Downloaded via Katsuo Kurabayashi on May 3, 2021 at 15:01:14 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Www.acsnano.org

Few-Layer MoS, Photodetector Arrays for
Ultrasensitive On-Chip Enzymatic Colorimetric
Analysis

Younggeun Park,®" Byunghoon Ryu,” Seung Jun Ki, Brendan McCracken, Amanda Pennington,
Kevin R. Ward, Xiaogan Liang,* and Katsuo Kurabayashi*

Cite This: ACS Nano 2021, 15, 7722-7734 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Enzymatic colorimetric analysis of metabolites

provides signatures of energy conversion and biosynthesis Analyte :{;2

associated with disease onsets and progressions. Miniaturized u%u hv \"“"9 /

photodetectors based on emerging two-dimensional transition : )

metal dichalcogenides (TMDCs) promise to advance point-of-care (I Enzyme

diagnosis employing highly sensitive enzymatic colorimetric
detection. Reducing diagnosis costs requires a batched multi-
sample assay. The construction of few-layer TMDC photodetector
arrays with consistent performance is imperative to realize optical
signal detection for a miniature batched multisample enzymatic
colorimetric assay. However, few studies have promoted an optical
reader with TMDC photodetector arrays for on-chip operation.
Here, we constructed 4 X 4 pixel arrays of miniaturized molybdenum disulfide (MoS,) photodetectors and integrated them
with microfluidic enzyme reaction chambers to create an optoelectronic biosensor chip device. The fabricated device allowed
us to achieve arrayed on-chip enzymatic colorimetric detection of p-lactate, a blood biomarker signifying the bacterial
translocation from the intestine, with a limit of detection that is 1000-fold smaller than the clinical baseline, a 10 min assay
time, high selectivity, and reasonably small variability across the entire arrays. The enzyme (Ez)/MoS, optoelectronic
biosensor unit consistently detected p-lactate in clinically important biofluids, such as saliva, urine, plasma, and serum of swine
and humans with a wide detection range (10°—10° gg/mL). Furthermore, the biosensor enabled us to show that high serum
D-lactate levels are associated with the symptoms of systemic infection and inflammation. The lensless, optical waveguide-free
device architecture should readily facilitate development of a monolithically integrated hand-held module for timely, cost-
effective diagnosis of metabolic disorders in near-patient settings.

KEYWORDS: enzymatic colorimetric analysis, multiarray assay, MoS,, photodetector array, point-of-care, D-lactate, metabolic acidosis

etabolomics work has identified biomarkers that can as well as neonatal necrotizing enterocolitis due to reduced
specifically distinguish different disease types, perfusion of the intestine, resulting in bacterial trans-
stages, progressions, and overall patient survival location."”'* As such, rapid detection of D-lactate near the
rates.”” A promising strategy to determine disease presence patient allows clinicians to intervene in life-threatening

and progression is to analyze specific changes of target
metabolites in biofluids of the body.” ® p-Lactate has gained
much attention as an important metabolite biomarker due to
its association with short bowel syndromes leading to severe
metabolic acidosis, where overproduction of Dp-lactate causes
neurological symptoms, including altered mental status,
memory deficits, slurred speech, confusion, disorientation,
abnormal gait, problems with muscle coordination, and even
coma.””"" p-Lactate is produced by fermentative bacteria in
the gastrointestinal tract, such as lactobacilli and bifidobac-
teria.'” Plasma p-lactate is potentially an early predictor of
septic shock and shown to be a promising biomarker of sepsis

illnesses and metabolic disorders in a timely manner.
Furthermore, lactates in the human body exist in both 1- and
D-isomeric forms, which are produced by different metabolic
pathways. Compared to D-lactate, L-lactate is more abundantly
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Figure 1. Device architecture for on-chip enzymatic colorimetric analysis. (a) Schematic of the integrated enzymatic colorimetric biosensor
chip with 4 X 4 MoS, photodetector arrays (scale bar = 0.5 mm). (b) Single biosensor unit at each pixel. The unit has an integrated structure
consisting of (i) a SiO, substrate supporting a PDMS microfluidic chamber whose bottom layer is optically transparent and covered with an
immobilized enzyme film (Ez chamber substrate), (ii) an intermediate air gap, (iii) Au source and drain microelectrodes, and (iv) a SiO,/Si
substrate with a patterned few-layer 2D MoS, photodetector channel (optical reader substrate). The Ez chamber substrate is replaceable for
repeated measurements of different samples. (c) Cross-section of the single biosensor unit in (b). The platform structures provided by the
microelectrodes allow the air gap to be formed between the bottom of the Ez chamber substrate and the MoS, photodetector channel. The
optoelectronic transduction does not require any special optical components (e.g., lens and waveguides) to feed the optical signal from the
Ez chamber to the MoS, channel. The air gap provides a physical separation to block electrical interferences from the aqueous sample

solution in the Ez chamber to the MoS, channel.

produced by the metabolic function of all normal mammalian
cells.">'® The concentration of L-lactate in serum (~100.0 ug/
mL) is approximately 100 times higher than that of p-lactate
(0.5—2 pg/mL)."” In testing a typical blood sample containing
both isomers, selective detection of the time variation of low-
abundant p-lactate is critical to monitor the progress of disease
development.”® In addition, continuous monitoring of the
patient’s D-lactate level would require a highly sensitive
methodology that permits frequent assays by handling a
small sample volume.

Traditional methods commonly used for lactate analysis
include high-performance liquid chromatography (HPLC),"
ﬂuorometry,19 magnetic resonance spectroscopy, and
enzymatic colorimetric analysis.'»*"** Although these methods
provide quantitative results with high sensitivity, they are only
suited for use in clinical laboratories, requiring complicated
sample pretreatment, expensive machines, and trained human
resources. Simplifying the optical setup for miniaturized point-
of-care colorimetric analysis of p-lactate with a conventional
approach would suffer from limited sensitivity and instrumen-
tal flexibility. In recent years, the research community has seen
emerging approaches for rapidly monitoring low-abundance
biomolecules, which employ nanobiosensing methods such as
surface plasmon resonance,”””* surface-enhanced Raman
scatterin%,zs’% and plasmonic enzyme-linked immunosorbent
assay.”’~*” However, these methods still require large-volume
off-chip optical signal detection setups operated by means of
complicated principles of physics and chemistry, and they also
require long sample preparation steps especially for clinical
sample tests. Atomically layered two-dimensional (2D)
transition metal dichalcogenides (TMDCs), such as molybde-
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num disulfide (MoS,), tungsten diselenide (WSe,), and
tungsten disulfide (WS,), have recently garnered attention as
promising photoconducting materials to create high-perform-
ance photodetectors and other relevant nanoelectronic
devices.”* > These 2D semiconducting devices possess
nano- to microscale dimensions, superior electronic and
optical properties, low power requirements, and compatibility
with planar nanofabrication processes. Of particular note is
that the charge transport characteristics of MoS, photo-
conducting channels are highly sensitive to optical stimuli with
fast response speed and low internal electrical noise level,**~*°
which would be highly desirable to realize TMDC-based high-
performance miniaturized colorimetric nanobiosensing.

Here, we demonstrate sensitive and rapid on-chip
quantification of p-lactate using 4 X 4 arrays of ultrasensitive
integrated photodetectors comprising MoS, photoconducting
channels patterned beneath microfluidic reactor chambers.
These microfluidic chambers have a bottom layer coated with
an enzyme (Ez) film and serve as enzymatic reactor chambers
(Ez chambers). According to the nanoplasmonic biosensor/
MoS, photodetector integration approach in our latest
studies,’®*” the system architecture using an air gap between
the reactor and the MoS, photodetector is designed to avoid
electrical interference due to physical interaction between an
aqueous biofluid and the active region of few-layer MoS,
channels. A change in the transmission of illumination light
through each Ez chamber is induced by colorimetric enzyme
reaction and directly measured by the underlying MoS,
photodetector pixel. The area size of the photodetector pixel
is very small (~20 X 20 ym?*) as compared to that of the Ez
chamber (750 ym in radius). This feature eliminates the need
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Figure 2. Few-layer MoS,photodetector arrays and their optoelectronic characteristics. (a) Schematic of photoconduction in the MoS,
photodetector pixel under light illumination at A = 450 nm. (b) Optical images of the MoS, layer deposited on the optical reader substrate
(top; scale bar = 1 pm), the MoS, photodetector pixel (middle; scale bar = 10 gm), and the 4 X 4 Ez chamber arrays (bottom; scale bar =
800 um). The single-colored surface indicates the uniform thickness of the MoS$, layer. (c) (i) Atomic force microscopy (AFM) image of one
of the 4 X 4 MoS, photodetector channels patterned on the optical reader substrate (scale bar = 2 pm); (ii) transmission electron
microscopy (TEM) image for a representative synthesized MoS, sheet (scale bar = 2 nm). The colored region represents the cross-section of
the sheet. (d) Raman spectrum of the 4 X 4 MoS, channels (16 pixels). (e) Drain—source current (I ) measured for the 4 X 4 MoS,
channels as a function of drain voltage (V) varying from 0 to 1 V under light illumination (A = 450 nm and P = 0.5 mW). (f)
Photoresponsivity of the 4 X 4 MoS, channels at A = 450 nm and V;, = 1 V. (g) Photocurrent (Iph) response of the MoS, channel to repeated
ON/OFF laser illumination (A = 450 nm and P = 0.5 mW) cycles.

for stringent optical alignment and optical coupling with lenses fabricated MoS, photodetector array (dubbed as optical reader
or waveguides. Despite the simple, optical component-free substrate), an upper SiO, layer (dubbed as Ez chamber
integration scheme, our device is able to quantify p-lactate in a substrate), and a reactor chamber array aligned to the
sample of 2.5 yL with a sample-to-answer time of 10 min and a photodetector array. The biosensor unit at each array pixel
limit of detection (LOD) as small as 0.51 X 107 ug/mL, consists of a reactor chamber built on the Ez chamber
which is more than 1000 times lower than the clinical baseline, substrate that is coated with an enzyme layer as well as a MoS,
. 3740 iy
at a power consumption of 1-50 uW. In addition, the photodetector on the underlying optical reader substrate
selective enzyme reaction in the Ez chamber allows our assay (Figure la and b). In the integrated device architecture, the
to distinguish D-lactate from its isomer, L-lactate, in a wide chamber substrate and the optical reader substrate are
range of concentrations. We also have demonstrated that the assembled with an intermediate gap of air between them

integrated optoelectronic biosensor can yield comparable
detection signals in saliva, urine, and serum of humans and
swine. Further study with clinical human samples indicates that
D-lactate can be a potential biomarker for sepsis. Our
miniaturized Ez/MoS, optoelectronic colorimetric biosensor
platform could be further leveraged to serve as a diagnostic
device with high-throughput testing and highly sensitive
nanosensing capabilities for point-of-care disease screening
and monitoring.

(Figure 1c). This air gap effectively prevents the short-
circuiting and electron transfer in MoS, photoconducting
channels caused by the redox reaction of a liquid-phased
sample. As such, p-lactate oxidation by Ez (e.g, D-lactate
dehydrogenases) is the only factor that triggers the photo-
electric response in a MoS, photodetector in response to the
presence of D-lactate in the sample solution loaded to the Ez
chamber. Here, the MoS, photodetector is sensitive to the
optical stimuli at wavelengths ranging from 400 to 650 nm and
suitable for D-lactate detection. The highly efficient charge
separation and transport in the few-layer MoS, photo-

RESULTS AND DISCUSSION

Integrated Few-Layer MoS, Photodetector Arrays. conducting channel yield the high sensitivity and fast response
Figure 1 illustrates the constructed 4 X 4 array-based Ez/MoS, of the photodetector upon light illumination (Figure 2 and
optoelectronic biosensor chip device for analyzing p-lactate in Figure 2a).*
multiple small-volume samples. The overall chip architecture The details of the device fabrication process are presented in
includes a bottom SiO,/Si substrate bearing a lithographically the Supporting Information (Figure S1). Briefly, we first
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Figure 3. Photoresponse characteristics of the MoS, photodetectors with different MoS, thicknesses. (a) Photoresponsivity as a function of
MoS, photoactive thickness measured at V4, = 0.4 V under light illumination at A = 450 nm and P = 0.43 mW. (b) Noise equivalent power
(NEP) spectra measured from MoS, devices with different thicknesses as well as a commercial CdS photodetector (~1 pm in layer
thickness) for comparison. (c) NEP values captured at 1 Hz plotted as a function of MoS, thicknesses.

formed a 20 X 20 mm* MoS, layer on the SiO,/Si substrate
through chemical vapor deposition (CVD)*"** and patterned
it into a 4 X 4 array of photodetection channels, each with a
size of ~20 X 20 um® For construction of the arrayed MoS,
devices, it was imperative to produce atomically layered MoS,
sheets with a good uniformity over large areas. Photographs
taken from as-fabricated MoS, pixels exhibit uniform light blue
color over the entire pixel array, which implies a good
uniformity of these few-layer MoS, channels (Figure 2b). Next,
we patterned a pair of 100 nm thick gold electrodes on both
ends of each MoS, channel, which serve as the source and
drain contacts of the photodetector. The small channel size of
~2 pm X 20 um ensures that a single-crystalline structure is
formed in each channel. Photoexcited carriers in the single-
crystalline channel between the source and drain contacts are
expected to experience no grain boundary scattering, thus
providing an excellent photoresponse property and noise
characteristics for the MoS, photodetector. Meanwhile, we
prepared a 300 um thick SiO, layer that eventually served as
the supporting structure for all Ez chambers after the whole
device assembly. The surface of this SiO, layer was coated with
a film of p-lactate dehydrogenase, or D-LDH (see Methods).
We also took a photograph of a ~25 mm? area of the enzyme
film formed on the SiO, substrate and observed its uniform
color, by which we confirmed a uniform distribution of the
enzyme on the SiO, supporting surface. Subsequently, the
prepared SiO, supporting layer was placed on top of the gold
electrodes, and the uncovered electrode areas were used to
provide access for electrical wiring. Finally, we fabricated the
chamber wells of 750 ym in radius within a polydimethylsilox-
ane (PDMS) layer and attached the layer onto the SiO,
supporting substrate using alignment marks to create the Ez
chamber substrate. The Ez chamber substrate was designed to
be disposable for each detection, but the underlying MoS,
photodetector array can be repeatedly exploited for multiple
measurements.

Before assembling the whole device chip, we took atomic
force microscopy (AFM) images of the 4 X 4 MoS, channels
patterned on an optical reader substrate to additionally
quantify their thickness uniformity (Figure 2c). The average
thickness of the MoS, channels was measured to be 2.1 nm
with a standard variance of <10% over the whole array (Figure
S2). We also acquired a transmission electron microscopy
(TEM) image for a representative synthesized MoS, sheet
(Figure 2c) and the Raman spectra from the 4 X 4 MoS,
channel pixels and observed two characteristic peaks
consistently at 384 and 407 cm™" for each pixel (Figure 2d).

7725

These characteristic peaks are associated with the El2g and Alg
modes of MoS, layers, respectively. The El2g mode reveals the
in-plane motion of Mo and S atoms, whereas the A;; mode is
attributed to the out-of-plane vibration of Mo and S. These
Raman peaks and the TEM image indicate that the thickness
values of the MoS, channels are around three or four atomic
layers, consistent with previously reported thickness measure-
ments.">*

After the whole device chip was fabricated, we characterized
the optoelectronic performance of the MoS, photodetectors
using an experimental setup including a probe station, a
semiconductor analyzer, and a 0.5 mW laser as an illumination
source at 4 = 450 =+ 10 nm (see Methods and Figure S3). The
maximum absorption spectrum of the enzyme reaction was
found to exist at this light wavelength. We measured the
drain—source current (I4) as a function of drain voltage (V)
for all 4 X 4 MoS, photodetectors and observed consistent
transport characteristics among them (Figure 2e). We
subsequently confirmed the uniformity of the optoelectronic
characteristics for all 4 X 4 MoS, photodetectors in an array by
measuring the photoresponsivity and photocurrent of each
photodetector (Figure 2f and Figure S4). For each photo-
detector, we observed a strong and consistent photo-
responsivity at the wavelength window of 4 = 400—500 nm,
which is desirable for the assay based on light absorption
variations accompanying the enzyme reaction. The coeflicient
of variation (CV) in photoresponsivity at A = 450 nm across
the whole 4 X 4 MoS, photodetector array was determined to
be <11.5%. We further confirmed the consistent photo-
responses of the 4 X 4 MoS, photodetectors by measuring
their photocurrents (I, = Iy jighe = las_dor) under repeated ON
(30 s) and OFF (30 s) illumination cycles at 1 = 450 nm
(Figure 2g). For a typical photodetector, once the illumination
is ON, I, rapidly increases from ~0 to 3.3 uA. The average
dark current of the MoS, photodetectors is at ~0.5 nA + 2%.
The typical power consumption of these MoS, photodetectors
was as small as 1—50 #W.* Thus, the optical reader of our
device chip exhibits high power efficiency. Additionally, we
characterized the photoresponse property for an as-fabricated
MoS, photodetector and the same device after 9 months of
storage in ambient conditions and obtained similar external
quantum efficiency (EQE) data in both cases (Figure SS). The
MoS, device manifests excellent long-term stability and
reproducibility as reported in our previous study.**

Thickness Effect on MoS, Photodetectors’ Optoelec-
tronic Performance. The MoS, thickness could affect the
photoresponse and noise characteristics of the MoS, photo-
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Figure 4. Results of the on-chip p-lactate enzymatic colorimetric assay using the integrated Ez/MoS, optoelectronic biosensor unit. (a)
Schematic of the enzyme film and MoS, photodetector channel of a single biosensor unit under light illumination. The enzyme reaction on
the enzyme film determines the light transmission to the MoS, photodetector. (b) Detection mechanism of the integrated Ez/MoS,
optoelectronic biosensor unit. The reaction between p-lactate and ferricytochrome c that is catalyzed by the enzyme (p-LDH) changes the
optical density (OD) of the solution in the Ez chamber at A = 450 nm. The degree of the OD change depends on the p-lactate concentration,
Cp-Lac, which determines the intensity of light transmitted to the underlying MoS, photodetector channel. Accordingly, the drain—source
current of the channel Iy varies with Cp-Lac. Therefore, measuring I, enables the quantification of Cp-Lac. (c) Absorption spectrum of the
solution experiencing the p-lactate enzyme reaction (black) and photoresponsivity spectrum of the Mo$S, photodetector channel (red). They
are compared to the emission spectral window of the light source (A = 450 nm + 10%). (d) Photocurrent, Ly, of the MoS, photodetector at
Cp-Lac = 107* — 10° pg/mL at A = 450 nm and P = 0.5 mW. (e) Standard calibration curve of the on-chip p-lactate enzymatic colorimetric
assay using the integrated Ez/Mo$, optoelectronic biosensor unit at A = 450 nm and P = 0.5 mW. (f) Bar chart of the biosensor signal, which
is the normalized photocurrent AI/I,, for PBS solutions spiked with p-lactate and L-lactate at various concentrations. Error bars represent
the standard deviation errors (n = 5, P < 0.05).

detector and therefore be critical for the detection limit of the attributed to the limited penetration depth of visual light into
integrative biosensor. To study the effects of the MoS, the MoS, layers, resulting in poor efficiency of collecting
thickness on the photoresponse characteristics of MoS, photogenerated carriers. Experimental observations demon-
photodetectors, we fabricated a set of photodetectors with strated that the skin depth of the MoS, photodetector is ~5
different MoS, channel thicknesses ranging from ~2 to 55 nm nm at a peak frequency of ~3 eV.*”* Thus, the further
(Methods). The photocurrents (L, = Iy jighe = las_dga) Of these increase of MoS, thickness over 7 nm does not enhance the
devices were measured under the illumination of a 450 nm photocurrent but adversely increases the dark current. Our
laser and channel bias Vg, of 0.4 V. Figure 3(a) shows the result is in good agreement with previous studies with
responsivity (R = ph/Plight) data measured from these devices discrepancies arising from the difference in laser wavelength
that are plotted as a function of their MoS, thicknesses. The and fabrication methods.
data show that photoresponsivity first increases with increasing We further investigated the effects of the MoS, thickness on
MoS, thickness from 2.5 to 7 nm. This can be attributed to the the noise characteristics of MoS, photodetectors. Specifically,
net effect of two possible reasons. First, the increase in the the low-frequency (0.1—10 Hz) noise fluctuations in the
MoS, photoactive layer thickness is expected to enhance the photocurrent signals were measured from the photodetectors
total amount of photogenerated carriers under a given with various MoS, thicknesses under the illumination
illumination condition, therefore resulting in a higher photo- condition. The measurement details are described in the
current. Second, this increase is also expected to result in a Methods section. Figure 3(b) displays the noise spectra
smaller fraction of photogenerated carriers that are subjected measured from a set of MoS, photodetectors. Our devices
to the recombination sites associated with the dangling bonds exhibit a typical 1/f noise characteristic, which is associated
or interfacial defects on the SiO, substrate.*** Figure 3(a) with imperfect ohmic contacts, dangling bonds at material
also indicates that 7—20 nm thick MoS, photoactive layers interfaces, and charge trapping/detrapping events.”” For the
result in relatively higher and constant photoresponsivity photodetector, noise equivalent power (NEP), defined as noise
values. The photoresponsivity gradually decreases with the spectral density divided by the responsivity, is usually used as
MoS, thickness further increasing beyond 20 nm. This is an appropriate parameter to evaluate the detection sensitivity
7726 https://doi.org/10.1021/acsnano.1c01394
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of photodetectors.”® Figure 3(b) shows the NEP spectra of all
devices. From these spectra, the NEP values at 1 Hz are
acquired and plotted as a function of MoS, thicknesses in
Figure 3(c). Here, the NEP data at 1 Hz are specifically chosen
for comparison because the time-dependent biosensing signals
associated with binding reaction events typically take place in a
time scale of several seconds, and therefore the noise
fluctuations around 1 Hz are expected to be the most critical
for determining the signal-to-noise ratio. Figure 3(c) shows
that the devices with MoS, thickness in the range of 7—25 nm
exhibit the lowest NEP values, which are anticipated to lead to
higher detection sensitivity for optoelectronic biosensors. For
the devices with MoS, thickness > 25 nm, their relatively larger
NEP values are attributed to the gradual decrease of
photoresponsivity, as already shown in Figure 3(a). For the
devices with MoS, thickness < 7 nm, their relatively larger
NEP values are attributed to the more prominent scattering
effects between photogenerated carriers and dangling bonds or
traps at MoS,/SiO, interfaces, charge impurities, and lower
responsivity level in comparison with the devices with thicker
MosS, layers.”** Here, it should be noted that the NEP values
of all MoS, photodetectors are significantly lower than that
measured from a commercial CdS photodetector, as shown in
Figure 3(c). Therefore, the photodetectors with a MoS,
thickness of ~2 nm, although not the optimal thickness, are
still advantageous over conventional photodetectors in terms
of NEP characteristics. Besides, MoS, films with a thickness of
~2 nm can be efficiently produced using CVD, suitable for
making MoS, photodetector arrays, whereas the present
convenient approaches capable of generating MoS, samples
thicker than 10 nm are based on exfoliation methods, not
suitable for large-area implementations. Considering such a
trade-off between NEP performance and viability for large-area
implementation, we decided to use the ~2 nm thick MoS,
photoactive channels fabricated above.

High-Performance p-Lactate Detection with an
Integrated Ez/MoS, Biosensor Pixel. Using the biosensor
unit at pixel #7 (see inset ofFigure 2f) on the aforementioned
device chip, we performed on-chip enzymatic colorimetric
analysis of p-lactate (Figure 4). The detection principle
involved measurement of the enzyme-reaction-induced optical
transmission change as a function of p-lactate concentration
with the underlying MoS, photodetector (Figure 4a).
Specifically, in the Ez chamber, the enzyme, p-LDH, selectively
catalyzed the reaction of p-lactate with its substrate molecule
(ferricytochrome c) (Figure 4b and Figure S6). In the absence
of p-lactate, the incident light at A = 450 nm passed through
the buffer solution in the chamber with the highest
transmission, which resulted in maximum photoconduction
in the MoS, channel on the underlying optical reader substrate.
Loading a Dp-lactate-containing solution mixed with ferricyto-
chrome ¢ onto the Ez chamber resulted in the oxidation of p-
lactate. It increased the absorbance of the solution and
translated into decreased photoconduction in the MoS,
channel. Correlating the measured photoconduction variation
with the D-lactate concentration permitted highly sensitive
colorimetric analyte quantification.

The MoS, photoconducting channel under measurement
showed a high photoresponsivity at the operating wavelength
of A = 450 nm (Figure 4c). This conveniently overlapped with
the aforementioned absorption spectrum peak of the enzyme
reaction whose value varies with the p-lactate concentration
(Figure S6) and enabled highly sensitive detection of D-lactate.
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The photoresponse behavior of the integrated optoelectronic
biosensor device was further characterized at different p-lactate
concentrations (Figure 4d and Figure S8). Here, we loaded a
phosphate-buffered saline (PBS) solution spiked with D-lactate
of known concentration onto the Ez chamber and incubated
the solution for 10 min under dark conditions. The baseline
dark current was observed to be highly stable at I, 4,4 =~ 0.5
nA. After a 10 min incubation period, we turned on the
illumination light and measured the photocurrent I, which
took 1 s. After performing the assay with a sample at a
particular D-lactate concentration (Cp-Lac), we replaced the Ez
chamber substrate with another one for the next measurement
at another concentration. The measured value of [} at Vg, =1
V was 1.6 pA for Cp-Lac = 100 pug/mL, and it approximately
linearly decreased from ~2.1 yA to ~1.55 pA with Cp-Lac
varied from 107 to 10°ug/mL. From this measurement, we
obtained a sensor calibration curve plotting the normalized
photocurrent change AI,/I, as a function of Cp-Lac (Figure
4(e)). The calibration curve of the pixel #7 biosensor unit
showed a wide (6-log) dynamic range of detection from 1073
to 10° ug/mL. The LOD (LODg,/pos:) of the Ez/MoS,
biosensor unit at pixel #7 was estimated to be 0.51 X 1073
ug/mL. Here, the LODg, /)05, Value was estimated using LOD
= 306/kgopes Where o and k. are the standard deviation of the
background signal measured from a blank control and the
regression slope of the calibration curve, respectively. Mean-
while, we additionally performed a colorimetric enzymatic
analysis for the same spiked PBS samples using a commercial
microplate reader (Synergy Neo2 hybrid multi-mode reader,
BioTEK). The dynamic range was determined to be between
107" and 10 ug/mL and the LOD (LOD,) to be ~0.2 X
107" pg/mL, which is 100-fold larger than LODg, /\o5,- The
calibration curve of our on-chip colorimetric assay showed a
much higher linearity and sensitivity for the concentration
range of Cp-Lac = 10°—10* ug/m. Furthermore, AL/ as a
function of the air gap distance showed a minimal change
(Figure S9). Here, the incident laser light is nearly collimated.
The interrogation area of the EZ chamber (1500 um in
diameter) is more than 40 000 times larger the area size of the
MoS, photodetector channel (~2 ym X 20 ym). As such, any
sub-millimeter-scale variation in the air gap distance yields a
negligible geometrical change in the optical path of the light
reaching the MoS, photodetector, and it does not alter much
the light signal intensity detected by the MoS, photodetector.
Thus, the Ez/MoS, biosensor yields consistent and sensitive D-
lactate detection performance regardless of the variation in the
air gap distance.

D- and L-Lactate are isomers, which are compounds with the
same chemical formula, but with a different atomic arrange-
ment on the molecule. As a result, these compounds possess
different chemical properties. L-Lactate is mainly related to the
metabolic status of the human body, and the production
concentration of L-lactate in the body is usually 10—100 times
higher than that of p-lactate. Owing to the high concentration
of L-lactate endogenously found in the body, the detection of
D-lactate is challenging. Here, we tested the selectivity of our
chosen pixel unit to p-lactate by measuring Al,/I,, for both
D-lactate and r-lactate in PBS (Figure 4f). Using the same
device, no significant signal change was observed for the
solution spiked with L-lactate regardless of the concentration,
whereas the signal linearly increased with the concentration for
the p-lactate-spiked solution. Thus, the cross-reactivity
between the enzyme and L-lactate in the Ez chamber was
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Figure S. Performance distribution of 4 X 4 Ez/MoS, optoelectronic biosensor arrays for the on-chip p-lactate enzymatic colorimetric assay.
(a) Optical image of the packaging of the integrated enzymatic colorimetric biosensor chip (scale bar = 1 cm). (b) Sixteen individual
standard calibration curves obtained for the 4 X 4 Ez/MoS, optoelectronic biosensor arrays. (c) LOD distribution of the on-chip enzymatic
colorimetry assays using the 4 X 4 Ez/MoS, optoelectronic biosensor arrays. The LOD values were obtained from the results measured from
the 16 individual Ez chambers. The data show that these on-chip assays are 100 times more sensitive than the conventional colorimetric
assay. (d) Calibration curve averaged over the data taken for the 16 standard calibration curves in (b). The CV of the signal distribution
among the 4 X 4 biosensor arrays at each concentration lies between 5% and 18%.

negligible, and the Ez/MoS, biosensor unit was found to be
highly selective to D-lactate at a wide range of concentrations.

Additionally, we examined the change of enzymatic activity
over time and its impact on the long-term stability of our test
using the biosensor (Figure S10). Several PDMS Ez chamber
layers of the biosensor were stored at 4 °C after immobilizing
the enzyme (p-LDH) and loading the substrate (ferricyto-
chrome ¢) solution onto their Ez chamber arrays for t = 1
month and 2 months. Meanwhile, we stored a solution mixture
of D-LDH and ferricytochrome ¢ in a PCR tube at 4 °C for the
same period as above. At each time point, we measured the
photocurrent signal AI/I, of the biosensor with one of those
PDMS Ez chamber layers integrated with the MoS, photo-
detector arrays (Figure S10a) and the signal of a plate-reader-
based D-lactate assay using the stored enzyme/substrate
mixture (Figure S10b) for p-lactate spike-in samples at four
different concentrations. Accompanying the decline in
enzymatic activity, we observed a sensor signal decrease by
~30% and ~50% at t = 1 month and 2 months, respectively.
This warrants the need for sensor calibration before each
measurement or a better enzyme preservation protocol for
poststorage future use.

Multisample Analysis Performance of the Arrayed Ez/
MoS, Optoelectronic Biosensors. To evaluate the overall
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multisample performance of the entire chip device, we
repeated the aforementioned assay test for all of the 4 X 4
Ez/MoS, biosensors in an array (Figure 5). Figure 4a shows an
as-fabricated 4 X 4 device array on a SiO,/Si optical reader
substrate, which was placed onto a cavity package in a mount
socket using surface mounting technology (see Methods). We
obtained the standard calibration curves for all 4 X 4
biosensors in the array by loading multiple samples (2.5 uL
each) onto 16 Ez chambers (Figure Sb). These curves showed
highly consistent detection characteristics among these arrayed
sensors for Cp-Lac ranging from 1072 to 10° yg/mL under the
same assay conditions involving a 10 min incubation.
Analyzing the pixel-to-pixel LOD value distribution yielded a
mean LOD value of 0.87 X 107 ug/mL with a relative
standard variance of $% over the 4 X 4 biosensor array (Figure
5c). The minimal and maximal LOD values were found at pixel
#7 (0.51 X 107* ug/mL) and pixel #1 (2.32 X 107 ug/mL),
respectively. The outlier performance that pixel #1 shows
could be attributed to local damage or contamination induced
by the device fabrication process.

Even such a maximal LOD value is ~50 times lower than
that obtained from conventional colorimetric detection
methods. Figure 5d shows the overall standard curve obtained
from the sensor response data averaged over all 4 X 4
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(healthy subjects) (P < 0.0001).

biosensors in the array. The error bar associated with each data
point represents the accuracy of the sensor signal output at its
corresponding Cp-Lac value. The data allow us to calculate the
coefficient of variation of the signal output distribution across
the entire array to be between 5% (minimum) and 18%
(maximum) for the tested Cb-Lac values between 10™* and 10°
ug/mL. The pixel-to-pixel performance variations likely stem
from the variations in the photoresponsivity and I4—Vy,
characteristics among the sensing units in the array under test.

Clinically Relevant Biofluid Sample Analysis. Using the
integrated Ez/MoS, biosensor units, we performed the on-chip
enzymatic colorimetric analysis of Dp-lactate in clinically
relevant biofluids (Figure 6) under preclinical (animal) and
clinical (human) conditions approved by respective institu-
tional review boards of the University of Michigan. We first
obtained the standard calibration curves for 2.5 yL samples of
plasma and serum from healthy swine and human donors that
were spiked with Dp-lactate of known concentration. The
calibration data obtained for both swine and human plasma
were fitted to a regression curve with R* ;.. plasma = 0.9453 and
R%man plasma = 0.9876, respectively. The LOD values estimated
for swine and human plasm are LODjne plasma & 1.3 X 1073
pg/mL and LODyyan plasma = 3-1 X 1073 pg/mlL, respectively
(Figure 6a). In comparison, the literature®” reports that plasma
p-lactate quantification by the conventional colorimetric

7729

analysis method yielded a LOD = 100 X 10~® ug/mL and
required a larger volume of 100 uL for reliable detection.

In the clinical p-lactate analysis, most current methods
involve the collection and purification of whole blood to
extract plasma or serum, thus requiring additional time and
labor. Furthermore, blood draw involves skin-piercing, which is
often invasive and highly inconvenient to implement
frequently. Clinical testing using urine or saliva is attractive,
as it is noninvasive and sample-preparation-free. However, D-
lactate concentrations in these fluids are extremely low.”®""
Urine- or saliva-based p-lactate analysis necessitates a highly
sensitive detection technique. We obtained the standard curve
for saliva (simulated one) with R%;, = 0.9453 at Cp-Lac
ranging from 107> to 10° ug/mL and determined the LOD ;.
to be 1.2 X 107 pg/mL. In contrast, the standard curve
obtained for urine (simulated one) showed a less linear shape
with R%;.. = 0.9712 and yielded a two times higher LOD .
of 2.7 X 107> ug/mL. We believe that such a lower sensitivity
is attributed to the optical interference resulting from the
higher light absorbance in urine at 4 = 450 nm. Nonetheless,
the results suggest that clinical testing with saliva and urine
could be feasible with our device for its superior sensitivity.
The obtained LOD is still 1000 times smaller than the clinical
baseline of p-lactate in urine.® We observed that the p-lactate
calibration curves measured from urine and saliva samples are
similar to that from the serum sample (Figure 6b).
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Furthermore, we measured the background and sensor signals
at Cp-Lac = 1 pg/mL from PBS, saliva, urine, swine plasma,
and human serum samples and compared the signal-to-noise
ratios (SNRs) from these different media. Here, the SNR value
was calculated as the signal divided by three times the standard
deviation of the blank signal. The SNR from PBS (SNRpg;)
took the highest value of 46, whereas the values from other
media are between 25 and 35. For example, SNRg,;,, and
SNRpjgma from the human samples were 30 and 29.5,
respectively. With these results, we expect that the effect of
the background on clinical test could be small. However, it
should be noted that potential interferences due to abundant
background enzymes still need be considered for a test using
real saliva.

Subsequently, we performed clinical tests using the Ez/MoS,
optoelectronic biosensor (Figure 7). We collected serum
samples from patients with symptoms of systemic infection,
inflammation, or both. We obtained 32 samples from septic
patients and another five from healthy patients. We repeated
the measurements for six samples blindly selected among the
32 tested samples and confirmed good reproducibility of our
tests using the biosensor. Overall, we observed distinctly higher
Dp-lactate levels for septic patient samples (Figure 7a). The
range of the measured Cp-Lac from sepsis patients is between
3 X 10° and 10° ng/mL, meanwhile the healthy human sample
shows Cp-Lac < 10° ng/mL (Figure 7b). The detected D-
lactate level from the sepsis patients has a wide range. We next
constructed a receiver operating characteristic (ROC) curve
using the p-lactate level as a predictor. The optimal p-lactate
cutoff that maximizes both sensitivity and specificity was 0.045
ng/mL. With this cutoff, the detection accuracy was 86.0%, the
sensitivity 91.3%, and the specificity 82.4%. We applied the
cross validation method to estimate the area under the curve
(AUC). The AUC value for p-lactate as a sepsis biomarker was
0.98 (95% confidence interval). This value indicates the
presence of a large patient-to-patient heterogeneity for sepsis.

CONCLUSION

Overgrowth of bacteria in colon or ischemic or damaged bowel
is associated with an elevated concentration of p-lactate in the
blood circulation. Excessive accumulation of p-lactate in the
body due to p-lactate-producing bacteria can cause severe
neurologic impairment. Its presence in the setting of possible
infection may also signify sepsis in adults as well as the
potential for necrotizing enterocolitis in neonates. Timely
interventions of the D-lactate-caused neurotoxic disorders or
the rapid diagnosis and treatment of sepsis and enterocolitis
may require a miniaturized point-of-care diagnostic platform
enabling rapid and sensitive near-patient detection of D-lactate.
In this study, we successfully demonstrated a sensitive and
selective on-chip enzymatic colorimetric analysis of p-lactate
toward point-of-care diagnosis using a biosensor chip device.
Our proof-of-concept device incorporated 4 X 4 arrays of
integrated Ez/MoS, optoelectronic biosensor units, all of
which showed bp-lactate detection performance with an
acceptable level of pixel-to-pixel variability (CV = 5—18%)
for a wide range of concentrations from 1073 to 10° ug/mL.
The biosensor pixels of the device permitted p-lactate analysis
in a biofluid sample of 2.5 uL with an average LOD value of
0.87 + 0.032 X 107 ug/mL and a 10 min assay turnaround.
Furthermore, the analysis distinguished p-lactate from L-lactate
in a wide range of concentrations. Using the device, we
additionally showed the ability to detect p-lactate at low
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concentrations in urine and saliva as well as in plasma and
serum. The urine- or saliva-based measurement would provide
a noninvasive, sample-preparation-free clinical p-lactate test.

Over the last several years, significant research efforts have
been undertaken to advance detection capabilities for lab-on-a-
chip systems. Optical techniques that have been employed for
point-of-care diagnostics include portable optical imagin_%
systems and optical microscopes integrated to cell phones.™
For example, the hand-held plasmonic biosensor developed by
Ozcan™ is a good benchmark device, as it incorporates lens-
free computational imaging using a commercial CMOS
detector integrated into a highly compact hand-held platform.
The device enables high-throughput and multiplexed label-free
plasmonic biosensing detection. However, like other point-of-
care optical detection methods, the platform suffers from a lack
of sensitivity resulting in a 1000 times larger LOD than a
commercial plate-reader-based ELISA assay. In contrast, our
2D MoS, photodetector-based p-lactate assay provides a 100-
fold LOD compared with an assay using a commercial plate
reader, thus clearly demonstrating superior sensitivity for
point-of-care detection.

A key design feature of our on-chip enzymatic colorimetric
platform is the air gap-mediated physical isolation of an
aqueous solution in the microfluidic reactor chamber from the
MoS, photodetectors on the optical reader substrate. This
brings two advantages to the device operation. First, any
undesirable electrical interferences can be prevented between
the aqueous sample and the active MoS, channels. Second, the
substrate holding the reactor chambers (Ez chamber substrate)
is disposable and replaceable after each test to repeatedly use
the optical reader substrate, which saves the hardware cost.
Another important design feature is the simple optics
arrangement not requiring strict optical alignment or wave-
guide coupling between the reactor chamber and the MoS,
photodetector. This enabled us to create the whole platform
with the easy and low-cost device integration and assembly
strategy and to handle the repeated assays that involved many
replacements of the Ez chamber substrate with no difficulty. A
further scale-up of the on-chip integration of the arrayed
biosensor structure by advancing our MoS, array manufactur-
ing and integration capabilities is needed to achieve higher
assay throughput. A study is currently underway to achieve
large-area manufacturing of a highly uniform single-crystal
MoS, film on a substrate as the next step for the scale-up of the
biosensor. The high-throughput biosensor could be imple-
mented in an on-chip 96-well plate-like batched enzymatic
colorimetric metabolite measurement near the patient, thus
facilitating diagnosing neurotoxicity caused by D-lactate
acidosis and monitoring the outcome of interventions in
resource-limited and field-deployable settings with a short
assay time, high sensitivity, and reduced diagnosis costs per
patient.

METHODS

Chemicals. We obtained sulfur powders (S, 99.95%), molybde-
num trioxide (MoOj, 99.97%), APTES (99%), sodium p-/L-lactate
(>99% and >98%), p-LDH (the purified product at a concentration
of 10 mg/mL has an absorbance of 14.9 at 4 = 280 nm), L-lactic acid
(98%), L-ascorbic acid (99%), sodium sulfate (99%), sodium chloride
(99%), calcium chloride (97%), potassium chloride (99%), citric acid
(99.5%), potassium thiocyanate (99%), ammonium chloride (99.5%),
potassium monobasic (99%), potassium dibasic (98%), and bovine
serum albumin (98%) from Sigma-Aldrich (St. Louis, MO, USA) and
used them without further purification or modification. We purchased
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the 182 SIL ELAST KIT .SKG, including a PDMS elastomer and a
curing agent, from Corning. Nanopure deionized (DI) water (18.1
MQ-cm) was produced in-house.

MoS, Synthesis. To obtain large-area MoS, (2 cm X 2 cm) with
high uniformity, we synthesized the few-layer MoS, sheet based on
the CVD method. The SiO,/Si substrates were first cleaned by using a
piranha solution for 10 min and rinsed using DI water for 10 min. For
the CVD process, we used a tubular furnace. For the MoS, growth,
100 mg of S and 10 mg of MoO; powders were precisely weighed by
using a microbalance and used as precursors. A sulfur powder boat
was placed upstream, 20 cm away from the center of a 1 in. diameter
quartz tube. A MoO; powder boat was located at the center of the
tube, and the SiO,/Si substrate was flipped and loaded onto the
MoO; boat. We used Ar gas (99.999%, Cryogenic Gases) to deliver
precursor molecules to the substrate at a flow rate of 150 sccm. After
securing the sample and the inner gas flow in the tube, we turned on
the heater from room temperature to 800 °C with a ramping rate of
20 °C. We conducted the synthesis at 800 °C for S min. Upon
completion of the synthesis, we gently cooled the tube to room
temperature under Ar gas flow by turning the heater off, and we
obtained the MoS, layer on the SiO,/Si substrate.

Device Fabrication. The details of the device fabrication process
are provided in Figure S1 of the Supporting Information.

Device Packaging. We placed the Ez/MoS, array biosensor chip
on a cavity package and bonded it via a wire bonding method. We
subsequently placed the assembled array (PB-F87049, Kyocera)
package into a chip carrier socket (8400, 3M) and connected it to
external measurement equipment (semiconductor analysis system,
Agilent 4156C).

Enzyme Film Immobilization. The 300 ym thick SiO, substrate
was first rinsed with acetone, isopropanol, and DI water. The rinsed
SiO, substrate was cleaned with Piranha Clean using a solution of
H,S0,/H,0, (2:1 v/v) for 60 min. Subsequently, the substrate was
carefully rinsed with DI water. After air-drying, O, plasma treatment
of the surface of the SiO, substrate was performed for 2 min at P = 18
W (COVANCE 1-MP, Femto) to create hydroxyl groups on it.
Subsequently, we incubated the SiO, substrate in a 0.1 M APTES
solution for 24 h. After rinsing the SiO, substrate, we incubated it in 1
mM p-LDH solution overnight. Then, the enzyme-immobilized SiO,
(Ez-Si0,) substrate was rinsed with DI water and was subsequently
air-dried. Finally, the Ez-SiO, substrate was bonded to a PDMS
chamber layer treated by an O, plasma machine at P = 18 W for 2
min. The enzyme immobilization efficiency of this protocol was
estimated to be ~12.8% from the data in the Supporting Information
(Figure S11).

Enzyme Chamber/MoS, Photodetector Integration. We used
a medical grade adhesive tape to bond the enzyme-film-coated SiO,
substrate onto the Au electrode platforms on the optical reader
substrate. Using alignment marks, we obtained an accurate alignment
between each Ez chamber and the MoS, photoconductor channel.
Finally, we created the integrated Ez/MoS, photoconductor
architecture.

Experimental Setup and On-Chip Enzymatic Colorimetric
Analysis. We used a semiconductor parameter analyzer (HP-4145B)
to measure photocurrent variation of the MoS, photodetector
channels during the on-chip enzymatic colorimetric analysis. To
achieve the on-chip enzymatic colorimetric analysis, we prepared a
mixture of ferricytochrome ¢ (1 mM) with the sample containing D-
lactate. The high enzyme and substrate concentrations were used here
to allow the sensitivity and response time of the biosensor to be only
dependent on the analyte concentration. After loading the mixture in
the EZ chamber, a laser emission at A = 450 nm + 10% and P = 0.5
mW/cm? was illuminated onto the Ez chamber. The illumination
wavelength was chosen because the absorption peak of the enzyme
reaction lies near 4 = 450 nm. The power density was measured using
a conventional power and wavelength meter (OMM-6810B-100 V,
Newport) (see Figure S3 in the Supporting Information). In this
study, the linear normalization of a monochrome signal was
performed according to the formula below:
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Standard Artificial Saliva and Urine. We prepared artificial
saliva by dissolving S mM NaCl, 1 mM CaCl,, 15 mM KC], 1 mM
citric acid, 1.1 mM KSCN, and 4 mM NH,Cl in distilled water. The
pH of artificial saliva was adjusted to 6.7, which is the average pH of
healthy human saliva.* ™' We also purchased artificial urine from
Carolina Biological Supply Company (Burlington, NC, USA).

Swine and Human Samples. To collect a swine sample, all the
procedures were conducted in accordance with the National Institutes
of Health (NIH) Guide for the Care and Use of Laboratory Animals
(12) and were approved by the University Committee on Use and
Care of Animals (UCUCA) at the University of Michigan (Protocol
No. 00005009). Blood samples were drawn from a healthy donor after
obtaining informed consent according to an Institutional Review
Board (IRB)-approved protocol. All the specimens were collected in
ethylenediaminetetraacetic acid tubes and were processed to obtain
plasma and serum within 3 h. All human clinical samples tested were
deidentified of all Protected Health Information (PHI).

Sample Preparation Procedure. As the first step, we prepared
homogeneous matrixes. Prior to the spiking process, we confirmed
that p-lactate did not exist at a significant level of concentration in the
matrixes by testing them with our biosensor and a spectrometer. As
such, these matrixes served as blank solutions in our tests.
Subsequently, we diluted 10 uL of a 100 mM b-lactate standard
solution with 990 uL of PBS to prepare a 1 mM standard solution. By
diluting 10 uL of the 1 mM p-lactate solution with 90 uL of PBS, we
next obtained a 100 yL standard solution. Repeating these dilution
steps, we obtained p-lactate solutions at 10°, 10%, 10, 10% 107}, 107,
1073, and 107* pg/mL. Then, we spiked the matrixes above with 10
UL of those standard solutions to prepare testing samples. To ensure
high statistical confidence, we repeated these steps five times for each
sample. Prior to the test, we prepared a mixture of the spiked sample
and the p-lactate substrate with a 96% and 4% volume ratio, and we
loaded the mixture into the detection chamber of the biosensor. In
addition, for the preclinical samples of saliva, urine, and serums, we
diluted 50% with PBS solution before loading them onto the device.

Fabrication of MoS, with Varying Thickness. Using a thermal
release tape, we transferred MoS, flakes from a natural bulk MoS,
ingot (purchased from SPI, Inc.) onto a substrate with a pressure
applied to the tape using a rubber roll. Varying the pressure allowed
us to vary the number of layers in the MoS, flakes. The thicknesses of
these MoS, flakes were visually identified from their surface color
contrast observed using an optical microscope and quantitatively
measured using AFM. The fabrication of photodetectors using these
MoS, flakes followed the same lithographical patterning and etching
methods in Figure SI.

Thickness Effect on MoS, Photodetectors’ Optoelectronic
Performance. We used a semiconductor parameter analyzer
(Keithley 4200A-SCS) equipped with two ultrafast I—V modules
(model: 4225-PMU) to perform optoelectronic characterizations.
Photoresponse properties were recorded with the 450 nm laser light
source (power density: 0.43 mW). To measure the low-frequency
(0.1-10 Hz) noise fluctuations in the photocurrent signals, time-
dependent photocurrent measurements (I,,—t) were carried out by a
voltage-retention mode with a time resolution of 20 ms, recording
time of 1 min, and Vg = 0.4 V with no gate bias applied to the
photodetectors. Noise equivalent power was calculated by the time-
dependent photocurrent data using the fast Fourier transform
algorithm.
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