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Abstract: Rapid and accurate diagnosis of bacterial infections resistant to multiple antibiotics
requires development of new bio-sensors for differentiated detection of multiple targets. This
work demonstrates 7x multiplexed detection for antibiotic-resistance bacterial screening on an
optofluidic platform. We utilize spectrally multiplexed multi-spot excitation for simultaneous
detection of nucleic acid strands corresponding to bacterial targets and resistance genes. This
is enabled by multi-mode interference (MMI) waveguides integrated in an optofluidic device.
We employ a combinatorial three-color labeling scheme for the nucleic acid assays to scale up
their multiplexing capability to seven different nucleic acids, representing three species and four
resistance genes.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Multiplexed detection is one of the most important capabilities that has to be addressed while
developing a new diagnostic system [1]. This arises due to the emergence of multiple pathogens,
having comparable biological traits and causing diseases with very similar symptoms [2,3],
but responding differently to medical treatments. It is very critical to accurately determine the
species and drug susceptibility of the pathogen which is causing a disease to aid the clinician in
prescribing the most effective drug for the patient. Several viral disease outbreaks in the last
two decades illustrate this need [4—6]. In the case of bacterial infections, antibiotic-resistant
bacteria are some of the prime targets that require multiplexed diagnostic platforms [7]. They
have become a global health concern due to the inability of current systems to detect them at low
concentrations during early stages, and because bacteria can quickly transfer antibiotic-resistance
genes among themselves [8].

Several techniques have been developed over the last few years in the field of biotechnology
for multiplexed detection of pathogens [9]. These include broad-spectrum methods of parallel
detection like multiplex RT-PCR assays [10], surface-functionalization based microarrays [11,12]
or combinatorial labeling probes such as nano-strings [13] and nanobarcodes [14] which are all
techniques that use various target labeling methods. All of these are reliable techniques that can
be employed for the study of genomic and proteomic targets but require a lot of hands-on sample
preparation and expensive laboratory techniques. These multiplexed screening methods have
been integrated with point-of-care lab-on-a-chip devices aimed at making them accessible, and
to reduce the dependence on trained users for complex off-chip assay preparations [15]. A few
examples are paper-based setups which use capillary flow-based target separation and surface
functionalization [16,17], 3-D microfluidic channels with T and Y junction sample splitters
integrated with flexible membrane based micro pumps for reagent mixing [18], and lab-on-a-disk
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devices which use centrifugal force for target separation and different spin speeds for reagent
mixing [19]. Most of these devices use top down optical image-analysis based detection schemes,
the sensitivity and distinguishability of which drops considerably when the number of targets is
increased.

More recently, optofluidic devices, which integrate optical waveguides with microfluidics to
increase the level of system integration, have emerged as a promising bio-sensor platform [20-22].
In this work, we use a silicon-based bio-photonic sensor platform which uses micron scale
anti-resonant-reflecting-optical-waveguides (ARROW) [23]. These devices use a combination of
liquid-core and solid-core waveguide for exciting fluorescently tagged targets and for collecting
their signals. The sensitive waveguide system with femtoliter excitation volumes has been used for
detection of viral pathogens with sensitivity down to single nucleic acids and an analytic limit of
detection in the attomolar range [24-26]. They have been integrated with a polydimethylsiloxane
(PDMS) based on-chip sample preparation system to demonstrate a complete sample to answer
detection platform [27]. Multiplexing capability has been incorporated on this platform via
multi-spot excitation patterns generated by multi-mode interference (MMI) waveguides [28]. This
concept has been used for spectral [29], spatial [30], and velocity-dependent [31] discrimination
between individual fluorescent targets.

In this work we demonstrate the full spectral multiplexing power of MMI waveguides for
distinguishing 2M~! targets with M excitation wavelengths. Specifically, combinatorial labeling
with three colors is used for detection of nucleic acids representing seven antibiotic resistant
bacterial targets (three bacterial species: E. coli, E. aerogenes, and K. pneumoniae, and four
antibiotic resistance genes: VIM, NDM, KPC and IMP) in a single channel).

2. Principle and methods
2.1. Device and experimental setup design

Figure 1(a) shows a schematic of the ARROW based optofluidic platform. The chip has a solid-
core (SC) waveguide orthogonally intersecting a liquid-core (LC) waveguide (See Supplement
1: Device fabrication, Fig. S1) [32-34]. For multiplexing capabilities, the SC waveguide is
designed as an MMI waveguide that is wide enough to support multiple modes propagating with
different propagation constants. These modes interfere with each other to generate well defined
spots at specific distances. MMI waveguides of refractive index n (here 1.51) are designed to
intersect the LC waveguides at a specific distance L. The width W (here 75 um) and length L
(here 1975 um) of the MMI waveguide are chosen so as to generate well defined patterns with N,
number of spots when excited with light of wavelength A, [Eq. (1)]. Figure 1(b) shows the top
down optical image of the chip with the SC and MMI waveguides intersecting the LC waveguide.

n-w?
Nc-Ac = A 1

Here, the MMI waveguides produce six, seven and eight spots in the LC waveguide when excited
by 738 nm, 633 nm and 556 nm, respectively. Figure 1(c) shows the pattern generated by the MMI
waveguide in the fluorescent dye filled LC waveguide when excited by these three wavelengths.
Analytes captured on microbeads are introduced in the LC waveguide through the inlet and
moved past the MMI — LC waveguide intersection via pressure driven flow. The MMI waveguide
is excited simultaneously by Ti:Sapphire (738 nm), HeNe (633 nm) and solid-state (556 nm)
lasers. The fluorescence signals from excited targets which flow past the MMI waveguide are
guided along the LC waveguide, captured by the SC collection waveguide (shown in Fig. 1(b))
and detected using an Avalanche Photo Detector (APD) after filtering out excitation lights (Bright
Line). The targets excited by the MMI waveguide generate fluorescence signals encoded with
distinct temporal pattern based on their specific color combination label. Thus, target information
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is fully encoded in the time-domain signal which is demultiplexed using a signal processing
algorithm.
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Fig. 1. (a) Schematic view of experimental setup and optofluidic chip. (b) Top down optical
microscope image of a chip (Scale bar: 200pum) (c) Color coded fluorescent dye image of
the patterns generated by the MMI waveguide in the LC waveguide.

2.2. Nucleic acid assay design and preparation

For target specific capturing and labeling of the nucleic acids, we use a magnetic-bead based
sandwich assay. In this study, we choose seven different targets, three of which correspond
to bacterial species E. coli, E. aerogenes, K. pneumoniae and the other four corresponding to
carbapenem antibiotic resistance genes: Verona integron metallo-B-lactamase (VIM), New Delhi
metallo-fB-lactamase (NDM), Imipenemase (IMP) and Klebsiella pneumoniae carbapenemase
(KPC). Because this application involves multiplexed detection of several targets using MMI
waveguides, it is not practical to use seven different wavelengths to excite the targets. The
number of excitation wavelengths are limited by available fluorescent dye and laser combinations,
complexity in the experimental setup design and absorption-emission spectral overlap. This
bottleneck can be solved by using a combinatorial color labeling approach which will ensure
that signal from each target still has unique spectral information encoded (provided there is no
absorption-emission overlap between the different labels). Thus, using M wavelengths, we can
now have multiplexing scaled up to 2M-1. In this work, we demonstrate 7X multiplexed target
detection of an antibiotic-resistant bacterial panel using three different color labels Dark Red
(DR), Red (R) and Green (G) corresponding to wavelengths 738 nm, 633 nm and 556 nm to
create seven distinguishable color combinations (DR, R, G, DR-R, R-G, G-DR, DR-R-G).

For the fluorescence assays, 3 WM of synthetic oligomers that represent part of the gene
corresponding to the target is mixed and incubated with 10 uM of multiple target specific
fluorescent probe oligomers. The types of fluorescent probes correspond to the assigned color
combination code for the target (Fig. 2(b)). The hybridized target-probe structure is captured by
streptavidin-coated magnetic beads saturated with target-specific biotinylated pulldown oligomers
(Fig. 2(a), See Supplement 1: Assay preparation). Each magnetic bead has a maximum of about
103 binding sites. All unbound targets and beacons are washed off using a magnet and multiple
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buffer exchanges. In Supplement 1, Table S1 summarizes the targets, fluorescent probes and

capture oligomers used.
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Fig. 2. (a) Schematic image of magnetic-bead based assays with targets combinatorieally
labeled with dark red, red and green colors. (b) Color codes used to label the seven different
antibiotic resistance gene/species targets [DR-Dark Red, R-Red, G-Green].

3. Results and discussion

3.1. Single color tagged target detection

First, the ability of the device and the signal processing algorithm to accurately detect and identify
individual targets is demonstrated. To start with, we introduced beads with single color tagged
E. coli target labeled with dark red fluorophore in the LC waveguide of the device. The MMI
waveguide is thus excited only with 738 nm wavelength. Figure 3(a)(i) shows the fluorescence
signals from the E. coli targets, and the black dashed line depicts the threshold for detecting a
target defined as the highest background level when the channel is excited by all three lasers 8
counts/10us, but contains no fluorescent targets. Zooming in on an event from a single bead
shows a signal with six peaks which corresponds to the excitation pattern generated by the
MMI waveguide (Fig. 3(a)(ii)). For automated target identification we assess signal from each
individual bead using Eq. (2).

Ne—1

S(t, 6tc)c = {]_[ F(t—i- 5@} o )

i=0

Here, F(t) is the measured fluorescence signal and N, is the number of spots generated by the
MMI waveguide for different colors. The product in Eq. (2) represents a “shift-multiply” approach
in which F(t) is shifted repeatedly by the characteristic time spacing &t for a given pattern. If a
particular spot number is present, this process will result in a large S(t) value [29,35]. 6t. for
a particular event is determined by dividing the total duration of each multi-spot signal by the
number of spots N¢ for each pattern (See Supplement 1: t. calculation). By calculating S(t)c
for each N, a map is generated showing which color channels dominate above set thresholds,
thus indicating the corresponding color code tag and uniquely identifying the target captured on
the bead. Figure 3(a)(iii) shows the map of a correctly identified E. coli signal of Fig. 3(a)(ii),
dominating only on the dark red channel. S(t)c values of all the detected E. coli-carrying beads
are plotted as histograms in Fig. 4(a). The dotted vertical line indicates the threshold set for each
channel defined as the average S(t)c value plus one standard deviation of signals from individual
experiments of all seven targets. A correctly identified E. coli signal will only have S(t)pr above
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the threshold. 91.6% of all the analyzed E. coli events had S(t)pr above threshold and S(t)r &
S(t)g below threshold (the black colored symbols in Fig. 3(a)(i) mark the incorrectly identified
fluorescence signals). The same control experiments were also done for the other two single
color tagged targets (KPC and VIM), which were detected with an average accuracy of 90%
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Fig. 3. Single-target experiments. (a) E.Coli detection: (i) Detected fluorescence signals
when beads with E. coli) targets are flowed through the chip and excited by the MMI
waveguide; colored (black) symbols on each event represent correctly (incorrectly) identified
targets. The dashed line indicates the threshold for particle detection. (ii) Zoomed-in signal
from a single bead. (iii) Bar histogram map of S(t)c of a correctly identified E. coli signal.
(b) and (c) same analysis for IMP and E. aerogenes targets.

3.2.  Multi color target detection

Figure 3(b)(i) and Fig. 3(c)(i) show fluorescence signals from two separate experiments to test
individual multi-color labeled targets. In the first case, the chip has beads with IMP target
labeled with two colors (DR-R) flowing in the LC waveguide with MMI waveguides excited
simultaneously by 738 nm and 633 nm lasers. Signals in Fig. 3(c)(i) represent the case of
E. aerogenes targets labeled with three colors (DR-R-G) in the chip excited with all three
corresponding lasers. While signals from single color tagged targets could also be identified by
simply counting the number of peaks, events from multicolor tagged targets are superpositions of
the multi-peak-signals corresponding to the color codes of the target (Fig. 3(b)(ii) and Fig. 3(c)(ii)).
On these mixed signals, Eq. (2) must be applied and S(t)c maps for individual events are generated.
The maps show that the signal from the beads with IMP target is dominant in both dark red and
red color channels whereas the signals of beads with E. aerogenes target shows up in dark red, red
and green color channels, thus enabling a correct identification (Fig. 3(b)(iii) and Fig. 3(c)(iii)).
From the analysis of all the detected IMP-carrying beads and E. aerogenes-carrying beads
(Fig. 4(b) and Fig. 4(c)), an average of 90.2% of the events were correctly identified. This
demonstrates successful detection of both two-color labeled and triple-color labeled targets with
very similar accuracies using this scheme. Similar experiments were also done with the other
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Fig. 4. (a) Histogram of S(t)c values of all the detected single colored (DR) E. coli-carrying
beads. Most of the signals dominate only in the dark red channel ((b) and (c) are from two
-color (DR-R) IMP targets and three-color (DR-R-G) E. aerogenes targets).

multi-color tagged targets NDM and K. pneumoniae. Targets were detected at an average rate of
5.6 events/sec with an SNR of 39 (background noise of 0.39 counts/10us) and 85% accuracy,
demonstrating the ability of the chip to rapidly detect targets with good sensitivity.

3.3.  7X multiplexed detection

For the full multiplexed assay, equal concentrations of all seven targets were mixed and flowed
through the chip. The MMI waveguide is now simultaneously excited with 738 nm, 633 nm
and 556 nm lasers. The signals from all seven targets collected by the APD are demultiplexed
by processing each signal using Eq. (2) and generating the S(t)c map. Based on which colors
dominate in the map, the spectral information in the signal is decoded and thus, the target it
corresponds to is identified.

Figure 5 shows the fluorescence signal trace with all seven targets simultaneously detected.
We detect an average of (1.8 +0.7)x10° beads/mL per target, which is about 69% of the expected
concentration. While preparing the beads with fluorescent tagged targets, an incremental ratio of
1:10:30 (bead: target: fluorescent-probe) was used to saturate each element of the bead. However,
only a fraction of the binding sites of the magnetic bead is hybridized with the target-fluorescent
probe complex due to inaccuracies in concentration and steric hindrance between targets captured
on the bead. The accuracy of the signal processing algorithm depends on the quality and
strength of the signal. To ensure maximum precision of the signal processing algorithm, a very
conservative threshold (8counts/10us) was used to pick only signals above the highest background
photon count. Thus, some signals with lower signal strength are visible below this threshold,
but are not counted (See Supplement 1: Fig. S3). This accounts for the difference in detected
and expected concentration of the beads in the above experiment. In the future, other signal
decomposition techniques such as wavelet transformation [36,37] can be used to extract low
intensity signals close to the background level.
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Fig. 5. Fluorescence signals from all seven bacterial targets are flowed simultaneously
through the chip, excited by all three lasers and identified; dashed line: threshold for target
detection.

4. Conclusion

In this work, we have demonstrated 7X multiplexed detection of three bacterial species and four
resistance genes on an optofluidic chip by combinatorial labeling of targets using three colors. A
time domain signal processing algorithm was used to demultiplex the signals detected by the
chip. This technology can be further extended to the detection of single nucleic acid targets at
clinically relevant concentrations by the target-specific tagging of individual DNAs with multiple
fluorophores [24] or brighter probes [25]. Multiplexing capability of the device can be scaled up
to higher orders by introducing multiple LC waveguide channels in a single chip [30] and also
via multi-channel velocity multiplexing [31].
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