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Abstract

The development of nanoparticle-based bioassays is an active and promising area of research,
where point-of-care (POC) diagnostics are one of many prospective applications. Unfortunately,
the majority of nanoparticle-based assays that have been developed to date have failed to address
two important considerations for POC applications: use of instrumentation amenable to POC
settings, and measurement of analytes in biological sample matrices such as serum and whole
blood. To address these considerations, we present design criteria and demonstrate proof-of-
concept for a semiconductor quantum dot (QD)-based assay format that utilizes smartphone
readout for the single-step, Forster resonance energy transfer (FRET)-based detection of
hydrolase activity in serum and whole blood, using thrombin as a model analyte. Important
design criteria for assay development included (i) the size and emission wavelength of the QDs,
which had to balance brightness for smartphone imaging, optical transmission through blood
samples, and FRET efficiency for signaling; (ii) the wavelength of a light-emitting diode (LED)
excitation source, which had to balance transmission through blood and the efficiency of
excitation of QDs; and (iii) the use of an array of paper-in-polydimethylsiloxane (PDMS)-on-
glass sample chips to reproducibly limit the optical path length through blood to ca. 250 ym and
permit multiplexing. Ultimately, CdSe/CdS/ZnS QDs with peak emission at 630 nm were
conjugated with Alexa Fluor 647-labeled peptide substrates for thrombin and immobilized on
paper test strips inside the sample cells. This FRET system was sensitive to thrombin activity,
where the recovery of QD emission with hydrolytic loss of FRET permitted kinetic assays in

buffer, serum and whole blood. Quantitative results were obtained in less than 30 min with a
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limit of detection 18 NIH units mL™" of activity in 12 uL of whole blood. Proof-of-concept for a
competitive binding assay was also demonstrated with the same platform. Overall, this work

demonstrates that the integration of QDs with smartphones and other consumer electronics can
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potentiate bioassays that are highly amenable to future point-of-care diagnostic applications.

Keywords: Quantum dot, Forster resonance energy transfer (FRET), proteolysis, blood, serum,

14 imaging, smartphone.
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Introduction

Semiconductor quantum dots (QDs) are one of many promising nanoparticles for bioanalysis
applications." Advantages of these materials include their excellent brightness, broad absorption
bands, narrow emission bands that can be spectrally tuned as a function of size and composition,
superior resistance to photobleaching, and surface area that is amenable to both chemical and
biological functionalization.”® Although fluorescent dyes and other nanoparticles can sometimes
rival QDs in one of these aspects, the cumulative properties of QDs are a rare combination.
Consequently, QDs have been widely used as labels for cellular imaging and single biomolecule
tracking, encoders for suspension arrays, and probes for biological assays and sensing.®'' The
latter applications, which include a myriad of Forster resonance energy transfer (FRET) probes,
are especially interesting due to the large variety of methods that have been developed and their
potential for in vitro diagnostics.'”>"> While an exciting and promising area of research, current
limitations of these methods include the frequent use of sophisticated laboratory instrumentation,

and infrequent application with clinically relevant biological sample matrices.

In recent years, our group and others have sought to address the foregoing limitations,
particularly the need for sophisticated laboratory instrumentation. Smartphones have emerged as

promising consumer platforms for the optical readout of assays,'*'®

opening the door to
prospective point-of-care diagnostic applications with QDs and other nanoparticles. The Ozcan
Laboratory utilized QDs as fluorescent labels in a sandwich immunoassay for the detection of
Escherichia coli O157:H7 using cell phone imaging,” and our group has previously
demonstrated the use of smartphone imaging for multiplexed, QD-FRET-based detection of
protease activity in solution” and with sample application to paper test strips.”’ These examples
demonstrate the significant potential of smartphone-based assays with QDs and highlight the
need for their continued development. QD-based assays suitable for the direct analysis of
analytes in serum matrices have been developed,” > but represent a small subset of the total
assays that have been developed and have required sophisticated instrumentation. Most other

serum-compatible assays with QDs also use sophisticated instrumentation and further tend to be

heterogeneous formats requiring washing steps.”**’ Consequently, there is a need for assay
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platforms that permit direct, single-step analysis of serum and blood samples, while also utilizing

a smartphone or other mass-produced consumer electronic devices for readout.

Here, we outline design criteria and demonstrate proof-of-concept for an assay format that
utilizes smartphone readout for the single-step, FRET-based detection of hydrolase activity in
serum and whole blood, using thrombin as a model analyte. Thrombin plays a central role in
thrombosis and haemostasis, with implications in many diseases including stroke and myocardial
infarction based on its procoagulant and anticoagulant functions.”® Although this study builds on
our previous work demonstrating smartphone readout of QD-FRET-based test strips for
proteolytic activity”', a near complete redesign of the assay format was required to permit direct
measurements in whole blood. Figure 1 summarizes the new assay format. A sample spot of
immobilized QDs, conjugated with an Alexa Fluor 647 (A647)-labeled peptide substrate,
responds to thrombin activity through loss of FRET between the QD and A647 with recovery of
quenched QD photoluminescence (PL). The reference spot of QD-peptide conjugates is
insensitive to thrombin and serves as an internal standard. The paper test strips are placed inside
cells in a polydimethylsiloxane (PDMS)-on-glass sample chip, illuminated with an array of blue
light-emitting diodes (LEDs), and changes in QD PL are imaged with a smartphone (or other
CMOS camera device) to detect thrombin activity. We also show that the test strips can be
adapted to a competitive binding FRET-assay format, such that the assay format may have
potential utility beyond assays for the activity of proteases or other hydrolases. Each non-
smartphone component of this assay format was carefully designed or optimized to enable
measurements in whole blood, including the LED illumination, the QD-dye FRET pair, the paper
test strips, and the PDMS sample chip. To the best of our knowledge, neither smartphone-based
assays with QDs nor QD-FRET assays on other instrument platforms have been demonstrated
previously with whole blood samples. Overall, this study shows how consumer electronics and
QDs can be integrated to permit assays in serum and whole blood in a format that will ultimately

be suitable for many point-of-care diagnostic applications.
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Figure 1. (A) Design of paper test strips to measure thrombin activity via FRET with immobilized QD
donors and A647 acceptor dye-labeled peptide substrates containing a cleavage site recognized by
thrombin. The average number of peptides per QD is indicated (10x, 20x). Protease activity was
measured through the recovery QD PL with loss of FRET. (B) Paper test strips with sample and reference
spots of immobilized QD-peptide conjugates were (i) enclosed within PDMS/glass sample cells that were
then (ii) filled with a biological sample matrix such as serum, diluted blood or whole blood. Note the
opacity of the whole blood. (C) Photograph of the setup used for smartphone readout of QD-FRET test
strip assays with serum and blood samples. The inset shows the setup with the LED470 illuminating the
PDMS/glass sample chip.
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Experimental Section

Detailed experimental methods can be found in the Electronic Supplementary Information (ESI).

Materials
CdSe/CdS/ZnS core/shell/shell QDs with PL emission maxima at 630 nm and 650 nm (QD630

-3 and made water-soluble

and QD650, respectively) were synthesized using standard methods
by coating with glutathione (GSH) ligands as described previously.” A peptide (Bio-Synthesis
Inc., Lewisville, TX) with the amino acid sequence H.SP(GSDGNESGLVPRGSGC was labeled
with Alexa Fluor 647-maleimide (Life Technologies, Carlsbad, CA, USA) as described
previously’' (see SI for details), and is abbreviated as Sub(A647). A second peptide (denoted as
Pep throughout the manuscript) was used to prepare QD conjugates for reference spots (vide
infra). This peptide had the amino acid sequence H,;SP,SGNLGNDSGWDSGNDSGN and was
unlabeled. Human alpha-thrombin was from Haematologic Technologies (Essex Junction, VT,

USA), bovine serum (adult) was from Sigma-Aldrich (Oakville, ON, Canada), and defibrinated

bovine blood was from Hemostat Laboratories (Dixon, CA, USA).

Preparation of paper substrates

Cellulose filter paper (Whatman, grade 4) was oxidized with 100 mM NalO, (agq), washed
successively with water, methanol, and dichloromethane, dried in vacuo overnight, then reacted
with N-(2-aminoethyl)-5-(1,2-dithiolan-3-yl)pentanamide in dichloromethane, as described
previously.”' The modified paper was further reduced with 50 mM NaCNBH; (ag), washed with
water, dried, and stored at —20 °C until needed. Prior to use, the modified paper was cut to the
desired size (2 x 6 mm) with a paper punch (Recollections™, Michaels Stores, Inc., Irving, TX,
USA). These paper strips were treated with 50 mM NaBH, (ag) for 1-2 h to reduce disulfide
groups, and then washed successively with water and ammonium acetate buffer (100 mM, pH
4.5). Excess buffer was removed from the paper substrates with an adsorbent pad, and the
substrates were dried in air for 5 min. QD-peptide conjugates were prepared by self-assembly
with a 1:10 QD:Sub(A647) ratio at a final QD concentration of 4.0 uM (see SI for details). A
0.5 uLL aliquot of QD-Sub(A647) conjugates was directly spotted on one end of the paper

substrates. Similarly, reference spots were deposited on the opposite end of paper substrates by
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spotting 0.5 uLL of QD-Pep conjugate prepared with a 1:20 ratio and at a final QD concentration
of 1.0 uM. Substrates were then incubated in a humid chamber for 5-10 min, washed with borate

buffer (5 mM, pH 9.2), and dried in the dark.

Enzyme assays and image acquisition

Dilutions of human alpha-thrombin (stock solution: 22000-26000 NIH units mL™" specific
activity) were prepared in borate buffer (50 mM, pH 8.5), bovine serum, or bovine blood at final
activities between 7.6-480 NIH units mL™". Proteolytic activity was monitored by adding 12 uL
of these thrombin samples to PDMS-on-glass cells containing paper substrates. QD PL was
excited using an LED light source (470 nm emission; LED470) and images were acquired at 30 s
intervals for 30 min using either (i) an iPhone 5S (Apple, Cupertino, CA) with the Lapse It Pro
app (Interactive Universe), or (ii) a USB digital monochrome camera (DCC1545, Thorlabs, NJ,
USA) with micro-Manager software.”” Images were processed using Image J software (NIH,
Bethesda, MD, USA). A bandpass filter (624/40; Chroma, Bellows Falls, VT, USA) was placed
prior to the detector to block stray LED light. The setup is shown in Figure 1C, and schematics

of the chip and detailed methods of image and data analysis are available in the SI.

Results

Assay design: selection of QDs

As noted in the Introduction, several FRET-based assays with QDs have been developed for
measuring proteolytic activity and other analytes, but have been rarely utilized with crude
samples of biological fluids. Here, the challenge was to adapt the basic QD-FRET assay format
to measurements in serum and blood while using low-cost LEDs (< $1) and a smartphone or
other CMOS camera for readout. It was important to use a readout format that was amenable to
point-of-care settings, as that is where crude biological fluids are most likely to be assayed. As
shown in Figure 2, blood exhibits strong absorption and scattering across most of the UV-visible
spectrum, with the greatest optical transmission in the red and near-infrared (NIR) regions of the
spectrum. For this reason, and recognizing that smartphones and most other consumer CMOS
devices contain a built-in IR-blocking filter, we evaluated CdSe/CdS/ZnS QDs with red emission

for assaying proteolytic activity in serum and blood.
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Figure 2. Spectra showing the absorption of a blood sample, the absorption (dashed line) and emission
(solid line) spectra associated with the QD630-A647 FRET pair, and the emission spectrum of the
LED470 excitation source. The fluorescence spectra are normalized for easy comparison. The
absorbance spectra were measured for the following solutions: 0.27 yM QD630, 4.0 uM A647, and 0.05%
v/v blood (1 cm path length). The transmission spectrum of a 624/40 bandpass filter used to isolate QD
emission prior to the smartphone camera is also shown.

As shown in Figure 3A, two candidate QDs had emission centered at 630 nm (QD630) and
650 nm (QD650). It was necessary to consider their excitation, emission, and FRET signaling
properties. The emission intensities from QD630 and QD650 spiked into serum and blood at
equal concentrations were first compared, as a function of excitation wavelength, to those in a
simple buffer solution, using a monochromator-based fluorescence plate reader. Figure 3B shows
that the QD emission intensities decreased by ca. 15-45% in serum and by ca. 82-98% in whole
blood. The QD630 and QD650 had quantum yields of 0.77 and 0.25, respectively; however, the
larger molar absorption coefficient of QD650 (dashed lines, Figure 3B) led to better overall
brightness, and the longer emission wavelength of the QD650 provided slightly better retention
of signal in serum and blood for excitation wavelengths between 350-570 nm. In buffer samples,
a 1.4-fold higher signal was observed from the QD650 via smartphone imaging with optimized
bandpass filters (624/40 and 650/40 for QD630 and QD650, respectively, where the numbers
indicate the center wavelength/bandwidth for transmission). The impact of the built-in IR filter
associated with the smartphone camera was evident as the QD650 was 2.8-fold brighter than the

QD630 when measured with a fluorescence plate reader.
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Figure 3. (A) Variation in the intensity of the QD630 and QD650 PL spectra as a function of sample
matrix (excitation at 470 nm). (B) Excitation wavelength-dependent attenuation of the QD630 and QD650
PL in serum and whole blood (solid lines). The wavelength-dependent molar absorption coefficients of
QD630 and QD650 are also shown (dashed lines). These measurements were done with a fluorescence
plate reader.

In addition to brightness, another important consideration was FRET for signaling proteolysis.
We paired QD630 with Alexa Fluor 647 (A647) and QD650 with Alexa Fluor 680 (A680). The
absorption and emission spectra, and the spectral overlap integrals for each QD-dye FRET pair
can be found in the SI (Figure S5, Table S6). The Forster distances for the QD630-A647 and
QD650-A680 FRET pairs were 7.8 nm and 6.2 nm, respectively. Figure 4A shows that when
QDs in bulk solution were assembled with increasing amounts of acceptor dye-labeled peptide
substrate, Sub(A647) or Sub(A680), and energy transfer was measured in a fluorescence plate
reader, the QD630-A647 pair was observed to be a more efficient FRET system. After correction
for the Poisson distribution of acceptors per QD,” the QD630-FRET efficiency exceeded 70%
with 20 acceptors per QD versus < 20% efficiency for the QD650-A680 (see also Figure S6).
This result was consistent with the smaller Forster distance for the QD650-A680 FRET pair and
the larger radius of the QD650 (~3.6 nm versus ~2.6 nm for QD630), which increased the
effective donor-acceptor separation distance. Despite the somewhat superior brightness of the

QD650, the greater FRET efficiencies associated with the QD630-A647 FRET pair and the only
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somewhat better brightness of the QD650 (40% with smartphone imaging) made QD630 the
preferred QD material, particularly since FRET efficiency is a key determinant of assay
sensitivity. The absorption and emission spectra associated with the QD630-A647 FRET pair are

shown in Figure 2.
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Figure 4. (A) Comparison of FRET efficiency between the QD630-A647 and QD650-A680 FRET pairs in
bulk solution, measured with a fluorescence plate reader (open circles) and corrected from the Poisson
distribution of acceptors per QD (closed circles). (B) PL spectra of paper-immobilized QD-peptide
conjugates. The inset shows extent of QD PL quenching as a function of the number of acceptors,
measured from spectra acquired with fluorescence plate reader (open circles) and digital images acquired
with smartphone (closed circles).

Assay design: immobilization, reference spot, and PDMS sample chip

As Figure 1 illustrates, spots of substrate QD-peptide conjugates, QD630-Sub(A647), were
immobilized on paper test strips alongside spots of non-substrate QD-peptide conjugates,
QD630-Pep. Typical spot sizes were 2 x 2.5 mm. The spots of QD630-Sub(A647) were sensitive
to thrombin activity by virtue of the LVPRGS amino acid sequence in the substrate peptide.
Figure 4B shows that assembly of an average of 10 Sub(A647) acceptors per QD630 resulted in
ca. 70% PL quenching when immobilized on the paper test strip. The same conjugates in bulk

solution exhibited ca. 50% PL quenching, which is consistent with our previous observation of

10
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enhanced FRET efficiencies when QDs are immobilized within a paper matrix.’* Recovery of
QD630 PL from the sample spot was expected with thrombin activity and the resultant loss of
FRET. Reference spots had unquenched QD PL that was, to a first approximation, insensitive to
thrombin activity. These spots were used for ratiometric data analysis to mitigate fluctuations in
excitation intensity, non-uniform illumination, and variations in PL collection efficiency. Sample
spots contained 20 pmol of QD630 and 200 pmol of Sub(A647), whereas reference spots
contained 5 pmol of QD630 and 100 pmol of Pep. The difference in the amount of QD630
between the sample and reference spots was necessary to ensure that QD PL intensity from both
spots was within the dynamic range of digital images acquired with the smartphone (or other

CMOS camera device).

In the case of blood samples, and despite our efforts to optimize the selection of QDs, the biggest
determinant of the observed QD PL signal was the path length through the blood. The maximum
signal was observed for a path length of 250-300 um, which was the shortest length we could
control and also the most relevant to the assay format because paper test strips had a thickness of
ca. 200 um. For path lengths of 1.2 mm and 450 ym, 80% and 50% reductions of QD630 PL,
respectively, were observed relative to the shortest path length (see Figure S8). Given the
foregoing, we placed the paper test strips within 4 x 9 x 0.25 mm PDMS cells (see Figure 1B) on
a glass chip. Each cell required only 12 uL of sample, minimized drying of the sample during
analysis, and ensured a reproducibly short path length (ca. 250 ym). This format was suitable for

the analysis of buffer, serum, 50% blood, and whole blood samples.

Assay design: readout platform

An array of 5 mm (T-1 %) LEDs was chosen to illuminate the sample chip and excite QD PL
because of the compact size, low-cost, low-power requirements, and relatively wide illumination
area of LEDs. To select the optimum LED for assays in whole blood, we evaluated a variety of
LED types and colors that were potentially suitable for excitation of QD630 (peak emission
wavelengths within the range from ca. 385-585 nm; see Table S7). Important considerations
included the brightness of an LED, the molar absorption coefficient of the QD630 and the optical
density of blood at the LED emission wavelength, and crosstalk between the long-wavelength

tail of the LED emission and the QD630 PL. From the standpoint of the QD630, UV (385 nm)

11
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and violet (405 nm) LEDs were ideal because these wavelengths corresponded to the highest
molar absorption coefficients, were spectrally well-separated from the QD630 emission, and had
been used effectively in previous studies with QDs.*"** Unfortunately, it is in this spectral region
that serum and blood most strongly attenuated light. At longer wavelengths, yellow (565, 585
nm) and orange (605 nm) LEDs were found to have relatively low brightness that, when
combined with the lower light absorption by the QD630 at these wavelengths, were poorly suited
for measurements. Moreover, a significant issue was very large crosstalk with the QD630 PL
from the red tail of the LED emission. Blue (470 nm) and green (500, 510, 525 nm) LEDs were
found to be a good compromise between maximizing excitation of the QDs and maximizing
transmission through blood samples, and were available with very bright emission. A blue LED
(LED470) was ultimately found to be optimum because green LEDs had significantly greater
crosstalk with QD630 PL, less efficient excitation of the QD630, and lower brightness (see Table
S7). The emission spectrum of the LED470 is shown in Figure 2 relative to the absorption

spectrum of blood, as well as the absorption and emission spectra of the QD630.

To detect QD630 PL, either (i) a smartphone (iPhone 5S) camera or (ii) a compact, monochrome
USB-CMOS camera was used. A trans-illumination configuration was adopted for excitation and
readout of QD PL with the LEDs and smartphone (or USB-CMOS camera), as shown in Figure 1
(or Figure S3). When compared to an epi-illumination configuration, the trans-illumination
configuration had a lower stray light and scattering background with blood samples. The open
space between the sample chip and detector was also more convenient for adding samples to the
chip and running assays. Pulsed LED illumination was synched with image acquisition and used
to minimize effects such as photobrightening of the QD630 and photobleaching of the A647,

which were observed with time under continuous illumination.

Thrombin assays

Samples containing various activities of thrombin (7.6-480 NIH units mL™") were added to cells
in the sample chip, where each cell contained a paper test strip with substrate and reference spots
of QD-peptide conjugates. Changes in QD630 PL were monitored over time with either
smartphone or USB-CMOS camera imaging. Buffer, serum and blood samples were tested.

Mean spot intensities from reference and sample spots, measured via images, were used to

12
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calculate a signal ratio (see SI, Eqn. S5) that helped account for fluctuations and differences in
illumination intensity between sample cells in the chip. A blank sample (i.e. sample and
reference spot exposed to sample matrix only) was measured in parallel and used to normalize
data (Eqn. S6) to account for non-proteolytic changes (see Figure S10 for examples of raw data).
Smartphone imaging-derived progress curves for the digestion of Sub(A647) by increasing
activities of thrombin are shown in Figure 5 as a function of the normalized QD PL intensity.
The progress curves were reduced to average hydrolysis rates for quantitative analysis (see SI for
details). Some adjustment of acquisition parameters (e.g., LED intensity, camera exposure; see
Table S4) was necessary for assaying different sample matrices. The average rates obtained from
progress curves were used for quantification of thrombin in the sample. For smartphone readout,
Figure 5, the limit of detection (defined as three standard deviations above the average rate
calculated for progress curves for negative controls samples) was ca. 12 NIH units mL™" for
thrombin in buffer and serum, and ca. 18 NIH units mL™" for whole blood assays. Assays with
the USB-CMOS camera readout yielded results that were similar to analogous assays with
smartphone readout (see Figure S11). A set of blind assays was also done to confirm that
calibrations of the type in Figure 5 (and Figure S11) could be used to determine unknown
thrombin activities. Table 1 summarizes these results and, within the experimental uncertainty,
shows good agreement between spiked thrombin activities (unknown to the assayer) and those
determined from QD PL measurements and calibration data. Notably, the precision and accuracy
decrease as the thrombin activity increases and the rate of hydrolysis of Sub(A647) increases;
however, this limitation is common to all rate-based enzymatic activity assays and is not unique

to the readout format.

13
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Figure 5. Normalized progress curves for thrombin activity in (A) buffer, (B) serum, and (C) whole blood
samples, measured via smartphone imaging. Representative smartphone images are shown for three
points in the assays: prior to the addition of sample, immediately after adding sample, and after 30 min. In
each image, the spiked thrombin activities were (i) 0, (i) 15.1 NIH U mL™", (iii) 30.3 NIH U mL™", (iv) 121
NIH U mL™", (v) 242 NIH U mL™", and (vi) 484 NIH U mL™".
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Table 1. Results of blind assays for thrombin in whole blood.

Blind Activity of Thrombin (NIH U mL™") Relative
Sample Measured Spiked Error (%)
1 154 = 34 157 1.9
2 96+ 8 97 1.0
3 348 = 85 291 20

Competitive binding assays

While activity-based assays for thrombin are analytically important,”

there are many other
prospective protein analytes in blood, many of which are not hydrolase enzymes. We therefore
tested a competitive binding assay format using the biotin-streptavidin interaction as a model
system. As shown in the ESI (Figure S13), detection of streptavidin in 50% blood was possible at
levels between 200 nM-10 uM. It should be possible to use this assay format with other more
interesting protein analytes by substituting biotin with ligands for those proteins. Although
preliminary, these results suggest that that QD-FRET signaling and LED/smartphone readout

have the potential for broader applicability than hydrolase assays.

Discussion

There is a need for assay methods that can be applied directly in serum and, more ideally, whole
blood, particularly in the context of point-of-care diagnostics. Among other criteria, these point-
of-care diagnostics require simple and accessible platforms for readout of assays.”” **
Smartphones are highly promising candidates for assay readout because of their multitude of
features, including high-quality built-in cameras, excellent storage capacity, wireless
communication (LTE, WiFi, Bluetooth), and software applications (apps). Importantly,
smartphones are also ubiquitous with more than 61% of mobile subscribers owning smartphones
in the US (with similar ownership statistics in Canada and Europe).” Smartphone imaging can

also generate quantitative data from diagnostic tests that have typically been qualitative (e.g.,

colorimetric assays). Here, we have shown that careful integration of quantum dots with

15
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smartphone imaging can offer direct, single-step and quantitative fluorescence-based detection of

analytes in whole blood, in a manner that is very amenable to point-of-care applications.

Two of the major challenges faced in this work were the physical and chemical properties of
whole blood. Physically, blood is a strongly absorbing, strongly scattering and autofluorescent
sample matrix, often resulting in poor sensitivity in optical assays. Oxy-hemoglobin has
absorption peaks centered at 541 and 577 nm, deoxyhemoglobin has an absorption peak at
555 nm, and both have strong UV absorption.*”*' NAD(P)H, vitamins A and B6, collagens, folic
acid, and cholecalciferol fluoresce in the 300-450 nm region, and porphyrins fluoresce at 500 nm
and 630 nm.* Blood cells are also good light scatterers.”” Given these optical interferences,
bright fluorophores with emission in the red or NIR region of the spectrum are typically used for
measurement of blood and tissue specimens.”* Although, NIR wavelengths are most common
and best suited to these measurements, this utility must be balanced against technical
requirements in the context of prospective point-of-care diagnostics. Mass produced consumer
smartphones are an ideal platform for measurements; however, their built-in IR filters preclude
measurement of NIR fluorescence without custom modifications. It was for this reason that we
evaluated the utility of red-emitting QDs with emission maxima centered at 630 and 650 nm
rather than NIR QDs. The advantages of using QDs for smartphone-based fluorescence
measurements include (i) their excellent brightness, which is better than that of most fluorescent
dyes; (ii) the ability to tune their narrow emission spectra to align with the transmission bands of
the built-in color filters of CMOS camera chips; and (iii) their broad absorption spectra, which
can afford excellent spectral separation between excitation and emission and permit the use of

light sources such as LEDs without problematic crosstalk.

Chemically, blood is a very complex sample matrix with relatively high ionic strength, a high
concentration of proteins, and a multitude of small molecules. These components all have the
potential to affect the properties of nanoparticles or compromise their colloidal stability.
Immobilization of QDs on a paper substrate or “test strip” avoids problems with colloidal
stability because the QDs are physically prevented from aggregating. Another potential challenge
with blood samples is the non-specific adsorption of albumin, other proteins, cells, and other

biological materials on the surface of the immobilized QDs. In this work, it appears that
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immobilization of the QDs, in combination with a glutathione ligand coating and self-assembled
peptides, mitigated non-specific adsorption to a degree that proteolysis (or biotin-streptavidin
binding) remained possible. The immobilization format is also better suited for storage than QDs
in bulk solution. Shelf life is an important consideration for prospective point-of-care use, and
future work will need to address the long-term stability of our assay format. Additionally,
immobilization can improve signal magnitudes because the QDs remain concentrated in a
defined zone and are not diluted by the addition of biological sample. Our use of paper as an
immobilization substrate was also advantageous because the porous, three-dimensional network
of cellulose fibers allowed for immobilization of QDs at effective densities of ca. 4 pmol cm™,
which improves signal levels when compared to immobilization on a substrate that only
accommodates a monolayer of immobilized QDs (e.g., glass substrates, where ca. 0.8 pmol cm™
are immobilized).* This consideration is especially important when minimizing the technical
requirements for readout, such as by using low-power LEDs as an excitation source and a

smartphone camera for detection of emission.

The benefits of using LEDs as excitation sources are their compact size, low-cost, several
choices for excitation wavelength (i.e. color), and a relatively large area of illumination, the latter
of which permits analysis of multiple samples simultaneously (whether for multiplexing or
inclusion of control samples). Although laser diodes could provide more intense and
monochromatic excitation, the small illumination area is not conducive to array-based
multiplexing, and both unit cost and power consumption are greater. Nonetheless, LED
illumination is not without its challenges; for example, our method had to compensate for non-
uniform illumination of the sample chip, as well as temporal variation in LED intensity. We
previously demonstrated that the ratiometric detection of FRET in the red and green channels of
smartphone images can effectively mitigate variations in excitation intensity;”' however, the
requisite green fluorescence and violet excitation are poorly suited for a sample matrix of blood.
The concept of a ratiometric or referenced measurement was therefore implemented in our
present study using a two-spot system: (i) a sample spot that responded to our analyte; and (ii) a

reference spot that was insensitive to the presence of analyte.
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While all of the considerations discussed above were important for detection in whole blood, the
optical path length through the blood remained one of the most critical factors. It was this reason
that we designed a disposable PDMS/glass chip with sample cells that housed paper test strips
and provided a well-controlled optical path length of ca. 250 ym. Application of a drop of blood
on test strips resulted in a much greater path length (millimeters) that significantly reduced
signals. The chip and sample cells also offered greater containment of blood samples. Notably,
the PDMS component was molded on a machined template and did not require lithographic
techniques or a cleanroom. All of the components of this prototype system were low-cost and
either easily obtained or easily fabricated. The recent increase in the availability of low-cost,
desktop 3D printing will ultimately support further optimization, refinement and manufacturing

of the non-optical components of our prototype system.

Considering the assay chemistry, the QD-FRET format was advantageous because no washing
step was required, and the only manipulation was to add samples to a pre-prepared chip. This
capability would not be possible with colormetric assays, and most other non-QD fluorescent
materials are not as suitable for integration with LED excitation and smartphone readout because
of their lower brightness and small Stokes shifts. Although not all assays will be compatible with
a FRET format, we have presented preliminary data that suggests a competitive assay format is
viable, thus representing a potential means for the FRET detection of non-hydrolase proteins
through affinity rather than activity. Another binding assay format that could also be utilized is
displacement of an A647-labeled oligonucleotide from an immobilized aptamer (e.g., thrombin
binding aptamer), which is a strategy that has been shown to be effective in a variety of
formats.*>*” Moreover, a multitude of different FRET-based assays have been cataloged in the
literature for a wide variety of analytes, and many of these assays will be adaptable to our
platform.” Here, the activity of human thrombin was used as a model bloodborne analyte of
biomedical importance.” ** It was spiked into bovine blood samples that did not have
appreciable native thrombin activity as prepared, and was useful for demonstrating that a
disposable test chip, QDs and FRET could be integrated to enable single-step bioassays in whole
blood, using a smartphone readout platform amenable to point-of-care diagnostic applications.
The sensitivity of the assay to thrombin activity distinguishes it from other assay formats that are

sensitive only to thrombin concentration (e.g., lateral flow strips*). It should be noted, however,
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that the thrombin assay does not represent the full scope of possibilities with this general assay
platform, nor does it represent the best possible analytical performance that will be obtainable

with further optimization.

Conclusions

We have shown that the integration of QDs, FRET and smartphone imaging with a paper-in-
PDMS chip is a viable and easily accessible platform for quantitative, single-step bioassays in
serum and whole blood. Although further engineering and optimization is possible, the assay
format and prototype design is highly amenable to point-of-care diagnostic settings because of its
portability and the use of mass-produced, low-power consumer components. The major
challenge overcome in this study was the optical properties of whole blood, which imposed
significant design restrictions. Our final assay design included the following components: (i) a
QD630-A647 FRET pair, which achieved a compromise between transmission of QD PL
through blood and FRET-based signal changes upon proteolysis; (ii) a paper test strip with
reference and sample spots of QDs, which permitted localization of PL signals and ratiometric
measurements; (iii) a disposable PDMS/glass sample chip, which controlled the optical path
length through blood and facilitated multiplexing; and (iv) an LED470 excitation source that
balanced brightness, transmission through blood, and minimization of crosstalk with QD630 PL.
The successful integration of these components was demonstrated with QD-FRET assays for
thrombin activity in 12 pL of serum and whole blood, with detection limits of 12 and 18 NIH
units mL™", respectively. The assay platform will also be applicable with the wide range of QD-
FRET methods available for the detection other analytes, as demonstrated through a mock
competitive binding assay. Overall, the optical properties of QDs provide new opportunities for
future point-of-care diagnostics by permitting single-step, FRET-based assays in serum and

whole blood with smartphone readout.
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