Lab on a Chip

Integration of sample preparation and analysis on an
optofluidic chip for multi-target disease detection
Journal: Lab on a Chip
Manuscript ID LC-ART-09-2018-000966.R1
Article Type: Paper
Date Submitted by the
16-Oct-2018
Author:
Complete List of Authors: Gopalakrishnan Meena, Gopikrishnan; University of California Santa
Cruz, Electrical Engineering
Jain, Aadhar; University of California Santa Cruz, Electrical Engineering
Parks, Joshua; University of California Santa Cruz Department of
Electrical Engineering
Stambaugh, Alexandra; University of California Santa Cruz, Electrical
Engineering
Patterson, Jean; Texas Biomedical Research Institute,
Hawkins, Aaron; Brigham Young University
Schmidt, Holger; University of California Santa Cruz Department of
Electrical Engineering

Lab on a Chip

Page 1 of 20

1

Integration of sample preparation and analysis on an
optofluidic chip for multi-target disease detection
Gopikrishnan G. Meena1*, Aadhar Jain1*, Joshua W. Parks1, Alexandra
Stambaugh1, Jean L. Patterson2, Aaron R. Hawkins3 and Holger Schmidt1a
1

School of Engineering, University of California Santa Cruz, 1156 High Street, Santa
Cruz, CA 95064 USA.
2 Department of Virology and Immunology, Texas Biomedical Research Institute, 7620
NW Loop 410, San Antonio, TX 78227, USA
3 ECEn Department, 459 Clyde Building, Brigham Young University, Provo, UT 84602
USA.
a

contact author. Email: hschmidt@soe.ucsc.edu, phone: 831-459-1482
* These authors contributed equally to the work
Keywords: Biophotonics, Optofluidics, Zika Virus, Infectious Diseases, Integrated Optics
Abstract:
Detection of molecular biomarkers with high specificity and sensitivity from biological samples
requires both sophisticated sample preparation and subsequent analysis. These tasks are often
carried out on separate platforms which increases required sample volumes and the risk of errors,
sample loss, and contamination. Here, we present an optofluidic platform which combines an
optical detection section with single nucleic acid strand sensitivity, and a sample processing unit
capable of on-chip, specific extraction and labeling of nucleic acid and protein targets in complex
biological matrices. First, on-chip labeling and detection of individual lambda DNA molecule down
to concentrations of 8fM is demonstrated. Subsequently, we demonstrate the simultaneous
capture, fluorescence tagging and detection of both Zika specific nucleic acid and NS-1 protein
targets in both buffer and human serum. We show that the dual DNA and protein assay allows for
successful differentiation and diagnosis of Zika against cross-reacting species like dengue.

1. Introduction
There is a pressing demand for tools that simultaneously analyze multiple biomarker types, such
as nucleic acids, proteins, and metabolites. This requirement is partially driven by the emergence
of precision medicine, single cell analysis, and the need to analyze a variety of genomic and
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proteomic biomarkers with high specificity and sensitivity – possibly at ultra-low concentrations
for early disease detection1–3. Even though there exist a need for multiplexed detection of nucleic
acid targets of different diseases4, simultaneous detection of multiple biomarker types (nucleic
acids, proteins etc.) remains relevant to real world diagnostic situations like cancer companion
diagnostics5 Another prime example is diagnosis of Zika virus (ZIKV) infection, where viremia is
generally found in low concentrations, and protein biomarkers exhibit immunological cross
reactivity with other flaviviruses like Dengue. This makes results from enzyme linked
immunosorbent assays (ELISA) difficult to interpret, since the tests can yield incorrect false
positives, and therefore require additional tests to confirm the presence of Zika virus6–8. ZIKV
RNAs which have high specificity9, on the other hand, are detectable early on (first 1-2 weeks) but
require concurrent serological tests for diagnosis of acute infection6. Consequently, a multi-target
analysis is required for improved reliability and confidence in such diagnostic tests
Microfluidic devices have emerged as one of the most promising platforms for such biomedical
diagnostic applications by allowing precise handling of low fluidic volumes, and thereby reducing
need for complex off-chip sample preparation by trained users. Several microfluidic designs have
been developed for handling biological samples, which can efficiently carry out preparation steps
such as mixing chemicals10, filtering11, sorting12 thermal annealing13 and trapping14. More
emphasis is being given to development of universal platforms which can perform all these
sample processing steps15,16 together. In this aspect, pneumatically actuated micro valve
automata17,18 have proved to be an important tool, not only because of their ease of fabrication
and wide-ranging fluid handling capabilities but also because they can be programmed to enable
flexible and complex operation. Such automated sample processing systems have already been
demonstrated for several applications like immunoassay preparation19, amino acid labeling,
chemical analysis20 and synthetic biology research21.
Another major thrust in biomedical research has been towards development of chip scale
biosensors22 with the majority of them probing samples through electrical or optical means23,24.
Optical biosensors have become dominant in this sector because they allow for rapid, sensitive
and multiplexed detection, while being immune to electrical noise25. Development of simple and
established fluorescence labeling techniques, along with microfluidic systems which enable
delivery of extremely low volume samples, have made these sensors even more attractive26.
Successful development of several silicon and PDMS based optical waveguides27–30 with
integrated microfluidic channels has led to the emergence of a new set of optofluidic sensor
devices where femtoliter excitation volumes have brought the detection limits down to single
nucleic acids31. However, these systems lack any sample preparation capabilities and require fully
preprocessed samples for analysis. On the other hand, optofluidic platforms with more
complicated sample processing capabilities have been limited to bulk fluorescence microscopy
imaging techniques32, resulting in relatively high detection limits. Although single particle
detection capabilities have been demonstrated via hybrid integration of microfluidic sample
processing units with silicon based optofluidic biosensors4,31,33, integration of two separate chips
made from materials incompatible with each other makes device handling cumbersome, calls for
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separate device design optimizations and fabrication procedures and increases the possibility of
sample contamination.
In this work, we present the design and implementation of an all-PDMS platform which combines,
on a single chip, sample processing with in-flow optical detection of biomolecular targets with
single molecule sensitivity. Specifically, we use an array of pneumatically controlled and
programmable micro valves to fluorescently label -DNA, immediately followed by optical
detection with single molecule sensitivity. We further show the programmability and flexibility to
handle more complex analytes by constituting, on chip, a labeled assay for multi-target Zika
detection from human serum, which simultaneously captures and labels nucleic acids and
proteins on magnetic beads, followed by immediate optical detection on the same chip. This dual
assay allows for successful differentiation of Zika targets from structurally similar flaviviruses like
dengue, thus paving the way for a fully integrated chip for disease diagnostics.
2. Experimental details and results
The architecture of the integrated optofluidic chip is shown in Figure 1. The device consists of two
primary sections – one consisting of a series of pneumatic valves for on chip preparation of
samples, and the other consisting of a combination of solid-core and liquid-core waveguides for
excitation and collection of the fluorescently tagged biomolecules. Fabrication of the chip was
carried out through a three layered PDMS architecture, with the central layer having higher
refractive index to allow for definition of solid-core optical waveguides (Fig. 1b). Each layer is
fabricated using standard soft lithography techniques (see Material and Methods for details).
Sample preparation in the chip was carried out in an array of 8 pneumatically driven and
individually programmable lifting-gate valves19 (Figure 1(a)), that can be individually opened and
closed via a custom made control box interfacing with a Labview code. Optical detection is
simultaneously carried out via a system of orthogonally intersecting optical waveguides. Solidcore PDMS waveguides are used to excite the fluorescently tagged target in the intersecting
microfluidic channel. The emitted photons are then carried orthogonally via the short leaky mode
liquid waveguide (Figure 1b) into another solid-core optical waveguide and through to the offchip single photon avalanche photodetector (APD) to obtain a fluorescence time trace of the
emission signal. Two different types of assays were carried out using the optofluidic chip – one
consisting of single nucleic acid detection, and the other consisting of dual ZIKV nucleic acid and
protein assay for differential diagnostics of ZIKV.
A. Single nucleic acid detection and limit of detection:
We investigated the sensitivity and (concentration) limit of optical detection in our device by
detecting individual -DNA molecules. Inlet 1 (Figure 1(b)) was filled with 1x concentration of SYBR
Gold (Thermo Fisher), an intercalation dye used for nucleic acid staining, while inlet 2 was filled
with a known concentration of -DNA (New England Biosciences) in 1x TE buffer. The automaton
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was programmed to actuate the valves such that analytes from both inlets are brought to the
intersecting center valve ‘3’, and then mixed by moving the fluids around between valve ‘3’ and
its adjacent valves ‘6’ and ‘4’. The mixed sample was then incubated in the center valve for 3 mins
to allow SYBR Gold to attach to the -DNA. After incubation, the stained -DNA from the center
valve ‘3’ was pumped to the optical detection part of the device. An argon laser at 488 nm was
coupled into the solid-core PDMS waveguide via an optical fiber to create around a sub-picoliter
excitation volume in the liquid-core channel and was switched on at the end of the incubation
cycle.
The automaton was programmed to repeat the mixing cycle once followed by pumping the DNAdye complex through the optical region for 10 cycles. Figure 2 shows the fluorescence signal trace
of one such complete sample preparation and detection cycle for sample concentration of 25
pg/µL. The background threshold is determined by the highest photon count signal before the
pumping of the tagged DNA, and individual peaks from single nucleic acids above this threshold
are counted (Figure 2 inset). This demonstrates single molecule detection sensitivity on this dual
purpose chip. In order to assess the detection limit, we varied the DNA concentration using serial
dilutions. The initial concentration of the -DNA was varied from 250 pg/µL – 2.5 pg/ µL in
dilutions of 10, corresponding to a concentration of 800 – 8 fM (Figure S2), which covers the range
of viral infectious diseases34,35. Similar optical detection systems have shown a dynamic range of
14 logs, starting from an analog detection regime at high concentrations down to single particle
counting at several pfu/mL 31 Assuming full length DNA, we observed approximately 60% of the
total peaks expected at 800fM. Since we operate at concentrations in the digital regime where
individual molecules are counted, the count rate scaled with concentration as expected. At the
lowest concentration, our experiments, performed in triplicates, showed a detection rate of ~5
events per nL of sample flow, as compared to a rate of less than one event per 100 nL of flow for
blank samples. However, the starting sample volume (~5nL, determined by the size of a single
microvalve valve) being pushed through the optical region, dictated the detection limit rather
than the sensitivity of the optical detection. This represents the first demonstration of
amplification-free detection of nucleic acids at femtomolar concentrations with single molecule
sensitivity, with integrated sample processing, on a single flexible reconfigurable platform.
B. Simultaneous preparation and detection of Zika nucleic acid and protein assay
Next, we demonstrated the implementation of the dual target assay for sample-to-answer Zika
target detection. The automaton architecture can be reconfigurably programmed for dynamic
sample preparation, including implementing functions such as sample distribution, mixing,
thermal annealing, fluorescent labeling and washing, to be performed on-chip31. We used these
capabilities of our device to prepare magnetic bead assay complexes completely on-chip,
immediately followed by optical detection on the same chip. We showed that the process is
compatible for formation of both DNA-based and protein-based magnetic bead complexes by
simultaneous preparation and detection of DNA and protein markers specific to Zika virus.
Inlet 1 was used as the sample inlet and filled with a mixture of Zika nucleic acid (5 μM) and Zika
NS1 protein targets (0.5 mg/ml), to be fluorescently labelled and detected on chip (Figure 3(a),
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Box I). On the other hand, inlet 2 was used as the reagent inlet, with a mixture of magnetic capture
beads (Concentration: 2.5x108 beads/mL) and both nucleic acid and protein target specific probes
(2.5 μM of nucleic acid fluorescent probe and 0.25 mg/ml of antibody fluorescent probe)
introduced into the inlet. The device was programmed to do all sample processing steps
automatically. The automaton valve array was used to bring the analytes from both the inlets in
contact with each other, and mixed them using valves ‘3’, ‘4’ and ‘6’, similar to the -DNA assay.
The mixed analytes were transferred to valve ‘3’ and heated to a temperature of 55°C for 5 min
using a thermoelectric heater kept underneath and in close contact with the device. At this
temperature, which is close to the melting temperature of the nucleic acids, the coiled nucleic
acid targets and fluorescent probes opened up to bind together. The heating temperature was
chosen to both allow for uncoiling the nucleic acids while also preventing the protein analytes
from getting denatured. The analytes were then allowed to incubate for 45 minutes during which
the nucleic acid and protein targets combined with the corresponding fluorescent probes and
capture beads (Figure 3(a), Box II). Meanwhile, the inlets were washed and replaced with 1x PBS
buffer. After the incubation period, the thermoelectric heater was replaced with a magnet to pull
all the magnetic beads down and keep them trapped at the bottom of the valve ‘3’, while the
programmed automaton valves washed away the unbound targets and the fluorophores by
pumping PBS buffer from inlet 1 through to inlet 2, leaving behind only the pulled down magnetic
bead nucleic acid and protein complexes in valve ‘3’.
For optical detection of the constituted bead complexes, the magnet was removed from
underneath the device and the target containing solution was flutter mixed between valve ‘3’ and
‘6’ to resuspend the settled magnetic beads into the liquid volume. The automaton then pumped
the assay to the optical side of the chip to be fluorescently excited by the solid-core PDMS
waveguides where the PDMS waveguides had now been coupled to HeNe and frequency doubled
Nd:YAG lasers at 633 nm and 556 nm, respectively. The signals collected from the device was
spectrally separated and filtered off chip and detected simultaneously by two synchronized APDs
(Figure 3(b)).
Figure 4(a) shows the fluorescence trace as collected in the two APDs – nucleic acids (red) on
APD1 and proteins (green) on APD2. The automaton was programmed to flush the analytes 10
times to ensure that most beads pass through the excitation volume and are detected. Peaks
observed above a set threshold in each channel are counted with each peak corresponding to a
single bead with the respective captured and tagged targets (Figure 4(a) inset). Whereas solutions
with just the fluorophores gave no signals, indicating signals are obtained only after successful
hybridization of the targets with the corresponding fluorophore. Fig. 4a shows detection of
fluorescence from single beads from the nucleic acid assay trace (red) with a signal-to-noise ratio
(SNR) (defined as the ratio of average peak height and the noise threshold) of 12.5, while the
protein assay trace (green) exhibited an SNR of 4. It should be noted that the broad emission
spectrum of the green fluorophore of the antibody probe and imperfection in the dichroic mirror
led to a small leakage of protein signal to APD1 (Figure S3). An algorithm was used to identify
similar time tags between peaks from the two channels which were then excluded from the
nucleic acid signal trace.
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In order to evaluate the device for use with complex, biological samples, we analyzed both nucleic
acid and protein targets spiked in human serum (Sigma-Aldrich). 2 µL of DNA targets and 2 µL of
NS1 protein targets were spiked in 6µL of serum to yield an end concentration of 2µM and 0.6
mg/ml for DNA and protein targets, respectively. The assay preparation, and subsequent optical
detection, was carried out as described above with the assay heated to 40°C (instead of 55°C)
during the conjugation step. The subsequent washing steps effectively wash away the serum and
replace it with buffer where the constituted magnetic bead assays are then released from the
magnet and detected. Similar to Figure 4(a), Figure 4(b) shows the fluorescence trace from the
two APDs corresponding to both nucleic acids (red) and proteins (green), exhibiting fluorescence
peaks from individual target-containing beads with comparable SNRs of 2.8 (nucleic acids) and 2.5
(proteins), respectively (Figure 4(b) inset). However, the number of peaks observed in both the
DNA and the protein channel nearly doubled as compared to that in the buffer matrix. A control
with monovalent streptavidin and non-Zika specific nucleic acid targets (Zaire Ebola AY354458.1,
nt. 6832–6931) at the same concentrations in serum yielded no signals (Figure S4), indicating the
desired specific nature of the assay.
We note that serum samples did lead to an increase in the background (noise) reducing the SNR
of the detected assays. However, the presence of serum seemed to improve the hybridization
efficiency of the assay as a greater number of events were detected in both the DNA and the
protein channels. These results demonstrated the capability of our device to handle realistic
biological samples like serum effectively without need for changes in the device architecture. This
is enabled by the effective isolation of the optical detection region from the sample preparation
region, allowing the optical region to operate independently and unaffected by the complexity of
the operations carried out in the sample preparation region.
In order to determine the lowest concentrations that can be detected using this type of assay, the
experiment was implemented with a 100x dilution of the sample concentrations above (6µL of
serum spiked to final concentrations of 20 nM DNA target and 6µg/ml NS1 protein target), and as
expected, the number of peaks detected in the nucleic acid trace and the protein trace decreased.
Figure 5(a) shows the distribution of the peak heights for the DNA bead assays for the two
concentrations, while Figure 5(b) shows the same for the protein bead assays. Each histogram is
normalized by the total number of peaks observed in the higher concentration assay. As can be
seen, the histogram plot for the protein is shifted to the right as compared to that for DNA,
indicating that the average peak heights were higher for protein assays as compared to the DNA
assays. However, as noted above, the average SNR for both assays was found to be similar due to
higher noise from the protein channel. Further, decreasing the concentration of the analyte also
led to a reduction in signal strengths of the detected assays. This indicates that the detection limit
of our device is ultimately restricted by the type of assay employed here, as lower concentrations
of analytes limits the number of targets (and thus, corresponding fluorophores) being captured
on each individual bead. This can be addressed by releasing the targets from the beads and
labeling them with multiple dyes as has previously been demonstrated for nucleic acids31. Other
specific labeling strategies for proteins and nucleic acids, for e.g. using single probes with multiple
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fluorophores such as Nanostrings41, can also be developed and have been previously
implemented in automaton architectures like ours36.
C. Optofluidic device for rapid target differentiation
We demonstrate the advantage of dual detection of proteins and nucleic acids by repeating the
aforementioned experiments with identical concentrations of non-Zika targets. Figure 6 shows
the normalized number of peaks detected by the device from protein and nucleic acid assays for
each combination of DNA and protein target tested, with the normalization carried out with
respect to the number of peaks observed from assays made with the actual Zika targets. When
Zika NS1 protein targets and non-Zika specific nucleic acid targets (Zaire Ebola AY354458.1, nt.
6832–6931) were introduced into the device, we found that the protein assay signal remained
similar to that seen earlier whereas the nucleic acid assay signal was found to be two orders of
magnitude lower than seen in experiments with actual targets (Figure 6c). Similarly, when
repeating the test with Zika nucleic acid target and a similar sized non-Zika protein target
(monovalent streptavidin), we saw a slight increment in the nucleic acid assay signal but the
protein assay signal was found to be about 16 times lower than the corresponding figure for Zika
specific proteins (Figure 6d). Finally, when the experiment was carried out with Dengue virus
targets (Dengue NS1 and KP188540.1, nt. 186-281 capsid region of the gene), with the Dengue NS
1 protein known to exhibit cross reactivity with the corresponding Zika antibodies, we observed,
as expected, a small but significant signal from the protein assay (0.2) indicating a false positive
(Figure 6b). However, extremely low signal from the nucleic acid assay (0.02) clearly indicated that
the nucleic acid targets are not ZIKA specific, thus enabling an overall correct identification.
3. Conclusion
In summary, we have developed a novel, programmable optofluidic analysis system that unites
sample preparation and analysis on a single chip. The integration of waveguide based readout
with precise fluid handling can provide single nucleic acid sensitivity as demonstrated by
fluorescent labeling and detection of individual -DNA molecules at concentrations down to the
fM regime. We further utilize the complex sample preparation capabilities to simultaneously
constitute protein and nucleic acid based solid phase extraction assays for capturing and detecting
multiple Zika specific targets on a single device. In the future, both single analyte detection and
multi-target analysis in complex samples can be combined by releasing the targets from the beads
and labeling each with multiple dyes31,37. We also demonstrated that the salient sample
processing steps for target specific detection, extraction and fluorescent labeling, can be carried
out in complex biological sample matrices like human serum. Additional processing steps,
specifically filtering of whole blood, have been previously demonstrated on automaton chips4,
pointing the way towards future complete sample-to-answer devices that are compatible with
point-of-care use. Such automaton chips have already been demonstrated in other studies to be
compatible with portable instruments ready for field testing38,39.
The development of a dual biomarker assay significantly reduces the false positive identification
of Zika targets due to presence of cross reacting species like Dengue, and allows for successful
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diagnosis and differentiation of Zika on a single integrated optofluidic platform. Further
optimization of the device can enable direct counting of both target types and allow for
multiplexed detection of multiple targets without off chip spectral decomposition using multimode interference waveguides40.

4. Materials and Methods
A. Fabrication of PDMS device:
The optofluidic chip was fabricated in two parts using soft lithography processes as shown in
supplementary figure S1. Two separate masters – one consisting of the optical waveguides and
the fluidic channels, and the other consisting of the pneumatic valves - were fabricated with
standard photolithography processes using negative photoresist SU-8 2005 (Microchem) and SU-8
2025 (Microchem) respectively, and were subsequently silanized. A 1:5 (curing agent: base
polymer) PDMS (Sylgard) mixture was then spun onto the 1st master at 5000 RPM for 25 minutes,
followed by curing in a 60°C oven for 2 hours. Afterwards, a 1:10 (curing agent: base polymer)
PDMS mixture was spun onto this layer at 1000 RPM for 5 minutes and then cured overnight in
the 60°C oven. The 1:5 PDMS layer acts as the waveguide core with refractive index (1.425) while
the 1:10 PDMS layer acts as the cladding layer with refractive index (1.420)29. It also serves as the
lifting gate membranes for the pneumatic valves. Concurrently, a 1:10 (curing agent: base
polymer) PDMS mixture was poured onto the 2nd master for fabrication of the control layer
consisting of the pneumatic valves. After curing in the 60°C oven for 2 hours, this layer was peeled
off from the SU-8 master, and ports (d=0.5 mm) were punched for pneumatic access.
The two layers were then treated with oxygen plasma (30 sec at 60W power) to activate the
necessary surfaces, and immediately brought in contact after careful alignment using a custombuilt rig. Subsequent baking at 60°C for 2 hours enhanced the bonding between the two layers.
The combined layers were peeled off from the 1st master and punches were made at the liquid
reservoir sites to allow for liquid access. Finally, another step of plasma bonding was carried out
to bond the two-layer device to a previously cured 1:10 (curing agent: base polymer) PDMS
substrate. A sharp blade was used to cut the two optical interfaces to provide smooth waveguide
ends for efficient optical coupling.

B. Device design:
Each valve in the sample preparation section (Figure 1a) was connected via channels of width 50
μm and measured 0.5 mm in diameter, while the channel height measured 5-7 μm throughout
the device, yielding a valve volume of approximately 1.3 nL. The liquid channel which connects
the pneumatic valves to the optical detection part was tapered to minimize backflow. Fluid access
was provided through two punched inlets (marked as inlet 1 and inlet 2) into two separate
channels. The two channels were brought together to meet at the center for mixing and sample
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preparation, before being pumped out through to the optical section for detection of the
prepared samples. The liquid channel tapered down to a width of 15 μm as it intersects with the
solid-core optical waveguides (width x height: 10 x 7 μm) before expanding again as it approaches
the outlet reservoir.
C. Magnetic bead assay preparation:
i)

Nucleic acid assay parameters: A 100 base pair long single strand DNA oligomer
corresponding to the capsid part of the Zika genome (KU321639.1, nt. 121-220) was
chosen as the nucleic acid target for the experiments. A 25-mer oligonucleotide with an
attached fluorophore (excitation: 633 nm, emission: 670 nm), designed to be reverse
complementary to a region of the above-mentioned target (KU321639.1, nt. 187-211),
acted as the target specific fluorescent probe, while a 50-mer biotinylated
oligonucleotide, designed to hybridize to a different part of the target sequence
(KU321639.1, nt. 130-179), acted as the capture probe. All nucleotides were obtained
from Integrated DNA Technologies (IDT Inc.). Streptavidin coated magnetic beads
(Dynabeads™ MyOne™ Streptavidin T1, Thermofisher Scientific) were conjugated off-chip
with the biotinylated capture oligonucleotide using standard protocol41, and
subsequently washed thrice to remove any unconjugated oligonucleotide.

ii)

Protein assay parameters: Recombinant Zika NS1 antigen, obtained from East Coast
Biologics Inc., as the protein target were used. Monoclonal antibodies specific to the Zika
NS1 region were also obtained from EastCoast. Bio One set of antibodies was labelled
with the Cyanine 3 (Cy-3) fluorophore (Lumiprobe) to act as the protein specific
fluorescent probe, while another set of the antibodies was modified with biotin for
subsequent conjugation in 1x PBS to the streptavidin coated magnetic beads
(Dynabeads™ MyOne™ Streptavidin T1, Thermofisher Scientific). After the conjugation,
the magnetic beads were washed thrice to remove any unconjugated antibodies from the
solution.
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FIGURES

(a)

(b)

(c)

Figure 1: (a) Schematic of the optofluidic device: (Left) A top-down image of the actual
device with the two principal sections of the device shown (Scale bar: 1mm). (Right)The
valves (1-8) are pneumatically controlled and individually programmable for operation.
Samples are inserted through the inlets, and then captured and labelled with a
fluorophore using the valves, before being pushed through to the optical section. The
tagged particle (shown in red) is excited via laser coupled through the integrated PDMS
waveguide (shown in brown) and the signal collected via an orthogonal liquid-core
waveguide. The dotted lines indicate the cross sections shown in Figure 1(b). (b) Crosssectional schematics of the sections in Figure 1(a) – operation of the optical waveguides
and the pneumatic valves. Light grey indicates PDMS layer with 1:10 (curing agent: base)
mixture, dark grey indicates layer PDMS layer with 1:5 (curing agent: base) mixture, blue
indicates liquid volume and red indicates an excitation laser spot. The valves operate by
applying positive pressure to keep the valve closed, or vacuum to open the valves. (c) A
photograph of the actual chip (Scale bar: 1 cm) - the laser is coupled into the PDMS
waveguides via a butt-coupled optical fiber, while metal tubings are used to provide
access for pneumatic and fluidic control.
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Figure 2: Detection of individual -DNA molecules: Collected fluorescence trace for the
detection of -DNA molecules fluorescently labelled with SYBR gold. The traces show
results from complete cycle for a sample concentration of 25 pg/µL, consisting of sample
preparation and subsequent pumping cycles. Laser is off when the sample is being
prepared within the chip and switched on just before the DNA particles are transferred
to the optical part of the device. Inset shows a magnified view of the signal observed in
the 1st cycle. All signals above the threshold (dotted line) correspond to individual -DNA
molecules.
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(a)

(b)

Figure 3: (a) Schematic of the procedure for magnetic bead assay preparation on chip:
(I) Samples (protein and DNA targets) are introduced in inlet 1, while the other
components (magnetic beads with capture probes and corresponding fluorescent probes)
are introduced in inlet 2. (II) Samples are brought together in valve 3, mixed, heated and
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incubated for the correct targets to be captured and assay formation to take place. Beads
are pulled down with a magnet, and unmatched targets and unconjugated probes are
washed away. (III) The magnet is removed and the released magnetic beads with captured
targets and probes are pushed through to the optical waveguides where they are
detected as before. (b) Schematic of the experimental setup: Free space optics is used
to couple the exciting laser into an optical fiber, which in turn, is butt-coupled to the
optical waveguide on the PDMS chip. A collection objective is used to collect the
fluorescent signal orthogonally to the excitation light. The collected signal is then passed
through to an APD via an optical filter to remove the excitation light. In case of the dual
assay, a dichroic mirror is used to split the collected signals into two separate channels.
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Figure 4: Simultaneous detection of Zika nucleic acid and protein targets: (a) In buffer:
Fluorescent time domain trace showing peaks observed from nucleic acid magnetic bead
complexes (red) and protein magnetic bead complexes (green) collected simultaneously
through two separate APDs. The channels were flushed for 10 cycles to ensure that most
of the beads are pushed through to the optical section of the device. Inset shows a
magnified view with individual peaks from both channels (red and green), corresponding
to excited DNA and protein magnetic bead complexes respectively, clearly distinguishable
from the background (dashed line) (b) In Serum: Fluorescent time domain trace showing
peaks observed from nucleic acid magnetic bead complexes (red) and protein magnetic
bead complexes (green) with targets spiked in human serum.
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Figure 5: Distribution of signal strengths for Zika DNA and protein assays at different
analyte concentrations in human serum. (a) Histogram of the signal strength of the bead
based Zika nucleic acid assays detected at 2μM and 0.02 μM sample concentrations in
human serum. (b) Histogram of the signal strength of the bead based Zika NS1 protein
assays detected at 600μg/mL and 6 μg/mL sample concentrations in human serum. The
distribution was normalized with respect to the total number of events detected from the
higher concentration assays. The distribution of protein assays shows higher average
signal strength as compared to the nucleic acids. Both the total number of events and the
signal strength were found to be reduced at lower concentrations for both the assays.
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Figure 6: Target differentiation through dual protein-nucleic acid assay: Bar plots
indicate relative number of peaks observed in the protein (green) and nucleic acid (red)
channel in each of the 4 separate tests. Each bar plot is normalized with respect to the
number of peaks observed with Zika nucleic acid and protein targets. Very few peaks are
seen when the wrong nucleic acid (Ebola) target and wrong protein (Monovalent
Streptavidin) targets are introduced. However, a significant signal is observed with
dengue protein targets due to cross reactivity with Zika NS1 antibodies, but the low signal
in the nucleic acid channel confirms the absence of the Zika target.
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Abstract:
This work presents an optofluidic platform with integrated optical waveguides combining
complex sample preparation capabilities with the ability to detect individual DNA
molecules on one single platform.
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