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Abstract

A number of portable surface plasmon resonance (SPR) devices have been developed for
point-of-care (POC) testing. Meanwhile, micropumps have been fabricated to be integrated into these
devices for flow injection analysis (FIA). However, the (micro) pumps, the tubes and their external
control units were space-consuming. Here we developed a power-free flow injection analysis (FIA)
method for SPR detection based on a gravity-induced flow injection (gFI) system. The gFI system was
tubeless and did not need to be controlled. The fluid was driven into the detection areas by its own
gravitational force. A transition channel was used to increase the liquid-level difference between the
inlet reservoir and the outlet reservoir. After a liquid sample was placed in the inlet reservoir, the flow
rate of the liquid sample was increased in the transition channel. Before it arrived at the sensing surface,
the flow rate of the sample was steady (with an error of less than 10%). The fluctuation of the flow rate
had an influence on the SPR response signal, which was successfully denoised using an internal
reference. With the gFI system, the SPR imaging biosensor was able to perform real-time detection

manually. The SPR responses of DNA hybridization and protein immobilization were successfully



obtained.
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I. Introduction

Surface plasmon resonance (SPR) biosensors have shown great potentials in a wide range of areas,

from genetic analysis [1] to high-throughput detection of the proteins [2] to living cell identification [3].

A tendency of its development was the miniaturization of the SPR devices for point of care (POC)

testing, from Spreeta 2000 [4] to portable SPR devices [5-8] to palm-sized SPR or SPR imaging (SPRi)

devices [9-13]. Many applications for POC testing have been reported [14]. However, these

developments were generally focused on the miniaturization of the internal optical structures. Most of

the SPR devices needed commercially available peristaltic or syringe pumps [15]. To further minimize

the system size and the biosample volume, some micro flow injection systems were developed. For

example, a micro flow injection system was powered by the travelling wave that was induced by the

piezoelectric actuator array. The system was much smaller than the conventional flow injection systems,

but it still needed some space-consuming parts, e.g.: the tubes or the electronic control unit.

Recently, power-free flow injection systems have attracted many attentions. These systems could

provide controllable analysis with minimal system size, reagent consumption and so on. A number of

power sources were used to drive the fluid in the power-free systems, including: the degassed

polydimethylsiloxane (PDMS) [16], gravitational forces of the fluid [17], surface tension of the fluid

[18], capillarity forces of the channel [19], on-chip chemical reactions [20], and so on. Though most of

these methods could be used to perform the flow injection analysis (FIA), many of them were not

suitable to maintain a steady flow and a large sample volume. The flow rate and the sample volume

were essential to obtain the real-time kinetic information of the biomolecule interaction, because the



binding rate between the ligand and the analyte was proportional to the cubic root of the flow rate

under mass transport limitation [21-22]. Thus the power-free flow injection methods were studied in

terms of the flow rate, the sample volume and the manipulation procedure. Degassed PDMS pumps, for

example, were used to restore vacuum power that propelled the sample into the microchip. Limited by

its size, the sample volume was limited to tens of microliter. The value was much smaller than the

amount needed for the surface based biosensor to reach the equilibrium binding state. On the other side,

the sample volumes of the gravity-induced systems were commonly more than hundreds of microliter,

which was enough for a typical SPR binding [22-24]. As reported, in the gravity-induced flow injection

system, the flow rate was increasingly steady when the liquid-level difference was increased [25].

The gFI system was suitable for SPR biosensor; however, previous designs were not suitable for

practical application. First, some of the gFI systems required extra parts, e.g: a moving platform [26].

Second, the integrated gFI systems were tilted to increase the liquid level difference [17]. The liquid

level difference was limited by the distance between the inlet and outlet of the gFI system. Third, the

waste was usually guided to a very large reservoir or manually removed [27]. The waste surface should

be well controlled automatically. To realize the power-free flow injection analysis for SPR biosensor,

we have recently developed a gravity-induced flow injection (gFI) system. The gFI system comprised

of a transition channel between the inlet reservoir and the sensing microchannels, as shown in Fig. 1.

The liquid-level difference was increased by the transition channel. The speed of the newly added

liquid was increased in the transition channel. Thus, when the liquid arrived at the sensing surface, its

velocity had already reached a steady value. The waste fluid was removed by a multiple layers of tissue

paper that was place on the top of the outlet. The influence of the flow rate fluctuation was eliminated

by using an internal reference (the reference area shared the same microchannel with the detection area



[28]). Real time SPR responses of DNA hybridization and protein immobilization were obtained

successfully. The results demonstrated that the gFI system was capable of flow injection analysis for

SPR detection. To the best knowledge of the authors, the gFI system was the first power-free flow

injection system designed for SPR detection.

Fig. 1

Il. Experimental part

A. Fabrication and operation of the gFl system

The glass mold of the microchannels (100 um deep, S00 um wide, 20 mm long) was fabricated by

standard soft lithography and wet etching as describe elsewhere [29]. The inlet reservoir, the outlet

reservoir and the transition channel were fabricated using a home-made metallic mold. As shown in

Fig.1, the inlet reservoir (6 mm diameter, 4 mm high) was connected to the microchannels via the

transition channel (0.7 mm diameter, 12.5 mm or 25.5 mm long), and the outlet reservoir (4 mm

diameter, 5 mm high) was connected to the microchannels directly. The gFI system was made of

PDMS (ratio 10: 1) with a baking time of 2 h.

The gFI system was adhered to the gold surface and was operated in the way that was illustrated

in Scheme. 1. First, the gFI system was filled with buffer, which spontaneously flew to the outlet

reservoir. The buffer was retained by the capillary force at the inlet opening of the transition channel.

Then the following liquid sample (or buffer) was placed in the inlet reservoir and flew through the

sensing surface. The process was repeated until all the samples were injected sequentially, as shown in

Video. 1. All the liquid samples were added by using a pipette manually. The waste was removed by a

multiple layers of tissue paper (3 mm long, 2 mm wide, and 16 layers). A single layer of tissue paper

was able to remove 50 pL waste, thus more than 800 pL waste could be removed automatically. The



evaporation rate of the absorbed waste was tested to be more than 4 uL/min at a relative humidity of

30% and temperature of 20 °C. If the average flow rate of the biosample liquid was 10 pL/min, the

tissue paper could continuously work for 2 hours.

Scheme. 1

B. SPR device

The SPR device employed the typical Kretschmann structure. The incident angle of the LED light

beam was fixed at the angle of 72°. The collimated LED beam passed through the p-polarizer, the BK7

prism, the 10 nm filter (630-640 nm), and finally arrived at the CMOS detector. A BK7 slide (30 mm

long, 20 mm wide) was mounted on the bottom side of the prism using the refractive index matching

liquid. The gold film that was deposited on the slide had a thickness of 45 nm. Finally, the gFI system

was adhered to the gold surface.

C. Reagents

All oligonucleotides were synthesized and then purified by high performance liquid

chromatography by Sangon (Shanghai, China). Reagent grade chemicals were also purchased from

Sangon. The sequences  of synthesized single strand DNAs (ssDNAs) were

5’-SH-(CH,)s-TCCCGTTGGTGGGATG-3’ (SH-DNA) and 5’-(CH,)s.CATCCCACCAACGGGA-3’

(CP-DNA) respectively. The buffer for DNA hybridization was PBS (0.01 M phosphate, 1 M NaCl, pH

7.4). The tissue paper was purchased from X & Y (Shenzhen, China).

D. Detection of the DNA Hybridization

The detection procedure was shown in Scheme. 2. One side of the gold film surface was modified

with glutathione (10 mg/mL) for 1 h, while the other side was left empty. The modified area was used

as the reference. When the sample of thiol-terminated single strand DNA flew through the gold surface,



the SH-DNA did not immobilize on the glutathione modified area. Approximately 100 pL thiolated
ssDNA (2 uM) was used. The surface was rinsed with 100 pL PBS buffer, followed by 80 pL
complementary DNA (2 pM) and excessive PBS buffer.
Scheme. 2

l1l. Results and discussion
A. The flow rate of the liquid within the gFl system

The hydrodynamic resistance of the gFI system comprised of the resistances of the microchannel,
the transition channel and the reservoirs. As the resistances in the reservoirs and the transition channel
were much smaller than that in the microchannel, they were neglected for simplicity [27]. In the
microfluidic systems with laminar flow, the volumetric flow rate is governed by Hagen-Poiseuille
equation. For a rectangular channel with a high width-to-height ratio, the equation could be written as:

0=APxy’/12Lu (1)

where Q is the volumetric flow rate, L is the length of the microchannel, u is the water viscosity, and x
and y are the width and height of the microchannel. As reported earlier, the hydrostatic pressure
difference 4P at the microchannel was possibly proportional to the liquid-level difference H between
the inlet fluid and outlet fluid [17]. The pressure is given by Pascal’s law:

AP=pgH 2)
where the p is the density of the fluid and g is the gravity acceleration. Accordingly, the volumetric
flow rate was possibly proportional to liquid-level difference H. However, the liquid-level difference H
was changing during the injection process. As shown in Fig. 1, during the injection process, the inlet
liquid level was decreased by 44; and the outlet liquid level might increase by 44,. In the designed gFI

system, 4h; was about 3.5 mm corresponding to 100 pL fluid, and the maximum of 44, was measured



to be smaller than 3 mm. As seen in Video. 2, the surface of the outlet liquid reached the multiple layers

of tissue paper and was quickly absorbed by the tissue paper, before a protruding liquid surface was

formed.

To determine the flow rate, the lateral image of the inlet reservoir was captured every 2 s. The

number of changed pixels was calculated and converted to the flow rate. By this mean, the calculated

flow rate was plotted in Fig. 2. Two gFI systems with different transition channels were compared. To

obtain a good comparison between the gFI systems, the sample volume was 200 pL for the 25.5 mm

transition channel and 100 uL for the 12.5 mm transition channel. From the result, the gFI system with

the longer transition channel showed a better performance in terms of acceleration time and flow rate

stability. As shown by the black line in Fig. 2, the sampling procedure could be divided into three

stages: the accelerated stage (from 0 min to 3 min), the relatively stable stage (from 3 min to 9 min)

and the decelerated stage (from 9 min to 13 min). The accelerated and decelerated stages were short

and unstable. As discussed later, their influences were limited and could be neglected. In the relatively

stable stage, the error of the flow rate was less than 10% (from 10 pL/min to 12 pL/min). As the

binding rate between the ligand and the analyte was proportional to the cubic root of the flow rate

under mass transport limitations, the expected kinetic information might have an error of less than 5%.

A tendency of decrease in the flow rate was observed, probably due to the descent of the inlet liquid

level. The fluctuation of the flow rate was possibly due to the fluctuation of the outlet liquid level.

Clearly, as the length of the transition channel /# was increased, the relative standard deviations of the

flow rate would be smaller in the second stage.

Fig. 2



B. Influence of the flow rate

As influenced by the sudden change in the flow rate, the SPR response was observed to have the

same tendency of changes. As shown in Fig. 3, the SPR response of the PBS buffer was divided into

three parts. Before the fluid was placed in the inlet, the fluid within the gFI system was static. When the

fluid was placed (point 1), a quick and sharp fluctuation in SPR response was monitored. The flow rate

of the fluid was increased to a relatively steady value. The corresponding SPR response of the PBS was

dramatically decreased within 4 min (from point 1 to point 2). Then, from point 2 to point 3, the SPR

response reached a steady value and decreased slightly. At point 3, a sudden increase in SPR response

indicated the nearing completion of the flow injection. Different from the monitored flow rate, SPR

response did not return to its original position immediately. It took 5 min to reach an equilibrium state

(point 4). It was noticed that the SPR response was changed at point 4 compared to that at point 1. The

change was possibly caused by the flow rate fluctuation. Obviously, the fluctuation of the SPR

response could be termed as the system noise and would decrease the sensitivity of the biosensor.

Elimination of the noise was essential to detect small signals, and thus the internal reference was used.

Fig. 3

C. Detection of small signals

The internal reference was determined to be a sensing area that shared the same microchannel and

biosample with the detection area [28]. Many SPR imaging method used the internal reference that

enabled real time compensation for dark current and intensity of the light [30-31]. Moreover, using the

internal reference was possible to detect the binding under different buffer condition [28]. Here, the

internal reference was used to subtract the noise caused by the flow rate fluctuation. As described in

Scheme. 2, part of the gold surface was modified with the high concentration glutathione, and thus was



insensitive to the binding of other molecules. Then, the SH-DNA and CP-DNA were injected into the
sensing area sequentially. As shown in Fig. 4a and 4b, the SPR response of the signal and background
were both generated by the PBS buffer. The subtracted response was flat with the deviation of +0.13,
which was 10 times smaller than the original SPR response fluctuation. When the thiol-terminated
ssDNA immobilized on the unmodified surface, the responses of the signal and background were
separated several minutes after the injection began, as shown in Fig. 4c. The subtracted response in Fig.
4d demonstrated that the immobilization occurred about 3 min after the injection began. As shown in
Fig. 4e and 4f, the hybridization with the complementary ssDNA also occurred 3 min after the injection
began. Thus the accelerated stage was skipped and had little influence on the association results. As
shown in Fig. 4f, the hybridization process was completed within 2 min, and the SPR response was not
affected by the flow rate fluctuation in the decelerated stage. In conclusion, provided with enough
sample volumes, the binding information was always obtained under a relatively steady flow rate in the
gFI system.
Fig. 4

The reported results of DNA hybridization on surface were shown in Table. 1. Here the ssDNA
probes were only immobilized on the gold surface for ten minutes, the probe density should be low
according to literatures [32]. Thus the subtracted data of Fig. 4d and 4f were analyzed with first-order
Langmuir equation:

0=0,0x(1-exp(-koy Ct)) 4

where 6 is the surface coverage, k. is the effective association rate for surface hybridization, C is the
concentration of the target and ¢ is the time. The association rate of the DNA hybridization was 2.18 x

10* M's™. On the other side, the hybridization efficiency should be high. The conclusion was proven



by the SPR response shifts of the probe and target.

Table 1. The summary of DNA hybridization on surface

Low probe density High probe density
Probe density[33] <3x10" probes/cm’ > 5x10"? probes/cm’
Analysis mode[34-36] Langmuir adsorption model | (Diffusion-limited) Langmuir adsorption model
Association rate[34,37-39] 1.8-11.0x10° M5! <57x10°M*s!
Hybridization efficiency[33] | > 75% <50%

D. Detection of several injections

As a FIA system, sequential injections of different samples were helpful in understanding the

sampling and recovery performance of the gFI system. Here, varying concentrations of bovine serum

albumin (BSA) was used. The concentrations were 1 pg/mL, 10 pg/mL, 100 pg/mL and 1000 pg/mL in

deionized water respectively. 100 pL of each sample was injected by the gFl system, followed by 100

uL deionized water. The result was shown in Fig. 5. As reported by others, the SPR response of the

immobilized protein showed a linear increase in response with the log increase in the applied protein

concentration [28].

Fig. 5

V. Conclusion

In this paper, a power-free flow injection system for SPR devices was presented. The gFI system

was tested to have the ability for FIA with extremely simple operations. From the obtained results,

the biomolecule interactions always happened at a steady flow rate. And the biosample volume was

adjustable for different purposes. Thus the gFI system was capable of flow injection analysis for the

SPR detection. The miniature and power-free flow injection system would open the possibility to build

10




a much more miniature system for point of care testing.
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FIG. 1. The 3-D structure diagram of the gFI system. The liquid-level difference between the inlet reservoir (with

blue liquid) and the outlet reservoir (with red liquid) was determined by the transition channel. The gravitational

forces continuously pushed the newly added biosample (blue) into the microchannel, and the waste (red) was

removed by the tissue paper placed on the top of the outlet reservoir. The inlet photograph was the top view of the

gFI system which contained three parallel flow injection units. The size of the gFI system was about 400 mm long,

300 mm wide, 250 mm high.

FIG. 2. The volumetric flow rate was obtained by calculating the captured lateral images of the inlet reservoir. 100

or 200 pL PBS buffer was visualized by the blue dyes. The volume of the sample was calculated every 2 seconds.

FIG. 3. The SPR response of the PBS buffer. When the PBS was added, a sharp fluctuation was observed (point 1).

Then the flow rate of the buffer reached a stable level (point 2). At the end of the flow injection (point 3), the SPR

response of the buffer returned to the original level (point 4).

FIG. 4. The SPR response of the ssDNA hybridization. Both the signal and the background were recorded. The

subtracted responses were shown aside. a and b were the responses of the PBS buffer; ¢ and d were the responses

of the SH-DNA immobilization; ¢ and f were the responses of the DNA hybridization.
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FIG. 5. The immobilization of BSA was performed sequentially. The varying concentrations of BSA were 1 pg/mL,

10 pg/mL, 100 pg/mL and 1000 pg/mL.

Scheme. 1. The workflow of the gFI system. a, The gFI system was pre-filled with PBS buffer; b, The buffer flew

to the outlet spontaneously and stopped by the inlet capillary force of the transition channel; c, New sample was

added and flew towards the sensing surface; d, The new sample flew to the outlet and stopped at the end of the

transition channel.

Scheme. 2. The process of the kinetic study of the DNA hybridization using the internal reference. a, The gold

surface of the biosensor was partially blocked by using high concentration of glutathione (blue areas). b, The

SH-DNA (black) flew through the sensing surface and immobilized on the unmodified gold surface. ¢, The

CP-DNA (red) was hybridized with the immobilized SH-DNA.

Video. 1. The flow injection of the liquid samples. Several samples were mixed with the blue dyes to enhance the

visibility effect.

Video. 2. The waste was removed by the tissue paper. The liquid was mixed with the blue dyes.
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