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Introduction

Although many advanced technologies such as Raman spectroscopy’' and magnetic based
platform? have been developed for highly sensitive detection of biomolecules, fluorescence—based
sensing technology is still the most widely used technique and has been so for several decades’.
Many researches are therefore devoted to improve the sensitivity of fluorescent detection, by e.g.
using a thin layer of metallic nanoparticles on a microscope slide to enhance the light-plasmon
coupling*™® or super-resolved fluorescence microscope, which transcend the Abbe’s diffraction
limit of a half of the utilized wavelength (4/2)"'". Even though such methods can achieve
unprecedented resolution and have detection limit down to single photon, they require very
expensive optical equipment, and have very limited field of view. Such methods are therefore
normally limited to central research laboratories.

Alternatively, another highly sensitive detection method based on supercritical angle fluorescence

(SAF) microscopy was described by J. Enderlein er. al'?. SAF is based on the principle that

This journal is © The Royal Society of Chemistry 2015 Lab Chip., 2015, 00, 1-3 | 1
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fluorescent molecules near the interface of two media with different refractive index radiate
highly asymmetrically. The majority of the light emits into the higher refractive index medium,
mainly around the supercritical angle (&;). This main portion of the fluorescence light is lost in

conventional system, but in a so-called SAF microscopy'> "’

, where parabolic lens system has
been developed as a microscope objective to collimate the light emitted into the higher refractive
medium. C.M. Winterflood et. al., reported that by collecting the fluorescence signals above and
below 6., the SAF microscopy system became extremely sensitive to the z — positions®’. It was
possible to discriminate surface-bound targets (within 100 nm from the surface) from the targets
in the sample solution. This eliminates fluorescence “noise” from the liquid and enables for real-
time study of binding kinetics at the interface. However, a conventional SAF setup measures only
one detection point, which limits its application in array-based sensing. To overcome this
limitation, D. Hill et al., introduced a polymer biochip with an array of integrated 3 % 3 parabolic
SAF structures with 3 mm diameter and a pitch of 4.5 mm?'. This chip coupled the advantages of
SAF microscopy (excellent sensitivity and good discrimination between molecule on surface and
in bulk solution) with the multiplex detection capability of micro-array technology. Nevertheless,
such a big size array has several disadvantages such as having limited number of detection points
and requiring a large volume of sample. Miniaturization of SAF structures will provide more
dense arrays to increase the multiplex detection capability. However, fabrication of high-quality
micro-lens with parabolic shape is extraordinary difficult and requires sophisticated know-how
and clean-room fabrication expertises”>. To our knowledge there has been no report on
minimization of SAF microarray and this is still a big technological challenge. Here, we addressed
this challenge by introducing a truncated cone-shaped SAF structure. The cone shape can collect
light at large collection angle, and it can easily be fabricated by combining micro-milling and

injection moulding techniques.

2 | Lab Chip., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015
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In this paper, we advance our research on SAF micro-array”> by fabricating a disposable chip with
a miniaturised SAF array integrated in a microfluidic chamber for collection of fluorescent signal.
The work involves the calculation of proportional of the light emitted into different polymers
substrates and simple fabrication techniques for minimization of the SAF microarray with low
surface roughness. Furthermore, we constructed a low cost optical read-out setup using off-the-
shelf components to measure the signal from SAF array. Finally the low detection limit of the
system was demonstrated.

The platform provides a much more sensitive and specific biophysical tool for applications that
demand parallel analysis of molecular interactions in sub-nanolitre volumes. It can be widely used
in molecular biological and genomic research for e.g. gene expression and point mutation/single-

nucleotide polymorphism (SNP) analysis.

Materials and methods

Injection moulding of the chips

The injection moulding insert was milled in hard aluminium (alloy 2017, MetalCentret, Denmark)
using a computer controlled micro-milling system (Folken Ind., Glendale, California, USA)
followed by polishing (metal polish, autosol, USA). Arrays of 32 truncated cone-shape holes were
milled using a 60° milling tip DIXI 7006 (DIXI, Le Locle, Switzerland) as master for injection
moulding of the SAF arrays.

The chips had the dimension of a microscope slide (76 mm x 25 mm % 1 mm) and were moulded
in-house in polystyrene (PS) 158 K (BASF SE, Germany) using an Victory 80/45 Tech injection
moulding system (Engel, PA, USA). The chip has eight chambers located parallel at the centre of
the chip with a pitch of 9 mm. Each chamber had a volume of 10 4L and contained a miniaturized

SAF array of 32 truncated cone-shape structures. The dimensions of the polymer chip, the

This journal is © The Royal Society of Chemistry 2015 Lab Chip., 2015, 00, x-x | 3
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microfluidic chamber and the SAF structure are illustrated in Fig. 1. Microfluidic channels with
width of 0.35 mm and depth of 0.4 mm led from the chambers and connected these to 0.8 mm
diameter inlet and outlet through holes suitable for connection with a multichannel pipetting
system. A 254 um-thick film of Cyclic olefin copolymer (COC) was bonded on the chip using an
ultrasonic welder (USP 4700, Techsonic, Herstad+Piber, Denmark) and trigger force of 750 N,

energy 70 W-s, and hold time 0.35 s.

=1 ©© 60 00

® ®eocoooeo

©060C00 00 8
@@ oo oo

Fig. 1 Schematics illustrating dimensions of a polymer chip, a microfluidic chamber and a SAF structure
(all dimensions are in mm). The pitch between the SAF structures is 0.68 mm to avoid interference of

fluorescent light from nearby SAF structures.

Measurement of the surface roughness

Surface roughness of the SAF structures will give light scattering effects, especially at the
sidewall of the SAF structures where the fluorescent light is collected using total internal
reflection (TIR, see results Fig. 4e and 4f). To characterize the roughness of the sidewall surface
we engineered a holder with a slope angle of 60 degrees and then mounted a piece of the injection
moulded SAF structure on this surface to level the sidewall relatively to the instrument. The
roughness of the SAF structures was characterized using a PLu Neox 3D optical profiler

(Sensorfar, USA) with a vertical resolution less than 2 nm.

4 | Lab Chip., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015
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Detection system

We developed a simple and inexpensive optical setup for detection of Cy3 fluorescent signal from
the SAF array as illustrated in Fig. 2. The optical setup comprised of off-the-shelf components: A
green solid state laser (532 nm, 200 mW) (DX, Hongkong, China) was expanded 4 times using a
beam expander with two achromatic lenses: /i = 19 mm, @ = 0.5, /, = 75 mm, @ = 1” (Thorlabs,
New Jersey, USA). The central part of the expanded beam, which had an intensity variation of
less than 0.3 %, was used to illuminate the entire SAF array. The filter cube for Cy3 fluorescence
included a 45° green dichroic mirror 532nm=+8nm/650nm=+8nm reflection/transmission band, and
band-pass filters of 532+10 nm (KunmingYulong, China) and 620+26 nm (Thorlabs, New Jersey,
USA) for excitation and emission, respectively. The emission light from SAF array was recorded

using a Prosilica camera (EC1380, Allied Vision, USA) with numerical aperture (NA) of 0.12.

Bandpass filters Camera

N\

Beam expander
lenses

Dichroic
mirror

Laser

SAF array j

Binding probes ==

Reaction chamber /

Fig. 2. Working principle of the optical setup to measure fluorescent signal from SAF array.

Deposition and immobilization of the probes

A DNA oligonucleotide probe with a poly(T)10-poly(C)10 binding sequence was used for testing
the system. The binding sequence enabled direct immobilization of the probe to the plastic

substrates by using a simple UV cross-linking technique described previously®*. The probe was

This journal is © The Royal Society of Chemistry 2015 Lab Chip., 2015, 00, x-x | 5
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labelled with Cy3 at the 5’ end for visualization. The probe was diluted in 150 mM sodium
phosphate buffer (pH = 8.5) containing 0.004% Triton X to final concentrations from 3.15 pM to
31.5 uM. Spotting was performed using a noncontact array nano-plotter 2.1 (GeSim, Dresden,
Germany) fitted with a Picoliter pin (Pico-Tip J, GeSim, Dresden, Germany). 100 pL drops of
DNA probe was spotted onto the top of each SAF structure, resulting in a spot size of
approximately 70 um. The chips were incubated at 37 °C for 10 min and then exposed to UV
irradiation at 254 nm with an energy density of 0.3 J/cm® using Stratalinker 2400 (Stragtagene,
CA, USA). Hereafter, the chips were washed in 0.1x standard saline sodium citrate (SSC) with
0.1% (w/v) sodium dodecyl sulphate (SDS) (Promega, WI, USA) solution, and rinsed in

deionized water followed by drying using nitrogen gas.

Results and discussion

Selection of polymers and design SAF structure

In many applications, the fluorophores in a DNA array are detected on a dry substrate. However,
for real-time analysis in a microfluidic system the DNA array will be covered with buffer
solution. To select a suitable substrate for fabrication of the disposable chips, we calculated the
proportion of the light emitting into the chip part as a function of its refractive index for two
interfaces: air/substrate and water/substrate. In the calculation, we considered that the fluorescent
molecule (dipole) emits into the lower refractive index environment n; by two terms, reflection
and scattering, whereas the light emitted into higher refractive environment n, only consists of a
transmission term. The intensity of the light emitting into the substrate as a function of refractive

index was calculated analytically and given in Fig. 3 [see S1 for details].

6 | Lab Chip., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015
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Fig. 3 The proportion of the fluorescent intensity emitting from a fluorophore sitting on the interface into
the polymers (chip part) as a function of their refractive indexes of air/polymers (blue curve) and
water/polymers (black curve), respectively. The symbols represent glass and polymers with different
refractive indexes: A PDMS (n = 1.43); V Pyrex glass (n = 1.47); 0 PMMA and PP (n= 1.49); & COC

(n=1.56);% PET and PC (n = 1.58);0 PS (n=1.59); and O PE (n=1.63).

The results in Fig. 3 reveal that the fluorophores on the interface of air/substrate emits higher
portion of the fluorescent intensity into the substrate than the water/substrate interface. Moreover,
the higher the refractive index of the substrate, the more of the fluorescent light emits into it. As
seen in Fig. 3, PS has a high light collection proportion and, furthermore, it is the most commonly
used thermoplastic for laboratory culture ware and utensils®”. Additionally, good transparency and
low cost makes PS an excellent polymer for replication of the SAF structures.

To design the chip, we calculated the distribution of the fluorescent intensity emitting into the PS
substrate for fluorophores on air/PS and water/PS interfaces. The polar plot and 3D graph of the
fluorescent intensity distribution in the two mediums are calculated from equation 1 and 2 in S1
and given in Fig. 4. The calculations reveals that the fluorescence radiated into the PS substrate
amounts to 85.56 % and 72.1 % of the total intensity for air/PS and water/PS interfaces,

respectively. A parabolic lens is the best structure to collimate these proportions of fluorescent

This journal is © The Royal Society of Chemistry 2015 Lab Chip., 2015, 00, x-x | 7
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light. However, it is very difficult to fabricate such a structure at small scale. In this work, we
introduce a truncated cone-shape SAF structure with high collection efficiency, which is shown
schematically in Fig. 4e. Theoretically, this truncated SAF structure can collect the light emission
angle up to 79.2° and 63.2° for air/PS and water/PS interfaces, respectively (maximum angle for
total internal reflection). The fluorescent intensities collected by these new truncated cone SAF
structures are calculated to be about 98 % (air/PS) and 78 % (water/PS) of the total fluorescent
intensity collected by a perfect parabolic lens. These are excellent collection efficiencies; the

truncated SAF structure is therefore suitable for detection of fluorophores on both air/PS and

14 5 % ~——— Frontface
85.5 9 - PN\ \
\ N

Rear face

water/PS interfaces.

Fig. 4 (a-b) and (c-d) Theoretical calculations shown as polar plots and 3D surfaces (using equation 1
and 2 in S1) of the light intensity of fluorescent molecules distributed on air/PS and on water/PS
interfaces. ¢) Schematic of truncated-cone SAF structure for high efficiency collection of fluorescent

signal. f) Schematic of fluorescent light collection at the sidewall of a SAF structure. At > 6, there is total

8 | Lab Chip., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015
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internal reflection at the sidewall, and the fluorescent light is collected by the SAF structure. At < &, the

light is transmitted and only a small part of it is reflected and collected by the SAF structure.

Characterization of the polymer chips

SEM images of the miniaturized SAF array of 32 structures on the aluminium mould are
illustrated in Fig. 5a and 5b. An image of an injection moulded PS chip with 8 chambers with
SAF arrays is given in Fig. 5c.

The surface roughness of the SAF structures given in Fig. 5d was measured using an optical
profilometer. The sidewall images were analysed by two parameters using Gaussian filter
function: one describing the curvature and another describing the roughness of the structure [See
details in S2]. The vertical resolution of these measurements is smaller than 2 nm. The average
roughness of the two PS SAF array replicated from a polished and an unpolished inserts were
determined to be 68 nm + 4.8 nm and 92 nm 15 nm respectively. Consequently, the polishing
reduces the roughness of SAF structure by about 25 % from the unpolished structures. The
roughness of the polished structures reaches brilliant optical quality range (~ A/8) with small

variance of about 7 %.

| Poor OQ (Optical quality)

FOK 0Q i
rGood OQ . b
) ° . .
Brilliant °
1 2 3 4 5 6

Structure number
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Fig. 5 a) SEM image of an array of 32 SAF structures inside a 10 4L chamber on the mould insert. b) SEM
image of one structure. c) Image of a PS chip. d) Roughness of different SAF structures (same number as

indicated in Fig. 5a).

Signal amplification by the SAF structures

Fig. 6a depicts fluorescent images of a micro-array captured from the front face and rear face of
the SAF array using a microscope with a 5x objective and numerical aperture of 0.12. The
intensity cross section of a fluorescent spot measured from both the rear and front faces of a SAF
structure are plotted in Fig. 6b as solid and dot lines, respectively. The intensities are determined
as grey values of the fluorescent signal from fluorescent images using ImageJ software®®. Evident
from Fig. 6b, the intensity measured from the rear face (where the SAF structure is used) is much
greater than that measured from the front face (corresponding to conventional systems).

For quantification, the integrated fluorescence intensity emitted from the rear face is plotted
versus the intensity from the front face of the whole SAF array as depicted in Fig. 6¢. There is a
linear relationship which reveals that the SAF array increases the fluorescent signal around 46

folds.

10 | Lab Chip., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015
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Fig. 6 a) Montage of fluorescent images of the spot array captured from the front face of the SAF structure
(top image) and from the rear face of the SAF structure (bottom image). b) The fluorescent intensity
plotted as greyscale across one spot measured from the front face (dotted line) and from the rear face (solid
line). c¢) Plot of the fluorescent intensity measured from the rear face of the SAF array versus the integrated

fluorescent intensity measured from the front face of the SAF array.

This high signal amplification achieved using SAF structure is ascribed to two factors:

(i) A greater portion of the fluorescent signal is emitted into the PS substrate than that in air. As
indicated in Fig. 4b, the fluorescent intensity in PS is about 5.9 times higher than that in air.

(i) The collection efficiencies in the two environments are different: In the low refractive
medium (air, n;), the collection efficiency is proportional to the numerical aperture (NA) of the
optical system ~ NAXxsin(#;) (where 6, is the collection angle of the objective), due to the
approximately even distribution of the emission in all direction. In the high refractive medium (PS

substrate, n,), the SAF structures collect the fluorescent light within the angle range from 40.8° to

This journal is © The Royal Society of Chemistry 2015 Lab Chip., 2015, 00, x-x | 11
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79.2° due to the total internal reflection at the sidewalls of the SAF structures (Fig. 4¢€). Our
calculations show that about 98 % of the total fluorescent light emitting into the PS substrate were
collected using the SAF structures, and the light collection efficiency are therefore largely
independent of the NA of the objective of the optical system (Fig. 7a).

Thus the signal ratio between the fluorescent signals from the rear face and front face of the SAF
structures is a function of the NA as depicted in Fig. 7b; the measured data and the calculation are
plotted as circles and solid line, respectively. In this figure, the data were collected using
microscope objectives of 5%, 0.12, 4.4 mm; 10x%, 0.3, 2.2 mm; 20%, 0.46, 1.1 mm; 50x%, 0.5, 0.44
mm; 100x, 0.8, 0.22 mm (times magnification, NA and diameter of the field of view,
respectively). In the calculation, we considered ratios between the signal collected by the SAF
structures within the angle Gnh.x = 79.2° in the PS substrate and the signal collected in the air
medium with NA from 0.12 to 1 corresponding to the angle 6, varying from 6.9° to 90°. The
calculated signal ratios are higher than the measured ones, which may be ascribed to some light
scattering from the sidewall of the SAF structures (due to surface roughness) [see S3 for details]
and a little transmission loss in the PS. As shown in Fig. 7b a higher NA objective leads to a
lower signal ratio because the collection efficiency on the front face of the SAF structure is
increased with the NA of the optical system. But a higher NA objective either has a smaller field
of view as indicated in the square brackets under measurement data in Fig. 7b or requires a larger
lens. In these scenarios, the SAF structures reveal prominent advantages of having both high
sensitivity and a large field of view, which are desirable for high sensitive detection of multiple

targets in a large area.

12 | Lab Chip., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015
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Fig. 7 a) Schematic of signal collection from the front and rear faces of a SAF structure; the two pictures
on the right depict the fluorescent images from the two faces. The light collected from front face is emitted
in all directions making the collection efficiency highly dependent on the numerical aperture of the optical
device. In contrast, a large portion of the light from the rear face is collected by the SAF structure due to
large collection angle. b) The signal amplification by SAF structure vs. numerical aperture of the
microscope objectives. Solid line is the calculation and circles are measurement points. The numbers under

measurement data represent diameters of the field of view of the optical system.

Limit of detection of the integrated LOC system

To determine the detection limit of the SAF array using a simple and low cost optical system, the
Cy3 labelled DNA probe was measured on the SAF array using a 10-fold dilution series with
concentrations ranging from 3.15 pM to 31.5 uM. The signal at each concentration was measured
from the whole array with a 0.1 nL droplet on each SAF structure (Fig. 8a). The limit of detection
(LOD) of the SAF array was calculated using the equation LOD = 3.3xSD/Slope, SD being the
standard deviation of the background signal, and the slope obtained from linear fitting of the data
points. The LOD of SAF array was determined to be as low as 0.5 nM corresponding to 13

fluorescence molecules per um?”. The LOD of the signal measured from the front (air) face of the

This journal is © The Royal Society of Chemistry 2015 Lab Chip., 2015, 00, x-x | 13
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SAF structures using the same optical system is determined as 18 nM corresponding to 468
fluorescence molecules per #m? as illustrated in Fig. 8b. Thus the use of SAF structures enhances
the detection limit of the system by 36 folds. This factor is smaller than the signal increasing by
the SAF array as discussed in Fig. 6 due to scattering from the sidewall surface of the SAF

structure contributing to the background signal.

6M T AR | MERRRAAAL | MRRAAA | Trrr T MR 7 160k LIRRCELL | Tee LELE R | LR | e Crrreny LR ) LR
a) // <] 4408 1 b) T4
5M |+ O Measurement /;D 4 e | O Measurement
------ Fitting o 120k - Fitting T
3 am b Background é | S 100K _ Background %v ]
L < i .
2 Mt {1 2 80kt 1
n . 2]
g . S 60k % ]
E 2M} 1 = I .
40k - J=4 ]
ML 2 ] '
o 20k | L ]
Q V) 3 F .
O I I L I I I I 0 L | 2 L { { |
1E-3 0.01 0.1 1 10 100 1000 10000 1E-3 0.01 041 1 10 100 1000 10000
Probe concentration (nM) Probe concentration (nM)

Fig. 8 The intensity of the signal vs. probe concentration measured from the rear (PS) face (using the SAF
structures) a) and measured from the front (air) face b), using a simple optical setup. These curves

correspond to the signal measured by SAF array and conventional micro-array, respectively.

Conclusions

In this paper we have presented a novel disposable chip with miniaturised SAF array integrated
into a microfluidic chamber for highly sensitive detection of fluorescent molecules. The micro-
optical SAF structures were realized by combining micro-milling of mould insert and injection
moulding. The light intensity distributed in the two media has been calculated for different
refractive indices, and based on these data PS was selected as a suitable material for replicating
the SAF array. The presented SAF array reveals great advantages for multiplexed detection. It

offers high sensitivity in combination with large field of view, since light collection efficiency is

14 | Lab Chip., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015
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largely independent from the numerical aperture of the optical system. It also provides high array
density, which increases the multiplexing capability for detection of biological targets. Moreover,
the detection sensitivity is very high. Fluorophore concentrations as low as 13 molecules per xm>
could be detected using a cost effective optical readout system. In further development, a lower
detection limit could be achieved by reducing the background signal and by using a higher
wavelength fluorophores such as Cy5, which could minimize the scattering effect due to the
roughness of the SAF structures [as calculated in S3]. Experiments of such improvements are in

progressing.
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