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ABSTRACT Inorganic nanoparticles are ideal precursors for
engineering barcodes for rapidly detecting diseases. Despite
advances in the chemical design of these barcodes, they have not
advanced to dlinical use because they lack sensitivity and are not
cost-effective due to requirement of a large read-out system. Here
we combined recent advances in quantum dot barcode technology
with smartphones and isothermal amplification to engineer a simple

and low-cost chip-based wireless multiplex diagnostic device. We

20 pm

characterized the analytical performance of this device and demon-
strated that the device is capable of detecting down to 1000 viral genetic copies per milliliter, and this enabled the diagnosis of patients infected with HIV
or hepatitis B. More importantly, the barcoding enabled us to detect multiple infectious pathogens simultaneously, in a single test, in less than 1 h. This
multiplexing capability of the device enables the diagnosis of infections that are difficult to differentiate clinically due to common symptoms such as a fever
or rash. The integration of quantum dot barcoding technology with a smartphone reader provides a capacity for global surveillance of infectious diseases

and the potential to accelerate knowledge exchange transfer of emerging or exigent disease threats with healthcare and military organizations in

real time.
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he detection of diseases requires the

development of technologies that

can rapidly analyze genomic and pro-
teomic targets with a single drop of bio-
logical fluid. The detection assays must be
cost-effective and detect multiple targets
simultaneously, which would increase ac-
cessibility and improve the speed of anal-
ysis, respectively. Ultimately, this leads to
improvements in the diagnostic sensitivity
and specificity and would contain the
spread of diseases, especially for infectious
pathogens. In the past decade, researchers
have developed a wide array of barcoding
structures and have demonstrated the
detection of multiple biological targets in
buffer. The barcodes comprise graphical,'?
optical>* or magnetic>® structures with
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unique patterns that identify surface-coated
biorecognition molecules that can selec-
tively recognize biological targets of inter-
est (e.g., whole virus, antigen, or genetic
sequence). Detection occurs when a fluo-
rescently labeled secondary targeting agent
is added to the barcode, forming a sand-
wich structure. The code identifies the
coated recognition molecule, which identi-
fies the target, and the secondary probe
confirms the presence of the disease and
the quantity. The advantage of using a
barcode in a diagnostic setting is that multi-
ple targets from patient samples can be
detected simultaneously, which increases
the speed of analysis and improves the
precision and accuracy of diagnosis. Despite
advances with the chemical design of
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Figure 1. Overview of the smartphone device utilizing quantum dot barcodes. (a) Assay involves the addition of patient
samples to a chip coated with microbeads, which are optically barcoded by quantum dots and are coated with molecules that
recognize a target analyte. This target analyte joins the barcode to the secondary probe. Since each barcode is conjugated
with a known biorecognition molecule for a specific pathogen target, the imaging of the optical signal from the barcode
would allow for the identification of the pathogen and whether it is present in a patient sample (i.e., lack of a secondary probe
signal indicates no pathogen present, in this case, the yellow microbead). (b) Typical microwell chip containing different
barcodes in each well. In a biological assay, we add 20 uL (for multiplexing synthetic targets) or 50 xL (for monoinfection
patient samples) sample on the chip (see black arrow), incubate at 37 °C for 20—60 min, rinse, and image. (c) Smartphone
camera captures the image of four different quantum dot barcodes arrayed on the surface of the chip. These barcodes are
excited with a violet laser source (1., = 405 nm, 50 mW), and optical signals are collected by a set of lenses, filtered with
430 nm long-pass filter, and imaged using an Apple iPhone 4S smartphone with an exposure time of 0.05 s.
(d) Two excitation sources excite the quantum dot barcoded chip independently. The optical emission is collected by a set
of objective and eyepiece lenses, imaged using a smartphone camera, and interpreted as positive or negative detection using
a custom-designed algorithm. The images may be sent wirelessly to a centralized facility for further evaluation or for the
mapping and tracking of infectious diseases. (e) Image of the smartphone device.

barcodes, nanotechnology-based barcoding technol- as the use of quantum dots in a nonbarcoded detec-
ogies have not advanced to patient care. The current tion system can reasonably differentiate only 5—6
limit of detection associated with nanotechnology- unique signals'®'" versus the potentially millions in a
based assays (typically femto- to attomole) limits their barcode format.” Furthermore, the optical signals of
utility for detecting most clinically relevant samples, the quantum dots are protected in the microbead from
and the read-out device remains expensive. Here, we fluorescence fluctuations as the polystyrene reduces
have combined recent advances in quantum dot bar- the interaction of the quantum dots with ions, proteins,
coding technology, smartphones, amplification, and and other biological molecules.'>'® The microbeads
software design to engineer a diagnostic device cap- are also versatile in molecular detection and can detect
able of detecting multiple pathogens (Figure 1) in  both genomic or proteomic targets.”'*'> We have
patients with multiple blood-borne infections. previously optimized the methods to prepare quan-

Barcodes can be engineered by infusing polystyrene tum dot barcodes with hundreds of distinct optical
beads with different emitting quantum dots.”® The patterns and demonstrated their utility as a universal
quantum dots provide significant advantages over platform for detecting different panels of infectious
organic fluorophores for barcoding. They are brighter, targets using model synthetic genomic sequences.'® A
have wider excitation spectra and narrower emission critical next step is then to improve the analytical
spectra, and are more resistant to photobleaching.” " sensitivity to the zeptomole range, to design a cost-
From a device perspective, these properties are attrac- effective read-out system, and to clinically validate this
tive because they reduce the costs of manufacturing technology. These are important next steps for the
the diagnostic device and simplify the design of the translation of barcoding technologies to the clinic.

read-out system while giving high precision in identi- We expect the barcoded device to enable clinicians
fying the optical code. This strategy also provides to better manage the spread of diseases by improving
quantum dots with greater multiplexing capabilities, the diagnosis of infectious pathogens, which can
- ACIN /\ N N
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spread rapidly, leading to economic burden, morbidity,
and mortality. The integration of mobile cellular de-
vices with state-of-the-art multiplexing molecular di-
agnostic devices would help alleviate these problems
by permitting clinical diagnosis in the absence of large
laboratory infrastructure, leading to more appropriate
treatment, as well as enabling real-time global surveil-
lance of infectious transmission events and predicting
temporal infection trends through crowd-sourced data
collection. While the concepts of smartphones have
been proposed for diagnostic applications, they have
primarily been used in direct imaging applications
from identifying bacteria or viruses labeled with a
fluorophore,'”'® cell counting,'®~?" imaging the test
lines on lateral flow immunoassays>? and signals from
custom-made lab-on-chip assays,”>~?> among many
other approaches.?®*” Many of these techniques often
cannot diagnose the early stages of infection because
of poor analytical sensitivity. More importantly, they
are incapable of detecting different strains or patho-
gens in a high-throughput manner due to their inabil-
ity to detect multiple biomarkers simultaneously.
To validate our technology, we demonstrate the ability
to detect patients infected with multiple chronic
blood-borne infections such as HIV and hepatitis B
because these co-infections can accelerate disease
progression. The diagnostic device can be extended
to develop molecular testing panels for other impor-
tant pathogens underlying sexually transmitted infec-
tions, malaria, influenzas A and B, and tuberculosis by
simply modifying the barcode recognition molecules
to the target of choice.

RESULTS AND DISCUSSION

Integration of Quantum Dot Barcoding with Smartphone
Technology. A multiplex chip platform that is simple to
use and can be easily transported is a main design
focus of our diagnostic device. To this end, we arrayed
the quantum dot barcodes on microfabricated slides
with a controlled number of microbeads per unit area
for detecting genetic samples (Figure 1a). Barcodesin a
chip format are easier to transport than when they are
in solution. Microbead arrays on a chip are currently
used in sequencing analysis, but the cost of the final
chip is high because the microbeads are arrayed on the
ends of optical fibers.?® We developed a simple meth-
od to array quantum dot barcodes on the surface of a
chip. Glass slides were microfabricated with 3.0 um
diameter wells (Figure 1b). A solution of ~3.0 um sized
microbead barcodes containing different combina-
tions of fluorescence emitting CdSeS alloyed ZnS
quantum dots was added to the chip. They sponta-
neously settled into each well, reducing overlapping
and aggregation that may confound analysis of their
fluorescence in later steps (Figure 1c). Once bound,
these microbeads do not desorb from the surface as
they are held in place by noncovalent forces. The
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concentration and size of the barcodes determine the
filling efficiency (Supporting Information Figure S1). The
deposition of barcodes on the chip, compared to those
stored in solution, enables higher portability of barcodes
and reduces the number of steps in the quantum dot
barcode assay process. The device is also portable and
easy to use (Figure 1d, e). The components—Dbatteries,
switch, laser diodes, lenses, and filters—and 3D-printed
plastic chassis are all lightweight and able to fit in one
hand. The two laser diodes are switched on indepen-
dently via a manual switch: excitation laser 1 (405 nm)
excites the barcodes, and excitation laser 2 (650 nm)
excites the secondary label with afilter (e, =655/15 nm)
that controls the wavelength excitation observed by the
chip. The eyepiece and moveable objective lens magnify
and focus barcodes on the chip to allow them to be
viewable clearly by the naked eye on the smartphone
display. The smartphone camera, in this case Apple's
iPhone 4S, then captures that view. A total of five images
are acquired for each sample, corresponding to each of the
five emission filters (Aer, = 430LP, 530/10 nm, 580/10 nm,
640/10 nm, and 692/40 nm). Specifically, the 430LP
filter image is used for extracting the location and
size of the barcodes in the camera field of view; the
530/10 nm, 580/10 nm, and 640/10 nm filter images
isolate quantum dot signals to determine barcode signa-
tures; and the 692/40 nm filter image isolates the second-
ary label signal to determine the presence of target
analyte bound to the barcode surface. While quantum
dot barcode differentiation using a long-pass emission
filter (i.e., Aem = 430LP filter image) is possible when the
barcode colors are few and distinct (e.g., “green”, “yellow”,
“red"), it becomes increasingly difficult and prone to errors
when higher multiplexing is desired because the differ-
entiation is dependent heavily on the algorithm design.
To reduce the discrimination strain on the algorithm, a
solution would be to develop barcodes with varying
mixtures of the same quantum dots. This causes some
barcodes to share similar color channel intensities
(Supporting Information Figure S2), increasing the possi-
bility of false identifications. Another method, which is
what we selected for this study, is to use multiple emission
filters to differentiate the optical signals. While this adds
components to the read-out hardware, the use of multiple
filter sets would increase the accuracy of barcode dis-
crimination. Based on the use of multiple filters, we
custom-wrote an algorithm to analyze these images.
The algorithm develops a histogram of the optical signal
from the secondary probe of all barcodes within the
sample. A threshold is established in a measurement
based on the highest signal from barcodes that do not
contain any of the target molecules of interest (i.e.,, the
negative control in the experiments). A graph of barcode
numbers above this threshold is used to determine a
positive or negative detection (Supporting Information
Figure S3). We expect samples that have the target
molecule of interest to have more barcodes above this
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Figure 2. Comparison of the optical properties between organic dye molecules and quantum dot inside polystyrene
microbeads. Polymeric particles impregnated with organic fluorophores (“Yellow” and “Nile Blue”) are compared with
quantum dot barcodes (“QD540” and “QD640”): excitation/absorption and emission spectra; visual images captured by our
device when excited using a 405 nm laser excitation source; emission spectra under varying excitation wavelengths; and
photobleaching under continuous excitation in the device, representing the average intensities of 591, 642, 1198, and 1145
barcodes analyzed, over the 180 s duration, for “Yellow”, “Nile Blue”, “QD540”, and “QD640", respectively.

threshold. We chose this method of analysis rather than
using absolute intensity values because we found this
method to obtain greater consistency in the analysis due
to reduction in skewing of the measurements from a small
population of microbeads. Our measurement strategy is
adapted from flow cytometry, where the quantification
is based on single cell counts instead of a population
average. The entire imaging and analytical process takes
less than 10 min and can be performed with minimal
training.

Use of Quantum Dots over Traditional Fluorophores. The
unique optical properties of the quantum dots for
barcoding are critical for engineering a low-cost multi-
plex device. Here we compared the optical properties
of two microbeads encapsulated with organic fluoro-
phores (“Yellow” with Ac,, = 480 nm and “Nile Blue”
with e = 630 nm) versus quantum dots (“QD540” with
Aem = 530 nm and “QD640” with Aey, = 640 nm). As
shown in Figure 2, the quantum dots have a contin-
uous absorption profile while the organic fluorophore
has a peak-like profile (Figure 2 “Spectra”). The absor-
bance profile presents a significant advantage for
quantum dots for engineering a point-of-care device.
This would reduce the size of the final device and
reduce costs as a quantum dot barcode device will only
require a single energy source to excite all of the
barcodes (in this case, we used a 405 nm diode laser),
while the organic fluorophore barcodes will require
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multiple emitting diodes or lasers to maximally excite
different barcodes (Figure 2 “Image”). The quantum
dot barcodes also have narrower emission profiles
(e.g., full width at half-maxima of ~35 nm versus
60 nm for “QD540” and “Yellow”, respectively) and
retain their emission peaks despite being excited by
different wavelengths (e.g., “QD640" versus “Nile Blue”)
(Figure 2 “Varying Excitation”). When we utilize a larger
number of barcodes for greater multiplexing detec-
tion, false barcode identification would be minimized
by using optical labels with narrow emission. Details of
the impact of the emission profile on barcode identi-
fication are described in our previous publication.”
Finally, the quantum dot barcodes are much more
resistant to photobleaching compared to the organic
fluorophore-encapsulated barcodes (Figure 2 “Photo-
bleaching”). This is important for accurate barcode
identification as bleaching of the coded microbeads
can lead to misdetection. Using quantum dots for
barcoding simplifies the read-out device and reduces
the costs of the final device so that it could be broadly
used in the future in both resource-rich and resource-
limited settings.

Synthetic Targets To Assess Device Sensitivity and Multi-
plexing Capability. The current detection platforms for
identifying quantum dot barcodes require expensive
instruments and detectors.'*'> Here we evaluated
whether our device can differentiate the optical signals
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Figure 3. Visual demonstration of a barcode assay and
device assay sensitivity. (a) Yellow, green, and red barcodes
(identified as B_HBV, B_HCV, and B_Pos in Table 1,
respectively) are deposited on the chip and imaged using
the device (Aex = 405 nm, Ae, = 430LP, exposure time = 1 s).
(b) After the assay, the device-acquired fluorescence image
of the microbeads bound with the target analyte and
secondary probe (iex = 655/15, Aem = 692/40, exposure
time = 1 s). Both green and red microbeads had positive
signals. This demonstrates that their respective genomic
targets are present in the sample but not for the yellow
barcode. (c) Sensitivity curves for genetic biomarkers for the
blood-borne viruses human immunodeficiency virus (HIV),
hepatitis B virus (HBV), and hepatitis C virus (HCV), repre-
senting 8017, 7324, and 10 334 barcodes analyzed, respec-
tively. (d) Sensitivity curves for genetic biomarkers for the
influenza A viruses H1N1, H3N5, and H5N1 and influenza
B virus (FluB), representing 8491, 5967, 10182, and 4114
barcodes analyzed, respectively. All values represent the
average secondary probe intensity, and error bars were
calculated based on the standard deviation from three
replications of each condition.

between barcodes as well as the secondary fluores-
cent probe used in our genetic assays. Figure 3a,b
demonstrates that an iPhone camera is able to cap-
ture the distinct optical emissions of each barcode on
the microwell chip, and proper filtering can differ-
entiate the barcode optical signal from the secondary
probe's signal. These studies confirmed that an
iPhone camera can image barcodes on the chip sur-
face and can be used as a detector for biological
assays.

We first determine the analytical performance of
the microbead-based sandwich assay using our engi-
neered smartphone reader. We designed seven bar-
codes for detecting seven infectious disease biomarker
targets, as shown in Table 1, plus two barcodes for
the positive and negative control samples. When the
target is absent (i.e., negative detection), the optical
signal from the microbead comprises only the quan-
tum dot signal of the barcode. When the target is
present (i.e., positive detection), the microbead optical
signal consists of emissions from both the quantum
dots and Alexa Fluor 647 dye secondary probe. The
limit of detection and linear dynamic range for each of
the targets for HIV, hepatitis B virus (HBV), and hepatitis
Cvirus (HCV), influenza type A targets HIN1, H3N2, and
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H5N1, and influenza type B (FIuB) (Figure 3cd) is
between 10 and 50 fmol (6 x 10° to 3 x 10'° copies)
and up to 40-fold, respectively, in a final hybridization
sample volume of 10 uL. This suggests that analytical
performance is independent of the infectious disease
targets. Note that while the dye does photobleach
under continuous excitation in the device, it still retains
>85% of its intensity within the first minute of excita-
tion (Supporting Information Figure S4), the longest
possible image acquisition time during our experi-
ments, and thus should not have a significant impact
on the sensitivity of detection. We can also reduce the
laser power to maintain a longer signal, but this
may affect the detection signal. Finally, we are also
considering the use of the more photostable quantum
dots as a detection probe.

Next, we demonstrated the ability to simulta-
neously detect multiple synthetic genetic targets from
blood-borne virus panel (Figure 4). We prepared six
different mock genetic samples by mixing various
combinations of the genetic target sequences for each
of the three pathogens of interest—HIV, HBV, and
HCV—plus a positive control sequence to ensure that
the barcodes are working as designed and the second-
ary fluorescent probe sequence. For example, we
would prepare solutions that were spiked with the
target sequences for HIV and positive control sequence
in one combination (Figure 4b) then HIV, HBV, HCV, and
positive control sequence in another combination
(Figure 4f). A final hybridization sample of 20 uL was
added to the chip and incubated at 37 °C for 20 min,
rinsed with a washing buffer, dried, imaged, and
analyzed using the algorithm. In all cases, the target
sequences were correctly identified by the assay. For
example, in our solution containing the sequences for
HCV and positive control (Figure 4d), the bar graph
shows that our technique can discriminate between
barcodes bound with secondary probes (i.e., HCV and
positive control) versus those not bound (i.e., HIV, HBV,
and negative control). All of the probe recognition
sequences for the blood-borne viral panels were care-
fully designed in silico to minimize cross-reactivity with
closely related viruses using subtypes against the gag
gene of HIV, core protein gene of HBV, and nucleocap-
sid protein gene of HCV, as per gold standard testing
standards.

Clinical Validation of Diagnostic Device. We determined
whether the device was capable of detecting and
differentiating samples from patients with HIV and
HBV from those without (i.e.,, HIV- or HBV-negative
subjects). The experiment done using synthetic targets
showed that the device has a limit of detection of 10~ ">
mol, but to use the device for diagnosing patient
samples, the limit of detection needed to be lowered
by a factor of 10°. We cannot incorporate conventional
PCR (polymerase chain reaction) amplification meth-
ods to our device because these PCRs are bulky and

VOL.9 = NO.3 = 3060-3074 = 2015 ACSNJANIC)

WWwWW.acsnano.org

3064



TABLE 1. List of DNA Sequences and Their Corresponding Barcodes

Disease/ Capture Target / Amplicon | Secondary | Corresponding Corresponding
Biomarker Name/ Name and Probe Barcode Barcode Spectrum
Sequence Sequence Name/
(5 to 3") (5" to37) Sequence
Influenza C_HINI T_HIN1 D ki
100008
Hemagglutinin | CCC  TCT | CGG CGA TGA | 5°- y
Influenza | TAG TTT | ATA CCT AGC | Alexa647- - l,-"‘\
Type A (HIN1) | GCA  TAG | ACA CTT A CTA | TAA GTG o \—==_
TTT C€CC |CA TAA CGG | TGC TAG Pty
GTT ATG GAA ACT ATG | GTATTC
CAA ACT AAG | ATC GCC
AGG G G-3’
Influenza C_H3N2 T_H3N2 [
100000 lII(\I
Neuraminidase | ACT TGG | CGG CGA TGA I\
Influenza | TTG  TTT | ATA CCT AGC e \
Type A (H3N2) | GGG GGG | ACA CTT A CTA ,__—/ \._
GAG TTG | TG AAT TCA i
AATTCA ACT CCC CCC
CAA ACA ACC
AAGT
Influenza C_H5N1 T_H5NI e
Hemagglutinin CCA TTC | CGG CGA TGA
Influenza | CCT GCC | ATA CCT AGC =
Type A (H5N1) | ATC CTC | ACA CTT A CTA ‘,.—/\—h_,_,_—._.
CCT CTA|GT TIT ATA S
TAA AAC GAG GGA GGA
TGG CAG GGA
ATG G
Influenza C_FluB T_FluB [*
Influenza Type | CAC CGC | CGG CGA TGA
B AGT TTC | ATA CCT AGC ==
AGC TGC | ACA CTT A CTA N
TCG AAT | CC  AAT  TCG B gt |
TGG AGC AGC TGA
AACTGC GGT G
Human C_HIV T_HIV
Immuno- —
deficiency | GAG ACC | CGG CGA TGA
Virus (HIV) | ATC  AAT | ATA CCT AGC s
GAG GAA | ACA CTT A CTA Fl T
SK102 HIV-1 | GCT GCA | AT CCC ATT CTG o i
GAA TGG | CAG CTT CCT
GAT CAT TGA TGG
TCTC
Hepatitis B | C_HBY T_HBV e
(HBY) fr— A
TCA GAA | CGG CGA TGA / "\
PB-2 - HBV GGC  AAA | ATA CCT AGC e / L
AAA GAG | ACA CTT A CTA |
AGTAACT | AG TTA CTC TCT et
TIT TTG CCT
TCT GA
Hepatitis € | C_HCV T_HCV i
(HCV) oo
CAT AGT | CGG CGA TGA
KY 150 -HCV | GGT CTG | ATA CCT AGC
CGG AAC | ACA CTT A CTA
CGG TGA | AC TCA CCG
GT GTT CCG CAG
ACC ACT ATG
Positive C_Pos T_Pos i
Control W
AAT | CGG CGA TGA
CAC | ATA CCT AGC e
TGA GGA | ACA CTT A CTA ,._,_./_,_,_\_,
TAGT AC TAT CCT Fvemga |
CAG TGA GCA
TTG TC
Negative C_Neg T_Neg
Control isnce]
CCA  ATA | CGG CGA TGA
TCG GCG | ATA CCT AGC -
GCC ACA CTT A CTA —————
GG CCG CCG M e
ATATIGG
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Table 1. continued

expensive. To address this issue, we optimized an
isothermal amplification step, which can be performed
in 10—30 min, is simple, and does not require precise
temperature control.

Patient samples were collected using standard
protocols, and we extracted the hepatitis B viral DNA
and HIV viral RNA using magnetic microbeads. The
cell membrane was first disrupted by the addition of
lysis buffer, and the surface-functionalized magnetic
microbeads captured viral nucleic acid. The sample
was then placed in a magnetic separator to collect
magnetic microbeads. Before use in our assay, the HIV
RNA was reverse-transcribed into ¢cDNA. All samples
were then amplified using recombinase polymerase

MING ET AL.

Disease/ Capture Target / Amplicon | Secondary | Corresy Corresponding
Biomarker Name/ Name and Probe Barcode Barcode Spectrum
Sequence Sequence Name/
(5" to 3") (5" to 3%) Sequence
Clinical HIV | CC_HIV CT_HIV CD_HIV oo
Sample oo
GAA AGG | TTT TTIT TIT|S5- -
TGA AGG | GCC ACA CAA | Alexat47- o
GGC AGT | TCA TCA CCT | TTGGTA
AGT AAT | GCC ATC TGT | CTACCT
ACA  AGA | TTT CCA TAA | TTATGT
C AAT AGT | TCC CTA ATG | CACTAT
GAC ATA | ATC TTT GCT | TGTCTT
AAG GTA | TTT GTATTA
GTA CCA CTA CTG
AGA  AGA CCCCTT
AAA  GCA CACCTT
AAG  ATC TCC-3*
ATT AGG
GAT TAT
GGA  AAA
CAG ATG
GCA  GGT
GAT GAT
TGTGTG G
Clinical HBY | CC_HBV CT_HBV CD_HBV
Sample
GGC  ATG | AAA AAA AAA | 57-AAC
GAC  ATT | TGT CGA GAA | TCC ACA
GAC CCT | GGT CCC GAA | GAA GCT
TAT AAA | TAG ACG GAA | CCA AAT
GAA  TTT | AGA AAT CAG | TCTTTA
GGA  GCT | AAG GCA AAA | TAA GGG
TCT GTG | AA TCA ATG
GAG TTA TCC ATG
CTC TCT CC-
TTIT TIG Alexab47-
CCT TCT ¥
GAT TTC
TIT CCG
TCT ATT
CGG GAC
CTT CTC
GAC A
Clinical CC_Pos CT_Pos cD
Positive
Control GAC AAT | CGG CGA TGA | 5-
GCT CAC | ATA CCT AGC | Alexaf47-
TGA GGA | ACA CTT A CTA | TAA GTG
TAGT AC TAT CCT | TGC TAG
CAG TGA GCA | GTATTC
TTG TC ATC GCC
Clinical CC_Neg | CT Neg G-3
Negative
Control CCA  ATA | CGG CGA TGA
TCG GCG | ATA CCT AGC
GCC ACA CTT A CTA
GG CCG CCG
ATATTG G

amplification. The recombinase proteins were added
to the isolated genetic targets to form a nucleoprotein
complex, which facilitates strand transfer at the homo-
logous sequence of the template DNA. Single-stranded
binding proteins then stabilize the displaced strand of
the template DNA, and the DNA polymerase extends
the complementary strand.”® Of the final amplified
sample, 20 uL of the double-stranded DNA was dena-
tured and added to the chip, incubated at 37 °C, rinsed
with a washing buffer, dried, imaged, and analyzed
using the algorithm in a manner that is similar to
detection of the synthetic targets. Figure 5a,b demon-
strates the successful diagnosis of individual patient
samples with HIV and HBV, respectively, of varying viral
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Figure 4. Multiplexed detection for synthetic target strands for the blood-borne viruses HIV, HBV, and HCV with positive and
negative controls. (a) Only the positive control was present during hybridization, representing 1039 barcodes analyzed. (b)
Targets for HIV and the positive control were present during hybridization, representing 1581 barcodes analyzed. (c) Targets
for HBV and the positive control were present during hybridization, representing 1749 barcodes analyzed. (d) Targets for HCV
and the positive control were present during hybridization, representing 1202 barcodes analyzed. (e) Targets for HIV, HBV,
and the positive control were present during hybridization, representing 2401 barcodes analyzed. (f) All targets except for the
negative control were present during hybridization, representing 1343 barcodes analyzed. Results represent data from three
experimental replications of each condition combined into a single data set. Note that samples above the dashed 30% line are
considered positive detection; otherwise, they are considered negative detection.

loads before amplification (Supporting Information
Table S1). These viral loads are reported as per a clinical
setting and represent a viral load range from treat-
ment-naive patients. They do not necessarily indicate
the clinical limit of detection. The HBV-infected sam-
ples comprised multiple genotypes to ensure that our
test would be widely applicable. In order to determine
whether the measurement results were significant, we
combined the measurements from all samples of
noninfected subjects and compared them to com-
bined measurements from the infected patients with
either HIV or HBV (Figure 5¢,d, respectively). Our results
showed a significant difference with a p value of
0.05 and 0.01, respectively. We further confirmed the
results using flow cytometry (Supporting Information
Figure S5) and showed comparable outcomes. Our
diagnostic device is capable of detecting viral loads
in the range of 10% to 10° copies/mL and different
genotypes (Supporting Information Table S1). To con-
firm that our device is capable of multiplex detection of
patient samples, we mixed 10 uL of each amplified
patient samples containing HIV and/or HBV. We per-
formed four-plex assays (HIV, HBV, as well as positive
and negative controls), and the results clearly demon-
strated that the device is capable of differentiating
between the two viruses (Figure 5e—h using a smart-
phone device and Supporting Information Figure S6
using flow cytometry). We further investigated the
level of specificity with our genetic assay by sequencing

MING ET AL.

7 HBV and 10 HIV patient samples (Supporting Informa-
tion Figures S7 and S8, respectively). We found that
there are 5 to 9 and 3 to 4 mismatches within HBV and
HIV probe-binding regions used for the assay, respec-
tively. Although we acknowledge that we have only
used wild-type probes to detect patient samples in this
study, we believe that the level of specificity can be
furtherimproved to detect single base pair mismatch by
following the approach of Liong and co-workers. They
used mutant probes that are designed specifically to
match the mutated region and therefore bind stronger
with the mutated target than the wild-type target®
The development of our device for diagnosing single-
nucleotide polymorphisms was not a focus, but such
studies will be a focus in future studies. Our clinical
validation with real-world HBV- and HIV-infected patient
samples demonstrates the effectiveness of the pro-
posed detection platform for diagnosing infectious
diseases.

CONCLUSION

All of the pathogen targets used as test panels in this
study represent major infectious threats to the global
community, necessitating the development of effec-
tive and innovative means for detection and infor-
matics to identify infected individuals and accelerate
clinical management. HIV, HBV, and HCV are prevalent
in resource-limited settings and pose major threats to
populations, often related to unknown transmission

A N AN
VOL.9 = NO.3 = 3060-3074 = 2015 K@}Nﬁbﬁi{\)

WWwWW.acsnano.org

3067



3
|

]

% Microbead Population @
(Intensity > Threshold)
% Microbead Population g5
(Intensity > Threshold)

T

5??%
: T
—
——
——

Subject Subject

&

I
I

5

]
?

4

| ——

T T

°
L
(Intensity > Threshold)

% Microbead Population ¢
(Intensity > Threshold)
% Microbead Population &y,

}k

o

& & & &
Subjects Combined Subjects Combined

=
LY
H

w
1

% Microbead Population =h
w
A

(Intensity > Threshold)

% Microbead Population
(Intensity = Threshold)

oA
eeeeRy

]
]
1]
W

Target Target

-
LY
¥

w
1

k-]
1

'y

-s-n-hngl\‘lu
I"-Jﬂ

Mlz!ﬂ-d

(Intensity > Threshold)
w
I
[

1
1]
[
1
1
|
"
!
"’
|
1

% Microbead Population (Q
{Intensity > Threshold)
% Microbead Population =y

1
]

Target Target

Figure 5. Detection of HIV and HBV in patient samples. (a) Detection of monoinfected amplified samples from 3 HIV-negative
subjects and 10 HIV-positive patients, representing 1306, 728, 321, 1573, 626, 297, 1268, 429, 468, 499, 332, 375, and 287
barcodes analyzed, respectively, for each subject. (b) Detection of monoinfected amplified samples from 3 HBV-negative
subjects and 7 HBV-positive patients, representing 361, 207, 1345, 371, 221, 1310, 806, 665, 778, and 674 barcodes analyzed,
respectively, for each subject. (c) Comparison between the average combined statistics of all subjects of the HIV-negative
group (3 subjects) and HIV-positive group (10 patients) from (a); error bars represent standard deviation, with statistical
significance (P < 0.05) indicated and determined using two-sided t-test. (d) Comparison between the average combined
statistics of all subjects of the HBV-negative group (3 subjects) and HBV-positive group (7 patients) from (b); error bars
represent standard deviation, with statistical significance (P < 0.01) indicated and determined using two-sided t-test. (e—h)
Detection of co-infection assays simulated with amplified HIV- and HBV-negative, as well as HIV- and HBV-positive patient
samples. (e) Only positive control was present during hybridization, representing 384 barcodes analyzed. (f) HIV-positive
patient sample and the positive control were present during hybridization, representing 866 barcodes analyzed. (g) HBV-
positive patient sample and the positive control were present during hybridization, representing 1888 barcodes analyzed. (h)
HIV- and HBV-positive patient samples and the positive control were present during hybridization, representing 1019
barcodes analyzed. Results represent data from three replications of each condition combined into a single data set. Note that
samples above the dashed 3% line are considered positive detection; otherwise, they are considered negative detection. All
samples were amplified. Additionally, all samples were blinded during the experiment to reduce bias.
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Figure 6. Integrated assembled device. (a) Visual representation of the envisioned final device, with the different
compartments colored for clarity, capillary tubes to show the flow of solutions between them, and a smartphone for scale.
(b) Schematics of the envisioned final device with colors matching the various compartments in (a) and numbers indicating
the movement of the sample in these compartments. (c) Flow diagram illustrating the steps required for detecting pathogen
targets using the envisioned final device, from patient sample to imaging and analysis, with colors and numbers matching the
compartments in (a) and (b). The liquid can be moved from one compartment to the next using electrically driven flow.

through sexual contact, drug use, and contaminated measures and enhanced surveillance to curb the
blood products.>'>2 For more rapidly spreading patho- spread of disease will be critical. Here we have shown
gens, immediate implementation of infection control that the integration of quantum dot barcodes with

MING ET AL. VOL.9 = NO.3 = 3060-3074 = 2015 W) 3069

WWww.acsnhano.org




smartphone technology can be used for multiplex
molecular diagnosis of these infectious diseases with
wireless transmission. There are four steps (1 through 4)
and two steps (only 3 and 4) in the genetic and
proteomic detection process, repectively, excluding
the standard blood collection/separation processes.
They are (1) extraction of the genetic target, (2) ampli-
fication of the target, (3) recognition and hybridization
to barcodes on the chip and secondary probe, and (4)
read-out of the chip optical signal with the smartphone
followed by analysis. We believe that these two or four
steps could be automated in a black box system. We
envision a final black box device to all of these compo-
nents, with specific chambers for each of these steps
and their overall dimensions (Figure 6). Each compart-
ment would contain disposable lyophilized samples
that can be dissolved by buffers and transferred from
one compartment to the next using capillaries and
electrically driven flow. Building a single unit device is
conventionally done as technologies advance from
academic development to commercial use once each
step in the process has been confirmed to work as
designed. The device may also be custom-designed for
different types of target molecules. For example, in the
detection of a protein target, we would not need steps
1 and 2. The number of device chambers in the device
can be engineered according to the target molecule.
Another important aspect of the translation process
is the standardization of barcode number per unit
area, concentration of bioconjugated biorecognition

METHODS

Quantum Dot Synthesis. Quantum dots (CdSeS alloyed ZnS
capped) with a peak emission wavelength of 540 nm (“QD540")
was purchased from CrystalPlex. Quantum dots with peak emis-
sion wavelengths of 515 nm (“QD515"), 547 nm (“QD547"),
560 nm (“QD560”), 589 nm (“QD589"), 596 nm (“QD596"),
615 nm (“QD615"), and 640 nm (“QD640") were synthesized
and characterized according to published procedures®*** and
stored in chloroform at room temperature until later use.

Quantum Dot Barcode Synthesis. Quantum dot barcodes were
prepared by mixing together the quantum dots (QD515,
QD540, QD547, QD560, QD589, QD596, QD615, and QD640)
in different ratios with a polymer-based solution (Supporting
Information Tables S2 and S3). The polymer solution consisted
of poly(styrene-co-maleic anhydride) (32%, cumene-terminated)
from Sigma-Aldrich dissolved in chloroform, with the polymer
concentration at 4 wt %. The resultant quantum dot polymer
solution was then introduced into a nozzle system from Ingenia-
trics using a syringe pump from Harvard Apparatus at a rate of
0.9 mL/h, as well as double-distilled (DD) water as the focusing
fluid at a rate of 180 mL/h. The nozzle system was then
submerged inside a beaker partially filled with DD water. The
polymeric barcode microbeads were synthesized in situ, and the
microbeads formed a white colloidal suspension in the water.
After synthesis, the valve was closed and the microbeads were
stabilized by overnight stirring and then collected. The micro-
beads were filtered using a 35 um BD Falcon nylon mesh strainer
cap, characterized using an automated Beckman Coulter Vi-Cell
counter, and stored in DD water at 4 °C until use. The quantum
dot concentrations required for preparing the barcodes are
presented in Supporting Information Tables S2 and S3.
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molecules, the dispersity of the microbeads, and the
liquid volume of the assay. These parameters will
increase the reproducibility of the assay in real-world
applications.

This diagnostic device should be both easy to use
and transportable and enable wireless transmission of
diagnostics for interpretation, thus allowing the map-
ping, surveillance, and potential prediction of diseases
in real time. The chip is highly versatile for proteomic,
genomic, or whole pathogen targets.”'® It may also
be designed to detect different pathogen strains, co-
infections, and markers of drug resistance or diagnose
infections that are difficult to differentiate clinically due
to shared symptoms such as a fever or rash. The only
requirement will be to design panels of barcodes for
each specific infectious disease agent. Future work will
focus on integrating the extraction and amplification
components with the existing device into a singular
unit, field testing of the device, and conducting a
clinical trial with greater sample size to evaluate clinical
sensitivity and specificity in both the developed and
developing worlds. Although we have conducted our
studies using a specific brand of smartphone, the
concept lends itself to further device engineering such
that it can physically accommodate any cellphone or
smartphone. This device can be assembled into a
point-of-care unit that will enable hospitals, disease
control centers, mobile units, and the military to moni-
tor and potentially predict the onset, spread, and
resistance of infectious diseases.

Excitation, Absorption, and Emission Spectra Measurement. The
excitation and emission spectra of the Yellow and Nile Blue
microbeads were measured using the excitation and emission
acquisition modes, respectively, on a Horiba Jobin Yvon
FluoroMax-3 fluorometer. The quantum dot absorption spectra
were measured using Shimadzu UV-1601PC UV—visible spec-
trophotometer. The quantum dot barcode emission spectra
were measured using the emission acquisition mode on a
Horiba Jobin Yvon FluoroMax-3 fluorometer.

Sensitivity Assay. Sensitivity assays (Figure 3c,d) were per-
formed directly on the microwell chips for all infectious disease
DNA target strands (T_H1N1, T_H3N2, T_H5N1, T_FluB, T_HIV,
T_HBV, and T_HCV) and their respective conjugated barcode
microbeads (B_H1N1, B_H3N2, B_H5N1, B_FluB, B_HIV, B_HBY,
and B_HCV). DNA target strands from Bio Basic Inc., purchased
HPLC-purified and used without further purification, were pre-
pared in increasing concentrations of 0, 5, 10, 50, 100, 300, 500,
1000, and 2000 fmol/uL in TE buffer. DNA detection strand from
IDT DNA Technologies with Alexa Fluor 647 on the 5’ end,
purchased HPLC-purified and used without further purification,
was prepared with a concentration of 100 pmol/uL in TE buffer.
Both DNA target and detection strand samples were stored at
4 °C until further use. To perform the assay, 1 uL of the conjugated
microbead sample, corresponding to approximately 10% con-
jugated microbeads, was deposited on a microwell chip for
each assay condition and let dry for 1 h. Then, 1 uL of each DNA
target strand sample was mixed with 5 uL of hybridization
buffer (10x SSC, 0.1% SDS, heated to 60 °C), 3 uL of DD water,
and 1 uL of DNA detection strands or DD water (for the blank
condition). This resulted in a total hybridization volume of 10 uL
for each assay condition, which includes blank, 0, 10, 50, 100,
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300, 500, 1000, and 2000 fmol target DNA. The hybridization
solution for each assay condition was deposited over the
conjugated microbead spots on the microwell chips and in-
cubated at 37 °C for 20 min. The microwell chips were then
submerged in 10 mL of washing buffer (0.5x SSC, 0.1% SDS,
heated to 37 °C), washed by agitation for 20 s, then let dry for
5 min before being imaged. Note that care must be taken so
that the washing buffer does not dry and crystallize over the
sample spots.

Multiplexing Assay. Cross-reactivity between the blood-borne
virus DNA target strands (T_HIV, T_HBV, and T_HCV) and their
corresponding conjugated barcodes (B_HIV, B_HBV, and
B_HCV), as well as positive and negative control cases (B_Pos
and T_Pos, and B_Neg and T_Neg, respectively), was studied
(Figure 4). First, 6 uL of each conjugated barcode sample,
corresponding to approximately 6 x 10* barcodes each, was
mixed together with 90 uL of DD water to produce a 4 x dilution
factor of the original. The dilution was to reduce microbead
aggregation after deposition on the chip, which may confound
barcode resolution during analysis. To perform the assay, 8 uL of
the diluted conjugated barcode mixture, corresponding to
approximately 2 x 10% conjugated microbeads, was deposited
on a microwell chip for each multiplexing case and let dry for
4 h. Then, 4 uL of each target case (DD water for the negative
conditions and corresponding DNA target strand sample with
concentration of 2 pmol/uL for the positive conditions) was
mixed with 40 ulL of hybridization buffer (10x SSC, 0.1% SDS,
heated to 60 °C) and 20 uL of the detection strand (concen-
tration of 100 pmol/uL). This resulted in a total hybridization
volume of 80 uL for each multiplexing case. From this, 20 uL of
the hybridization solution for each multiplexing case was
deposited over the conjugated barcode spots on the microwell
chip and incubated at 37 °C for 20 min. The microwell chip was
then submerged in 10 mL of washing buffer (0.5x SSC, 0.1%
SDS, heated to 37 °C), washed by agitation for 20 s, washed
again in another 10 mL of washing buffer to further reduce
nonspecific binding, and then let dry for 5 min before being
imaged. Note that care must be taken so that the washing buffer
does not dry and crystallize over the sample spots.

Whole Blood Collection/Separation, Viral DNA/RNA Extraction, and
Reverse Transcription. Whole blood was collected by venipuncture
in either a Vacutainer (serum) or anticoagulant-treated tubes
(plasma). Tubes were inverted several times and stood upright
for 30—60 min (for serum collection). Samples were then spunin
a refrigerated centrifuge, and serum or plasma was aliquoted
and stored at —80 °C. HBV or HIV nucleic acid was extracted
using the Chemagic Viral DNA/RNA kit (PerkinElmer), and HIV
RNA was then reverse-transcribed as per the iScript cDNA
synthesis kit (Bio-Rad).

Recombinase Polymerase Amplification (RPA) and Purification. RPA
was performed using either extracted DNA or reverse-transcribed
cDNA using the TwistAmp basic kit (TwistDx, UK). For HBV
detection, a premix solution containing 0.48 pmol/uL of each
forward and reverse primers (5'-GGCATGGACATTGACCCT-
TATAAAGAATTTGG-3, 5'-TGTCGAGAAGGTCCCGAATAGACGG-
AAAGA-3'), 9.2 ul of nuclease-free water, 29.5 ulL of rehydration
buffer, and 4 uL of the either extracted noninfected or infected
DNA was prepared in a volume of 47.5 uL. This solution was then
transferred to a tube containing the reaction pellet and mixed.
The reaction was initiated by the addition of 2.5 uL of 280 mM
magnesium acetate and incubated at 37 °C for 10 min to produce
the 100 base pair amplicon.

For HIV detection, a premix solution containing 0.48 pmol/uL
of each forward and reverse primers (5'-GAAAGGTGAAGG-
GGCAGTAGTAATACAAGACA-3', 5'-CCACACAATCATCACCT GC-
CATCTGTTTTCCA-3'), 11.2 uL of nuclease-free water, 29.5 ulL of
rehydration buffer, and 2 uL of the either extracted and reverse-
transcribed noninfected or infected cDNA was prepared for a
total volume of 47.5 uL. This solution was then transferred to a
tube containing the reaction pellet and mixed. The reaction was
initiated by the addition of 2.5 uL of 280 mM magnesium
acetate and incubated at 37 °C for 30 min to produce the 116
base pair amplicon.

RPA products were purified using an EZ-10 spin column
DNA gel extraction kit (Bio Basic) and eluted into 50 uL for
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detection. Purified DNA was visualized by gel electrophoresis
and kept at 4 °C until later use.

Monoinfection Assays Using Amplified Clinical Samples. Clinical
monoinfection assays (Figure 5a—d) were performed directly
on the microwell chips using HIV- and HBV-negative as well as
HIV- and HBV-positive samples after amplification. DNA detec-
tion strands from IDT DNA Technologies with Alexa Fluor 647 on
either the 5’ end (CD_HIV) or the 3’ end (CD_HBV), purchased
HPLC-purified and used without further purification, for the HIV
and HBV target sequences, were prepared with concentration
of 100 pmol/uL in TE buffer and stored at 4 °C until further use.
To perform the assay, 1 uL of the conjugated microbead sample,
corresponding to approximately 10* conjugated microbeads,
was deposited on a microwell chip for each assay condition and
let dry for 1 h. During this time, 20 uL of the amplified sample
was mixed with 5 uL of the corresponding detection strand and
denatured at 100 °C for 15 min. Then, the 25 ul denaturation
solution was mixed with 25 uL of hybridization buffer (10x SSC,
0.1% SDS, heated to 60 °C). The 50 uL hybridization solution was
deposited over the dried conjugated microbead spot on the
microwell chip, incubated at 37 °C for 60 min, and let cool at
room temperature for 5 min. The microwell chip was then
submerged in 200 mL of washing buffer (0.5x SSC, 0.1% SDS,
heated to 37 °C), washed by agitation for 10 s, washed again in
another 200 mL of washing buffer to further reduce nonspecific
binding, and let dry for 5 min before being imaged. Note that
care must be taken so that the washing buffer does not dry and
crystallize over the sample spots.

Co-infection Assays Using Amplified Clinical Samples. Cross-reactiv-
ity between the amplified HIV and HBV clinical samples (CT_HIV
and CT_HBV) and their corresponding conjugated barcodes
(CB_HIV and CB_HBV), as well as positive and negative con-
trol cases (CB_Pos and CT_Pos, and CB_Neg and CT_Neg,
respectively), was studied (Figure 5e—h). First, 5 uL of each
conjugated barcode sample, corresponding to approximately
5 x 10* barcodes each, was mixed together with 20 uL of DD
water to produce a 2x dilution factor of the original. The
dilution was to reduce microbead aggregation after deposition
on the chip, which may confound barcode resolution during
analysis. To perform the assay, 1 uL of the diluted conjugated
barcode mixture, corresponding to approximately 5 x 10°
conjugated microbeads, was deposited on a microwell chip
for each multiplexing case and let dry for 1 h. During this time,
10 uL of each amplified sample was mixed with 5 uL of each of
the corresponding detection strands (5 uL of CD_HIV, 5 uL
CD_HBV, and 10 uL of CD for both CT_Pos and CT_Neg) and
denatured at 100 °C for 15 min. Then, the 60 xL denaturation
solution was mixed with 60 uL of hybridization buffer (10x
SSC, 0.1% SDS, heated to 60 °C). The 120 uL hybridization
solution was deposited over the dried conjugated microbead
spot on the microwell chip, incubated at 37 °C for 60 min, and
let cool at room temperature for 5 min. The microwell chip
was then submerged in 400 mL of washing buffer (0.5x SSC,
0.1% SDS, heated to 37 °C), washed by agitation for 10 s,
washed again in another 400 mL of washing buffer to further
reduce nonspecific binding, and let dry for 5 min before
being imaged. Note that care must be taken so that the
washing buffer does not dry and crystallize over the sample
spots.

Device Design and Construction. The device was designed using
SolidWorks 2012 and 3D-printed commercially (Reprodux,
North York, Ontario, Canada). Laser diode excitation sources
of 405 nm 50 mW (http://www.ebay.com/itm/170719374707)
and 650 nm 50 mW (http://www.ebay.com/itm/1pcs-650 nm-
50mw-Red-Laser-Diode-Dot-Module-/370650098149?pt=LH_
DefaultDomain_0&hash=item564c77a9e5) were purchased on-
line and secured into the device as delivered. The device was
designed such that both lasers could excite the same spot on
the chip. An excitation filter Aex = 655/15 nm (Edmund Optics)
was fixed in front of the 650 nm laser diode source to reduce
background signal. Both laser diodes were electrically
connected to 2x AA batteries via a battery holder and sin-
gle-pole triple-throw switch (both purchased from a local
electronics shop) that switches between the two sources as
well as an OFF state. A generic 160x—200x pocket microscope
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was purchased online (http://www.gadgetplus.ca/science/
Microscope160-200x.html). It was disassembled to extract the
eyepiece and objective lenses and installed into the device
manually. The eyepiece was fixed in place, but the objective was
made to be movable along a track to allow focusing on the
sample.

Sample Imaging. All images were acquired using the iPhone
4S from Apple (unless otherwise specified) mounted in our
device. Quantum dot barcodes and Alexa Fluor 647 were
excited using laser diodes with wavelengths of 405 and
650 nm, respectively. Emission filters Ao, = 430LP (Thorlabs),
Aem = 530/10 nm (Thorlabs), dery = 580/10 nm (Thorlabs),
Aem = 640/10 nm (Thorlabs), and Ay, = 692/40 nm (Semrock,
Brightline Cy5-4040A) were placed in the device's emission filter
slot one at a time during imaging. The emission filter A, =
430LP was used in conjunction with a neutral density filter
OD = 1.3 (Thorlabs) to image all barcodes to determine their size
and location, while avoiding intensity saturation. The emission
filters Aem = 530/10 NmM, A, = 580/10 nm, and A¢,, = 640/10 nm
corresponded with quantum dots QD540, QD589, and QD640,
respectively, and were used to isolate for their fluorescence for
resolving barcodes. The emission filter Ac, = 692/40 nm was
used to isolate for the detection strand Alexa Fluor 647 second-
ary label fluorescence as a means to measure the amount of
analyte that hybridized with its corresponding capture strand.
Image exposure times, made adjustable with the use of the
NightCap app from Apple's App Store, was maintained at 1 s for
all filters. In the case of fluorophore particles, they were excited
using only the 405 nm laser diode source and imaged using only
the emission filter A¢m, = 430LP, the images of which were used
for subsequence intensity analysis.

Image Analysis. A custom-made algorithm was written in
MathWork's MATLAB for all image analysis. The algorithm
accepts as inputs five emission filter images (e, = 430LP,
Aem = 530/10 nm, Aem = 580/10 nm, Aem = 640/10 nm, and
Aem = 692/40 nm)) of a sample. The images were cropped to
include microbeads of interest based on user selection. The
cropped filter images were aligned with the Ae,, = 430LP filter
image through the use of the discrete Fourier transform
registration.>>* The algorithm then identified the size and
location of each microbead, based on its appearances in the
Aem = 430LP filter image, using the Hough transform.3738
Erroneously identified microbeads (e.g., debris, imaging arti-
facts, overlapping microbeads) were excluded based on user
input. Each microbead was then associated with the mean
pixel intensity across its area at each of the four remaining
filter images. For each microbead, the Aer, = 530/10 nm, A, =
530/10 nm, Aem, = 580/10 nm, and A, = 640/10 nm filter image
intensities comprised its intensity profile, while the Ao, =
692/40 nm filter image intensity indicated the fluorescent
secondary probe intensity. In order to identify the microbeads
on the chip, known barcode intensity profiles were first estab-
lished (Supporting Information Figure S9). These profiles were
obtained by imaging all the barcodes—B_H1N1, B_H3N2,
B_H5N1, B_FluB, B_HIV, B_HBV, B_HCV, B_Pos, B_Neg, CB_HIV,
CB_HBV, CB_Pos, and CB_Neg—alone (Table 1) and calculating
the mean filter intensity across all microbeads for each filter.
A microbead's intensity profile was then compared against each
known barcode's intensity profile to identify the barcode of
interest. Specifically, a barcode was classified according to its
type (i.e., synthetic or clinical sample) and highest to lowest
intensities among the filters A¢,, = 530/10 nm, Aer, = 580/10 nm,
and Ae = 640/10 nm. This narrowed the selection down to
either one barcode, in which case the barcode of interest was
identified, or two barcodes. Between the two possibilities, Bhign
(with higher mean intensities) and Bjo, (with lower mean
intensities), a threshold was defined for Bjgw:

Ivarcode = Imean + IstD Q)]

where lparcode 1S the intensity threshold for Biow, fmean is the mean
intensity of Bjow, and Istp is the intensity standard deviation of B,y

This threshold was calculated for the highest intensity
among the three filters ¢, = 530/10 nm, A¢,, = 580/1 nm,
and Aem = 640/10 nm for By, If the highest intensities were
similar in value between By,,, and Bygp, the second highest filter
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intensity was used. With this, if the microbead's corresponding
filter intensity was equal to or lower than lparcode, the barcode
of interest was Bjow; otherwise, Bpign, was chosen. An example
to illustrate the microbead identification process (Supporting
Information Figure S10) follows.

Microbead B is imaged during a synthetic sample multi-
plexing test—thus classified as “synthetic sample”—has an in-
tensity profile of [Ae, = 530/10 nm, Aem = 580/10 nm, Aepy, = 640/
10 nm] = [4, 40, 80], 50 [Aem = 640/10 NM] > [Aem = 580/10 nm] >
[Aem =530/10 nm]. On examination with the set of barcodes used
for synthetic multiplexing (Supporting Information Figure S9a),
B has an intensity profile (i.e., same order of highest to lowest
filter intensities) similar to that of B_Pos and B_Neg. Between
them, B_Neg has the lower mean intensities and thus is chosen as
Biows With its highest filter intensity at [Aen, = 640/10 nm] = 30.50.
Because it is much lower and thus distinguishable from B_Pos
[Aem = 640/10 nm] = 80.35, the intensity threshold is calculated
using B_Neg [Aem = 640/10 nm]:

Ibarcode = Imean +Ist0 = 30.50+6.26 = 36.76

Since B [Aem = 640/10 nm] = 80 is greater than lpacode = 36.76
from B_Neg, B is identified as B_Pos.

We determined whether the analyte of interest is present by
using the intensity values from the A, = 692/40 nm filter, which
isolates the Alexa Fluor 647 secondary probe signal. For the
synthetic sample sensitivity assays, the intensities were used
directly to establish the limit of detection and dynamic range for
the device. However, we used a micobead-counting method
to determine the optical detection of multiplex samples and
clinical samples because we achieve greater accuracy in the
measurement when the measurement is based on a compar-
ison to negative controls. Negative and positive controls are
always required in analyzing complex samples, as these control
samples confirm whether a technique is working as designed.
When we conduct the measurements, we develop a histogram
of the fluorescence intensity from the secondary probe and
compare that signal to those of the negative sample. eq 2
describes this analysis.

Q = (population of barcode whose Aem = 692/40 nm
filter intensity > /,ssy)/(total barcode population)  (2)

That is, the barcodes whose secondary probe intensities were
equal to or above the threshold /sy, defined empirically, were
counted, and a percentage, relative to the barcode's total
population, was calculated. In the case of multiplexed detection
of synthetic blood-borne viral targets (Figure 4), a detection was
considered positive if Q > 30% (i.e., over 30% of said barcode
had secondary probe signals above the threshold). In the case of
amplified mono- and co-infected clinical samples (Figure 5), a
detection was instead considered positive if Q > 3% due to their
overall lower signals.

Statistics and General Methods. All data represent analysis from
at least 100 barcodes to ensure that they are representative of
the experimental conditions studied. The variability in the
number of barcodes analyzed is due to the field of view. In
some cases, there are more microbeads per field of view than
others. Once we analyze >100 barcodes, the measurements
were relatively consistent and did not influence the statistics.
For the detection of monoinfected patient samples, we used
infection-negative subject samples as a negative control, which
is procedurally and clinically more accurate as negative controls
than any other types of samples. To ensure clinical sample
blindness, they were prepared and provided unlabeled by the
collaborators (MJB, MO, and JJF) to the investigators (KM, JK,
and WCWC), who then performed the experiments without
knowledge of the samples' identities. Where statistical tests
were necessary (i.e., comparing the infection-negative subject
groups with the HIV- or HBV-infected subject groups), the two-
sided t-test was used because the data exhibit normal distribu-
tion (e.g., Supporting Information Figure S3).

Human Subjects. The deidentified clinical samples were
obtained from the Toronto Western Hospital Liver Clinic and
St. Michael's Hospital biobank repository. The protocol was
approved by the Research Ethics Board of the University Health
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