
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Chemicals and Materials: 1 mm thick standard microscope glass slides were purchased from VWR 

(Leicestershire, UK). Sulphuric acid (H2SO4), 25% (v:v) glutaraldehyde (GA), reactive blue 4 (RB4, 

dye content 35%, acidic form), phosphoric acid (H3PO4), arginine, iminodiacetic acid, Mowiol ® 

(40-88), 1 M hydrochloric acid (HCl), 1 M sodium hydroxide (NaOH), sodium chloride (NaCl), 

bovine serum albumin (BSA), myoglobin (Mb) and haemoglobin (Hb) were bought from Sigma-

Aldrich (Gillingham, UK). Glycerol and 35 wt% hydrogen peroxide (H2O2) were purchased from 

Fisher (Loughborough, UK). Ultrapure™ LMP agarose was purchased from Life Technologies 

(Paisley, UK). 40% BioLyte® 3/10 were obtained from Bio-Rad (Hertfordshire, UK). SnakeSkin™ 

Dialysis Tubing, 3.5K MWCO membrane was bought from Thermo Fisher Scientific (Altrincham, 

UK). 275 μm thick double-sided adhesive film (3M 7961MP) was bought from Cadillac Plastics 

(Swindon, UK). 10 mm thick Perspex was obtained from RS Components (Corby, UK). Crystal 

polystyrene granules and 35% carbon fibre-filled high impact polystyrene were purchased from 

Northern Industrial Plastics (Oldham, UK) and RTP Company (Bolton, UK) respectively. 

LW and flow cell Fabrication: Glass slides were cut into ~25.4×25.4 mm squares using a diamond 

scribe and cleaned in piranha solution (caution – highly corrosive), which was prepared by mixing 

H2SO4 and H2O2 in the ratio of 3:1, followed by a thorough wash in de-ionised water. 

Subsequently, the glass slides were dried overnight at 110 °C in an oven (Memmert, Schwabach, 

Germany). 

 2% (w:v) agarose solution was prepared by adding 0.2 g of polymer in 10 ml de-ionised 

water and heating in a microwave until fully dissolved. The agarose solution was left on a hot plate 

at 150 °C for 1 h in a closed vial while stirring at 125 rpm. 12.5 µl of 25% (v/v) glutaraldehyde was 

added and the solution was heated and stirred for another 15 min. Subsequently, the solution was 

spin coated onto piranha cleaned glass substrates at 3000 rpm for 30 s. RB4 was then immobilised 

on agarose waveguides by incubating them in a solution containing 20 mg/ml NaCl, 10 mM NaOH 

and 5 mg/ml RB4 for 1 h followed by a thorough wash in de-ionised water. 

 The individual layers of the flow cell are shown in Figure 2 (a). The main channel of width 

and length of 1.5 mm and 20 mm respectively was laser cut in a 275 μm thick double-sided 

adhesive film (adhesive 1 in Figure 2 (a)). Holes of diameter of 1.5 mm were drilled in the 

membrane and adhesive film (adhesive 2 in Figure 2 (a)) to serve as inlet and outlet fluidic ports 

for the main channel. Two slots of width 1.25 mm separated by a centre to centre distance of 11 

mm were also laser cut in adhesive 2 to form the acidic and basic channels. 
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Figure 2: Schematic of the (a) flow cell showing individual layers and cross-sectional view 

along AA' (where thickness of layers is not to scale), and (b) instrumentation used 

 

Instrumentation: A schematic of the instrumentation is provided in Figure 2 (b). A BK7 equilateral 

prism (Qioptic Photonics, Denbighshire, UK) was used to couple light in and out of the LW. The 

prism and LW substrate were optically coupled using a RI matching oil (Type A, Cargille Labs, New 

Jersey, USA). The light source and the detector were mounted on rails connected to goniometers 

to allow radial and angular movement respectively. The light source was a 650 nm 

superluminescent diode (SLD) (EXS210035-02, Exalos AG, Schlieren, Switzerland). The output of 

the SLD was collimated, expanded to 25 mm diameter and then passed through a 40 mm focal 

length cylindrical lens to form a wedge beam to probe the LW along the length of the flow channel. 

The output of the LW was passed through a cylindrical lens and captured on a camera (Pixelink, 

Ottowa, Canada) with a sensing region of dimensions 10.5 mm by 7.7 mm. The long axis of the 

camera sensor was aligned parallel to the main channel to allow the whole length of the channel to 

be imaged. 

 Solutions were either pumped (Minipuls 3, Gilson, Bedfordshire, UK) or injected manually 

via plastic disposable syringes. Voltage was applied along the length of the main channel using a 

high voltage power supply (PS350, Stanford Research Systems, California, USA). The RI of 
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different concentrations of glycerol solutions was measured using an Abbé refractometer with an 

accuracy of ±1×10−4. 

 

Methodology: The resonance angle corresponding to the region of the main channel between the 

acidic and basic channels was imaged on the camera in a single frame. This region was divided 

into 100 lanes and hence the width of each lane was ~0.0975 mm. Out of the 100 lanes, the first 5 

lanes and 10 lanes closest to the acidic and basic channels did not contain any useful information. 

The 85 lanes that were monitored corresponds to a distance of ~8.2875 mm. To determine the 

refractive index sensitivity (RIS) calibration curve, glycerol solutions of different concentrations and 

hence RI were pumped into the main channel at a flow rate of 0.2 ml/min. The corresponding 

resonance angle along the length of the main channel was monitored in real-time using a program 

written in-house using Borland C++ Builder version 6. 

 To perform isoelectric focusing (IEF), 20 mM H3PO4 and 30 mM NaOH (both: with 1% 

Mowiol®) were used as anolyte and catholyte respectively. The anolyte and catholyte also 

contained 0.5 mM iminodiacetic acid and 5 mM arginine respectively. The main channel was filled 

with a solution containing 4% ampholyte (pH 3-10), 1 % (w:v) Mowiol® and 100 µg ml−1 BSA. 100 V 

was applied across the region of the flow channel between acidic and basic channels resulting in 

an initial current of ~200 µA that dropped to ~38 µA as the pH gradient was established. 

 To form a pH step, the acidic and basic channels were filled with 10 mM HCl and 10 mM 

NaOH respectively. Similarly, the main channel was filled with the sample solution, which 

comprised of a stock solution of protein diluted in 1 ml of 10 mM NaCl. The typical concentration of 

the protein in the resulting sample solutions was in the range of 10 to 100 µg ml−1. Subsequently, 

100 V was applied across the region of the flow channel between acidic and basic channels 

resulting in a typical current of ~130 µA. The acidic and basic reservoirs were connected to the 

positive terminal and ground respectively. 

 

Results and Discussion:  

Leak waveguide (LWs) are planar structures which in this work was an agarose layer deposited on 

a glass substrate. Light is partially confined in LWs by total internal reflection (TIR) and Fresnel 

reflection at the waveguide/ sample and waveguide/ substrate interfaces respectively [30, 31, 34]. 

The angle at which light is confined in the waveguide, called the resonance angle, may be 

visualised by incorporation of a dye (in this work, RB4) that absorbs in the wavelength of light used 

to probe the LW. By doing so, a dip in the reflectivity curve of LW (dark line in Figure 3 (a)) is 

observed at the resonance angle. The position of the resonance angle is a function of the refractive 

index of sample on/ in the waveguide and forms the basis of sensing [29, 32, 35].  

RIS calibration curve using glycerol: A typical LW output is provided in Figure 3 (a) where the 

position of the black line corresponds to the resonance angle along the length of the channel. This 

dark line is observed at the resonance angle because of the presence an absorbing dye, RB4, 
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immobilized in the agarose waveguide. The position of the resonance angle did not vary much 

along the length of channel suggesting that the agarose film was of uniform thickness. Additionally, 

the intensity of the dark line was uniform along the channel indicating that RB4 was homogenously 

immobilised in the agarose waveguide. 

 To determine if the LW was responding equally along the length of the channels, a 

calibration with glycerol solutions of known RI was performed. A completely uniform waveguide 

layer would be equally sensitive to RI at any point, but it is unlikely that such a uniform layer is 

practically realizable. It was important to know the uniformity of the LW, to show that there were no 

regions where protein could not be detected. A contour plot showing the shift in resonance angle 

for each lane along the length of the channel for different concentrations of glycerol is provided in 

Figure S1, SI. Figure S1, SI shows that the change in resonance angle of the LW for different 

concentrations of glycerol solutions was reasonably uniform along the length of the channel. The 

distortion observed in Figure S1, SI at t=2200-2700 s at a distance of ~1.8 mm is attributed to 

introduction of air bubbles in the channel, which might have been introduced while changing 1.5% 

(v:v) to 2% (v:v) glycerol solution. Subsequently, for each lane, the shift in resonance angle versus 

RI of glycerol solutions was fitted to a straight line where the slope of the line provided the RIS. As 

shown in Figure 3 (b), the RIS of the lanes along the length of the channel was similar with an 

average value of 78.48 ± 8.96 ° RIU−1. The correlation between RI and change in resonance angle 

was significant (r > 0.9175 for 4 degrees of freedom at the 99.5% confidence level for a one-tailed 

test) for all 85 lanes. A one-tailed test was used as we expect a positive correlation between RI 

and resonance angle. The lower dashed horizontal line in Figure 2 (b) shows the critical value of 

the correlation coefficient, while the upper dashed line is for a perfect correlation (r = 1). The RI 

resolution for each lane was estimated from three times the noise on the water part of the glycerol 

calibration divided by the slope of the calibration line and ranged from 4.53×10−6 to 1.28×10−4 RIU 

along the length of the channel. Given the RI increment of BSA in water is ~0.16 ml g−1, this means 

that the LOD for BSA with this sensor was between 28 and 800 µg ml−1. Since the instrumental 

noise is not expected to vary along the channel, the source of this variation is likely to be non-

uniformities in the agarose film, which were more significant towards the ends of the channel. 
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Figure 3: A (a) typical LW output and (b) plot summarising the parameters of the calibration 

curves of shift in resonance angle versus refractive index of glycerol solutions for all the 

lanes in the main channel  

 

Analysis of proteins: RB4 was used both to visualise the resonance angle and as a non-specific 

affinity ligand. The dissociation constant of RB4 with BSA depends on the pH and salt 

concentration of the solution, but is around 10 µM [36], which is at least 1000 times higher than 

typical of antibody-antigen interactions. RB4 was used in this study to demonstrate the utility of 

electrokinetic preconcentration with an immobilised affinity ligand to increase the local 

concentration of analyte in the waveguide. An initial study was performed using 100 µg ml−1 BSA 

and pH 3-10 ampholyte to implement IEF in the channel with RI sensing using the integrated LW 

device. Figure 4 shows the resulting changes in resonance angle as a function of time and 

distance along the channel after application of 100 V at 0 s. As expected, the initial current of 200 

µA dropped to 38 µA by 1630 s as the pH gradient became established. The focusing of BSA is 

clearly visible, but the time taken to form the gradient and for the BSA to migrate to a well-focused 

zone was about 1600 s.. At 2280 s, the preconcentration factor was 520. The position of the BSA 

zone was not stable, which is most likely a result of electroosmotic flow arising from the negatively 

charged RB4 used to dope the agarose waveguide. The negative resonance angle shifts visible in 

Figure 4 as blue areas are probably because of the loss of ampholytes to the anolyte and catholyte 

reservoirs as the pH gradient was being established. The relatively long time scale to perform 

preconcentration means that IEF is not likely to be a viable technique for PoC applications. 



10 
 

 

Figure 4: Isoelectric focusing of BSA using pH 3-10 ampholyte where the contours show the 

change in resonance angle along the length of the channel with time 

 

 We subsequently investigated the focusing of BSA using a pH junction, which was formed 

dynamically on application of a voltage across reservoirs containing 10mM HCl and 10 mM NaOH. 

On application of the positive potential to the acid and the negative potential to the base reservoir, 

protons and hydroxide ions are driven into the channel, forming a pH step where the ions meet,  

Because the electrophoretic mobility of protons is higher than that of hydroxide, the pH step forms 

closer to the base reservoir. As shown in Figure 5, the resonance angle corresponding to the 

position 7 to 8 mm away from the acidic reservoir increased within about 60 s after the electric field 

was applied when the main channel was filled with solution containing the protein. This increase in 

resonance angle is associated with the preconcentration of BSA and is validated by the absence of 

such a change in case of the blank, which was 10 mM NaCl without the protein. The blank in 

Figure 5 shows that the shift in resonance angle as solutions of different pH enter the detection 

channel is negligible. This in turn suggests that different pH solutions did not cause the agarose 

waveguide to swell/ contract. The agarose was largely composed of neutral polymer, agaropectin, 

and hence pH had no measurable effect on the physical dimensions of the waveguide. 

 The time at which, and location along the channel where, the pH junction was formed and 

hence the protein was concentrated was determined by a combination of factors such as difference 

in the electrokinetic mobility of acidic and basic species, pKa of the dye (in this case, RB4) 

immobilized in the waveguide to visualize the resonance angle and electroosmotic flow. This 

position in the channel was consistent for different concentrations of BSA In comparison to 

ampholytes, the electrophoretic mobility of anions and cations used to form the pH junction is much 

higher [37-41]. Thus, the pH junction formation and protein preconcentration was rapidly achieved. 

For 75 µg ml−1 BSA, subsequent to when the protein was concentrated to its maximum value, the 
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width of the protein band began to increase. This band broadening is likely to be because of the 

high concentration of protein affecting the pH distribution along the channel. 

 

Figure 5: Focusing of BSA using a pH junction where the contours show the change in 

resonance angle along the length of the channel with time, t=0 s represents the time at 

which voltage was applied and the concentration values are for the initial protein solutions 

 

 Figure 6 shows the time course of the preconcentration for BSA concentrations of 20, 50 

and 75 µg ml−1, where the value plotted at any time point is the maximum resonance angle shift in 

all the 85 lanes. This clearly shows that for the lower BSA concentrations, the process is rapid, 

taking about 60 seconds to reach maximum preconcentration. The electrophoretic mobility of BSA 

varies from 2.8×10−8 m2 V−1 s−1 at pH 3 to −2.8×10−8 m2 V−1 s−1 at pH 10 [42], which suggests that at 

100 V cm−1, it would take about 35 seconds for BSA to travel the length of a 1 cm channel. This is 

consistent with the observed preconcentration times once diffusion to the sensor surface is taken 

into account.  
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Figure 6: Plot of the time course of the maximum resonance angle shifts for blank 

and solutions with initial BSA concentrations of 20, 50 and 75 µg ml−1 where t=0 s is when 

the electric field was applied 

 

Table 1 summarizes the maximum RI change, maximum concentration and 

preconcentration factor achieved for each of the initial BSA concentrations. It should be noted that 

there is no active transport to the LW sensor; the protein is being driven parallel to the sensor 

surface and has to diffuse to the LW sensor before binding to the RB4, but because electrokinetic 

transport results in plug flow of ions there is no stagnant layer above the sensor surface. It should 

be noted that the observed preconcentration factor is a combination of the increased bulk 

concentration of protein as a result of preconcentration at the pH step and the concomitant 

increased local concentration in the waveguide as a result of binding to RB4. If the observed 

preconcentration was purely from electrokinetic preconcentration, the band would have to have a 

width corresponding to the channel length divided by the preconcentration factor. This would imply 

a width of protein band between 10 and 16 µm, which is far smaller than that observed. Based on 

the observed protein band widths, the bulk preconcentration factor was between 25 and 38. These 

preconcentration factors imply that the limit of detection can be improved by ~3 orders of 

magnitude in a short timescale compatible with PoC applications. This in turn implies that the LOD 

for BSA after preconcentration using the pH junction integrated with LW was between 0.03 and 

1.34 µg ml−1 or 0.46 and 20 nM. It should be noted that this LOD has been achieved using a 

relatively low affinity ligand (KD ~10 µM) and thus by using antibodies with dissociation constants 

103 - 104 times lower [43] potentially we can measure femtomolar to picomolar protein 

concentrations. More importantly, the integration of pH junction allows us to perform sample clean 

up and hence potentially measure proteins in complex biological samples.  

Time (s)

-200 0 200 400 600

R
e
s
o
n
a
n
c
e
 a

n
g
le

 s
h
if
t 

(°
)

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

Blank

20 g mL
-1

50 g mL
-1

75 g mL
-1



13 
 

Initial 

concentration 

(µg ml−1) 

Maximum RI 

change 

Maximum 

concentration 

(g ml−1) 

Bulk 

preconcentration 

factor 

Total 

preconcentration 

factor 

20 1.91×10−3 0.0119 37.8 597 

50 5.31×10−3 0.0332 27.8 694 

75 11.18×10−3 0.0699 25.0 932 

Table 1: The maximum RI change, maximum concentration and preconcentration factor 

achieved for each of the initial BSA concentrations 

  

 To demonstrate that the use of pH junction is applicable for concentrating all types of 

amphoteric molecules, similar studies were also performed for Mb and Hb, and the results are 

shown in Figure 7. In this case, Hb was pumped into the channel and preconcentrated, then was 

washed out with 10 mM NaCl solution and replaced with Mb which was also preconcentrated. This 

showed that there was no carry-over of Hb into the Mb preconcentration. The observed longer 

preconcentration times were a result of the lower electrophoretic mobilities of Hb and Mb 

compared to BSA [44]. The position of the two protein bands was different, but the use of whole-

channel refractive index imaging allows the protein band to be seen wherever it forms in the 

channel. 

 

Figure 7: Focusing of Hb and Mb using a pH junction where the contours show the change 

in resonance angle along the length of the channel where concentration of both Hb and Mb 

in the initial protein solution was 20 µg ml−1 

 

4. Conclusions: We have demonstrated the preconcentration of protein analytes by three orders 

of magnitude within a minute from a 5 µl sample volume by integration of electrokinetic 

preconcentration at a pH step, an electrophoresis method with discontinuous electrolytes, 
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combined with affinity-based leaky waveguide (LW) whole-channel biosensor. The limit of 

detection (LOD) of pH step preconcentration integrated with LW was 0.46-20 nM for bovine serum 

albumin (BSA) using a non-specific affinity ligand with a dissociation constant of ~10 µM for the 

protein. This LOD can be improved by another three to four orders of magnitude with the use of 

antibody or aptamer based affinity ligands. The pH step integrated LW biosensor is an advance 

over previously reported work because it offers 6 to 9 times higher preconcentration, up to 16 times 

faster response time, uses relatively high conductivity sample solutions that better mimic complex 

biological samples, is easy to fabricate using solution processing methods that are suited for mass 

manufacturing, and uses affordable instrumentation. Thus, this work is a significant step towards 

rapid measurement of analytes at physiological levels for point-of-care (PoC) diagnostics. 
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Figure S1: A contour plot of change in resonance angle along the length of the main 

channel versus time as glycerol solutions of different concentrations and hence refractive 

index were introduced on the LW 
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