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A smartphone biosensor based on analysing
structural colour of porous silicon†
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Sharon M. Weiss *a,c

We report a smartphone compatible, low-cost porous silicon biosensor, which correlates the structural

colour of a porous silicon microcavity (PSiM) to spectral peak position. Molecules captured in the PSiM

cause a colour change that can be quantified through image analysis. Minimal external accessories are

employed. Spectrometer measurements of the PSiM reflectance spectrum shifts are carried out concur-

rently with the smartphone measurements to benchmark the accuracy of the smartphone biosensor. We

estimate that the smartphone biosensor supports an equivalent accuracy of 0.33 nm for the detection of

colour changes corresponding to spectral shifts of the PSiM. Biosensing functionality is demonstrated

using a biotin–streptavidin assay with an estimated detection limit of 500 nM. The PSiM-smartphone bio-

sensor is a promising platform for label-free point of care diagnostics.

1. Introduction

Point-of-care (POC) testing is a fast-growing sector in the
diagnostics market due to the convenience and low cost of
POC measurements.1 Biosensors are the crucial elements of
POC diagnostics, which transform biomolecular or medical
information into easily understandable readouts. Current
mainstream sensing technologies include enzyme-linked
immunosorbent assay (ELISA),2,3 mass spectrometry (MS),4

surface plasmon resonance (SPR),5,6 polymerase chain reaction
(PCR),7 and electrochemical immunoassays.8,9 These techno-
logies have achieved high sensitivity and accuracy, and are
being widely used in hospitals and other laboratories.
However, tests run using these mainstream sensing techno-
logies generally require high-cost instrumentation, strict
sample preparation procedures, and well-trained personnel,
which restrict their usage for POC applications. There have
been many efforts to create portable sensing technologies for
POC diagnostics, including glucose meters,10 paper-based test
strips,11,12 and lab on chip devices.13 These sensors have the
advantage of low cost and convenience, but are generally

designed for a single purpose instead of multi-parameter
testing. Moreover, the data processing capabilities of these
sensors are usually basic and not intended for more compli-
cated detection and analysis tasks. Over the past few years,
smartphones have emerged as a promising host platform for
POC diagnostics systems due to their ubiquitous availability
and advanced computational capabilities.14 Smartphones are
often integrated with high-quality sensors that can be repur-
posed to facilitate sensing applications, and internet connec-
tivity enables further extension of their capabilities. Significant
advances in the area of smartphone sensing have been
reported for smartphone microscopy;15,16 colorimetric test
strip,17,18 lateral flow assay,19,20 and ELISA readers;21 SPR
sensors;22,23 spectrometers;24,25 and fluorimeters.26 In many
cases, the reported smartphone devices dramatically reduce
the cost factor while maintaining comparable performance to
benchtop instruments. For example, based on a smartphone
and external, disposable optical system, Filippini et al. demon-
strated an angle-resolved SPR sensor that measured a refractive
index change of 2 × 10−6 RIU.22 By adding external illumina-
tion and a diffraction grating, Cunningham et al. reported a
smartphone spectrometer with extremely high accuracy, and a
fluorescence-based spectrophotometer showing comparable
performance to conventional laboratory fluorimeters.24,26

Ozcan et al. reported a smartphone microplate reader for
ELISA that demonstrated >99% accuracy in screening for
several diseases.21

In this paper, we present a new implementation for a cost-
effective, sensitive smartphone biosensor that requires only a
bandpass filter and a 3D printed box, and leverages the advan-
tages of the high surface area sensor material, porous silicon,
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for the test chip. The biosensing system works by detecting the
structural colour change of a porous silicon microcavity (PSiM)
that results when target molecules are captured in the pores of
the PSiM. This sensing approach is different from traditional
colorimetric approaches that require, for example, an enzy-
matic reaction, fluorescent species, or nanoparticle aggrega-
tion to cause a colour change.27,28 While label-free porous
silicon optical biosensors have been previously reported for
high detection sensitivity of a variety of analytes, cost-effective
fabrication, compatibility with many surface chemistries, and
molecular detection in complex media, their operation relies
on lamps or lasers for the light source and benchtop spec-
trometers or power meters for the detector.29,30 By using the
built-in LED flash of a smartphone as the light source and the
smartphone camera as the photon detector, a suitably
designed label-free porous silicon sensor can operate without
a benchtop measurement system. Moreover, a porous silicon
smartphone sensor does not require external lenses or
gratings, as is the case for many other smartphone biosensors.
Here, we demonstrate that a label-free PSiM smartphone
sensing system can operate with an equivalent accuracy of
0.33 nm and an estimated detection limit of 500 nM based on
a biotin–streptavidin assay. We note that the spectrometer
measurements reported in the paper are necessary only for
characterizing the intrinsic properties of the system, and are
not necessary for quantifying molecular detection events.
Calibration between the light intensity and concentration of
target molecules is the only prerequisite for quantitative detec-
tion applications.

2. Materials and methods
Materials

All chemicals were analytical grade and used without further
purification. Single side polished, boron doped p-type silicon
wafers (〈100〉, 0.01–0.02 Ω cm, 500–550 μm) were purchased
from Pure Wafer, WRS Materials Company.
N-Hydroxysuccinicmide (NHS) and 10-Undecenoic acid were
purchased from Alfa Aesar. N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC), EZ-Link Amine-PEG2-
Biotin, sulfo-NHS-biotin, streptavidin and ethanol were all pur-
chased from Thermo Fisher Scientific. Hydrofluoric acid (HF)
was purchased from Acros Organics. Deionized (DI) water (∼15
MΩ cm) was used as a solvent for all experiments except where
noted otherwise.

Reflectance measurements

A Newport Oriel 6000 Q Series Lamp and fibre-coupled Ocean
Optics USB-4000 spectrometer were used for reflectance
measurements over a sample area of approximately 1 mm2 and
wavelength range of 400–900 nm. Spectral shifts to longer
wavelengths (i.e., redshift) indicate that molecules have
attached inside the PSiMs while spectral shifts to shorter wave-
lengths (i.e., blueshift) indicate that material has been
removed from the PSiMs.

Smartphone measurements

An iPhone SE, model A1662, was used to carry out quantitative
measurements of the colour of the PSiMs. Broadband white
light was emitted from the smartphone LED and transmitted
through a Thorlabs bandpass filter (centre wavelength λ0 =
606.5 nm; full-width-at-half-maximum (FWHM) = 10 nm; see
Fig. 2c) before reflecting off the porous silicon sample. The
reflected light was collected by the smartphone camera. We
note that it should be possible to replace the Thorlabs band-
pass filter with a free-standing porous silicon bandpass filter,
if desired. To achieve a more uniform illumination, we
attached a piece of white paper to the phone in front of the
LED to diffuse the light, and we also added a small piece of
black tape on the back side of the filter fixture to block the
brightest spot of light emitted from the LED. A custom 3D
printed box was fabricated and used to hold the smartphone,
filter, and PSiM in fixed positions during all measurements
(Fig. 1). A camera app developed by KendiTech was used to
control the focus, flash, zoom, ISO, speed, exposure value and
white balance of the smartphone camera. Videos clips of
approximately 1 min were recorded instead of taking individ-
ual pictures for better accuracy and reproducibility. The videos
were uploaded to a desktop computer, and a MatLab code was
used to convert the videos into arrays of time sequenced inten-
sity values. Each video was treated as a series of RGB images,
and the data comprising one RGB image was exported to three
matrices in MatLab that contain the intensities measured by
the red (R), green (G), and blue (B) pixels, respectively, in the
camera imaging sensor. In this work, we only use the R-values
in our calculations because the bandpass filter restricts the
incident light to red wavelengths. Detailed procedures for the
smartphone measurements are provided in ESI.† We anticipate
that the computations carried out on the desktop computer in
this work could also be carried out directly on the phone using
an appropriately designed app or through a cloud computing
approach.

Fig. 1 Smartphone biosensing system. (a) Photograph showing smart-
phone situated in 3D printed box. (b) Schematic illustration in a cut-
away view showing, from top to bottom, the smartphone with red band-
pass filter inserted in front of the smartphone LED flash, the top of the
3D printed box, the PSiM positioned below the smartphone camera, and
the bottom of the 3D printed box.
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Fabrication and surface modification of PSiMs

PSiMs were prepared by anodic etching of p-type silicon wafers
in 15% HF in ethanol. Note that HF is an extremely dangerous
chemical and should be handled with the utmost caution.
First, a sacrificial layer was etched with a current density of
70 mA cm−2 for 100 s and then dissolved in 1 M NaOH solu-
tion. The sample was then thoroughly cleaned with ethanol
and DI water. Next, alternating current densities of 80 mA
cm−2 for 3.1 s and 60 mA cm−2 for 3.2 s were applied in the fol-
lowing manner to form the optical microcavity structure where
H and L designate the higher and lower current density,
respectively, and the layers are designed to have an optical
thickness corresponding to one quarter of the resonance wave-
length: (HL)7(HH)(LH).7 Following anodization, freshly pre-
pared PSiMs were modified by thermal hydrosilylation.
Undecenoic acid (UA) was added to a Schlenk flask and under-
went three freeze–pump–thaw cycles in order to remove
oxygen. Prior to the reaction, the sample was dipped into 2.5%
HF solution for 90 seconds to remove the native oxide. The
sample was then transferred to the Schlenk flask under a con-
stant nitrogen flow. The flask was then immersed in an oil
bath at 120 °C and the reaction proceeded over 5 hours.
Finally, the sample was rinsed thoroughly with tetrahydro-
furan, dichloromethane and ethanol, and dried under a nitro-
gen stream.

APTES measurement for sensor benchmarking

To benchmark the performance of the PSiM-smartphone
sensing system, we carried out an experiment to determine the
relationship between spectral changes measured by an Ocean
Optics spectrometer and colour changes measured by the
smartphone camera (as described in the next section). A step-
wise change in the refractive index of the PSiM was achieved
by multiple exposures of the sample to a 0.1% (v/v) solution of
APTES in ethanol. For each exposure, 100 μL of the APTES
solution was drop cast on the PSiM and incubated for 30 s, fol-
lowed by gentle blowing with nitrogen gas to remove excess
solution from the surface. The PSiM was measured with the
spectrometer after each APTES exposure to quantify the spec-
tral shift. The PSiM was then measured three times by the
smartphone to quantify the colour change. APTES is a com-
monly used chemical for surface modification, which is
known to form multilayer structures.31 APTES attachment can
therefore lead to large spectral shifts of the PSiM, which is
necessary for the benchmarking of the sensor performance.
We note that other molecules could have also been used and
would have resulted in the same correlation between spectro-
meter and smartphone measurements for the given PSiM.

Biotin–streptavidin sensing

To achieve biotin functionalization, the UA modified PSiM was
first soaked in 1 mL 0.1 M NHS aqueous solution immediately
followed by adding 1 mL 0.4 M EDC. The reaction proceeded
in a dark environment and gentle shaking was applied every
5 min. After 30 min, the sample was cleaned in DI water and

rinsed in ethanol for 15 min. Next, the sample was soaked in
1 mg mL−1 amine-PEG-Biotin solution for 30 min. Finally, a
80 μL aliquot of 0.5 μM streptavidin mixed with 10 μL of
ethanol was pipetted onto the PSiM sample and incubated for
60 min. The ethanol is added to reduce the surface tension
between the water and UA modified surface. The sample was
then cleaned with DI water and ethanol three times, soaked in
ethanol for 5 min and gently blown dry under nitrogen gas.
After each step in the sensing experiment, the PSiM was
measured with both the spectrometer and smartphone. The
PSiM was subsequently exposed to 1 μM, 2 μM and 4 μM con-
centrations of streptavidin in water following the same pro-
cedures. We note that the magnitude of the change in the
spectral and intensity responses of the PSiM sensor are depen-
dent on the incubation time of the target molecule. Based on
prior work, we anticipate a measurable signal change could be
achieved after a few minutes of exposure to the streptavidin
solution;32 however, the magnitude of the signal change would
be much less than what we report here for a 60 min exposure
and would therefore also affect the limit of detection. To verify
that there is no non-specific attachment of streptavidin on the
PSiM, a control experiment was carried out. First, a 1 mM
sulfo-NHS-biotin solution was mixed with 20 μM streptavidin
in a ratio of 19 : 1 (v/v). Then, an 80 μL volume of this 1 μM
sulfo-NHS-biotin blocked streptavidin solution was mixed with
10 μL ethanol and drop cast onto a biotinylated PSiM sample.
After a 60 min incubation, the sample was rinsed with water
and ethanol three times, and blown dry with nitrogen before
measurement.

3. Results and discussion
Porous silicon microcavity characterization

Scanning electron microscopy (SEM) images of a PSiM are
shown in Fig. 2. Based on image analysis, the estimated average
pore size, porosity, and thickness of the porous silicon layers
fabricated with the higher current density are ∼60 nm, 82%,
and 120 nm, respectively. The estimated average pore size, poro-
sity, and thickness of the porous silicon layers fabricated with
the lower current density are ∼40 nm, 75%, and 97 nm, respect-
ively. A reflectance spectrum of the microcavity is shown in
Fig. 2d. The resonance wavelength is near 600 nm and the peak
of the high reflectance band on the long wavelength side of the
resonance is near 630 nm. The refractive index sensitivity of the
PSiM is determined to be near 350 nm RIU−1 as detailed in the
ESI.† In this work, the most important design criterion is
having a sharp spectral feature near the centre wavelength of
the bandpass filter, as discussed in the next subsection.

Basic principle of smartphone biosensor

The smartphone is able to facilitate label-free optical biosen-
sing with porous silicon by detecting the structural colour
change of a PSiM upon a specific bio-recognition event. When
molecules attach to the pore walls, the effective refractive index
of the porous silicon increases and results in a redshift of the
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reflectance spectrum, as illustrated in Fig. 2d for a PSiM. This
spectral change is commonly detected by a spectrometer that
measures reflection or transmission spectra over a wavelength
range of hundreds of nanometres. However, it is not always
necessary to measure broadband spectra to identify a mole-
cular detection event. Instead, molecular detection events in
PSiMs can be identified by appropriately analysing colour
changes using a smartphone. Fig. 2d conceptually illustrates
how a spectral shift resulting from a molecular binding event
can also be detected as a colour change. The rectangular
shaded region represents the approximate spectral bandwidth
of light that reaches the smartphone camera due to the pres-
ence of the bandpass filter. When molecules are added to the
PSiM, the resulting spectral shift leads to a change in the inte-
grated intensity of light measured by the smartphone camera.
In Fig. 2d, with the bandpass filter designed to overlap with
the long wavelength edge of the resonance of the PSiM, the
addition of molecules leads to a decrease in the intensity of
light measured by the smartphone since the intensity of
reflected light at each wavelength within the measurement
window decreases with molecular attachment. The steeper the
reflectance spectrum is within the measurement window, the
larger the change in light intensity measured by the smart-
phone camera will be for a given reflectance spectrum shift
(i.e., given refractive index change of the PSiM due to mole-
cular infiltration). Hence, other PSi thin film designs, such as
edge filters, may lead to improved sensing performance com-
pared to the PSiM. Nevertheless, in this work, the PSiM pro-
vides a convenient platform to compare smartphone and

spectrometer measurements while yielding good detection sen-
sitivity. A comparison curve can be established that directly
relates changes in spectral properties typically measured by a
spectrometer with light intensity measured by the smartphone
camera. This correlation is only necessary to benchmark the
sensitivity of the smartphone detection platform in comparison
to a traditional spectrometer. We note that the dynamic range
of measurement using the smartphone detection platform,
which is directly related to the maximum number or concen-
tration of molecules that can be quantified by the smartphone
detection platform, is limited by the wavelength range over
which there is a monotonic change in reflectance intensity.

Engineering challenges with smartphone/PSiM biosensor

There are several engineering challenges when assembling the
system in the box that must be overcome to realize a robust
biosensor that may be suitable for POC diagnostic appli-
cations. Although we only introduce the engineering chal-
lenges here, we believe sufficient process development would
enable mitigation of the negative consequences of the current
challenges. First, the light emitted from the smartphone LED
does not have uniform spatial intensity. Most of the light is
concentrated in the center of the emission region, which can
lead to saturation of the smartphone image sensors. As a
simple approach to improve the illumination uniformity, we
attached a piece of white paper to the outside of the smart-
phone LED to diffuse the emitted light, and we also used a
piece of black scotch tape to block the region of highest inten-
sity emitted light, as discussed in section 2 (Smartphone

Fig. 2 SEM images of PSiM in (a) top view and (b) cross-sectional view. (c) The normalized spectral intensity of the smartphone LED light after
passing through the bandpass filter (shown in the inset), which is centred at 606.5 nm in this work. (d) Typical reflectance spectra of PSiM. The blue
and red curves are the reflectance spectra before and after adding biomolecules, respectively. The red shaded region indicates the position of the
filter. A photograph of a PSiM sample is shown in the inset.
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measurements). More sophisticated light management
approaches would be necessary to achieve a highly uniform
intensity of incident light on the PSiM sample. A second chal-
lenge is the nonuniformity of the porous silicon sample itself.
Slight differences in the local thicknesses of the porous silicon
layers comprising the PSiM lead to changes in the measured
reflectance spectrum across the sample. For example, the
microcavity resonance wavelength, and likewise the high
reflectance peak position, can vary by as much as 10 nm when
different spots on the same PSiM sample are measured.
Moreover, sample to sample variation in the shape and posi-
tion of the reflectance band edge would introduce error into
the quantification of the sensing measurements. Optimizing
the electrochemical fabrication conditions, including control
of the temperature and humidity conditions and electrode
design, can lead to significantly improved porous silicon uni-
formity. Together, the nonuniform illumination and nonuni-
formity of the porous silicon can lead to significant changes in
the measured light intensity by the smartphone camera when
there is any change in the smartphone position with respect to
the PSiM sample position. Fig. S3 in ESI† shows a typical
smartphone camera image of the PSiM and the associated
R-value contour map of the image, revealing that the R-value
varies significantly across the PSiM. Accordingly, a third engin-
eering challenge is mechanical vibrations that cause displace-
ment between the positions of the smartphone and PSiM
sample, which lead to unwanted changes in measured light
intensity that are not related to molecular binding. An
improved 3D printed box design could enable the smartphone
and PSiM sample to be fixed more robustly in place. Moreover,
in the current implementation of the PSiM-smartphone bio-
sensor, the PSiM sample is removed from the 3D printed box
each time a new molecule is exposed to the sample. The
measured intensity variation caused by removing and reload-
ing the sample is shown in ESI.† In future designs, improved
methods of fluidic handling could eliminate the need to
remove the sample from the box. In the present work, to miti-
gate error arising from smartphone-PSiM relative displace-
ment, only the pixels within the area enclosed by a constant
R-value contour curve contribute to the effective light intensity
value measured by the smartphone. This R ≥ R0 criterion,
where R0 = 30 in this work, automatically defines the bound-
aries of the analytical region under consideration and enables
the best resilience to mechanical vibration. The effective light
intensity is calculated by summing the R values of the pixels
within the area enclosed by the R = 30 contour curve. An
average effective light intensity value is reported for each 1 min
video measurement based on the average value calculated from
approximately 500 images from the video. After each smart-
phone measurement of the PSiM, a bare silicon sample is
measured as a control sample to account for any changes in the
smartphone LED intensity over time. The average effective light
intensity of the sample under test is normalized with respect to
the average effective light intensity of the control sample, and is
denoted as the relative intensity. In future work, the control
sample could be measured at the same time as the test sample

by imaging a region that contains both the PSiM and an
unetched region of bare silicon.

Smartphone biosensor benchmarking with APTES infiltration

To benchmark the performance of the smartphone biosensor
with a traditional spectrometer, a PSiM was exposed to 0.1%
APTES in ethanol and subsequently blown dry and measured
by both the smartphone and spectrometer. As shown in
Fig. 3a, the reflectance spectrum measured by the spectro-
meter redshifts after each successive exposure to the APTES
solution that infiltrates the pores of the PSiM.
Correspondingly, the relative intensity measured by the smart-
phone decreases when the spectrum redshifts due to the rela-
tive spectral positions of the bandpass filter and resonance.
Fig. 3b shows the correlation between the peak wavelength
measured by the spectrometer (i.e., the peak on the longer
wavelength side of the microcavity resonance) and the relative
intensity measured by the smartphone. A linear curve is used to
fit the data with R2 = 0.999. The error bars in the relative inten-
sity measurements represent ±3σ, where σ is the standard devi-
ation of the three relative intensity measurements taken for
each APTES infiltration (details provided in S1 in ESI†). The
root-mean-square deviation (RMSD) of the data points from the
linear fit is used to estimate the accuracy of the PSiM-smart-
phone sensor. As detailed in S5 in ESI†, the RMSD = 0.11 nm,
and we consider the equivalent accuracy of the smartphone
measurements to be three times the RMSD (i.e., 0.33 nm). The
Bland–Altman analysis shown in ESI Fig. S5,† provides further

Fig. 3 (a) Reflectance spectra of PSiM after adding 0.1% APTES solu-
tions, as measured by a spectrometer. (b) Smartphone-spectrometer
comparison curve that relates the longer wavelength peak position of
the PSiM measured by the spectrometer and the relative intensity of
light measured by the smartphone. The black diamonds are the experi-
mental data points, the red bars show the ±3σ value from the smart-
phone measurements, and the blue curve is a linear fit to the black data
points. Inset shows the structural formula of APTES.
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confirmation of the agreement between the smartphone and
spectrometer measurements. Therefore, based on the measure-
ments and analysis, we suggest that the PSi-smartphone sensor
system could distinguish a relative intensity change that is equi-
valent to a microcavity spectral shift of 0.33 nm.

Biotin–streptavidin sensing

To evaluate the biosensing performance of the PSiM-smart-
phone system, the biotin–streptavidin sensing assay was
carried out. For this experiment, only the smartphone is
required, but spectrometer measurements were also taken to
provide further insights. Fig. 4 shows the relative intensity of
light measured by the smartphone as different concentrations
of streptavidin molecules were exposed to the biotinylated
PSiM. As expected, the relative intensity decreases with increas-
ing streptavidin concentration. We note that the change in
relative intensity with respect to the streptavidin concentration
is not linear across the data set because the measurements
span a nonlinear region of the slope of the microcavity reso-
nance that is probed through the bandpass filter. Fig. S6 in
ESI,† which shows the peak wavelength shift measured by the
spectrometer as a function of streptavidin concentration, does
suggest that the PSiM is being measured within the linear
regime of a dose–response curve. Moreover, Fig. S6† reveals
that there is minor instability of the surface functionalization
of the PSiM that manifests as a slight blueshift in the spec-
trum when the sample is exposed to a 0 nM concentration of
streptavidin (i.e., no streptavidin molecules and only solvent
exposed to the sample). The biotin–streptavidin assay was
repeated on three additional PSiM samples to confirm the

general trend of the relative intensity measured by the smart-
phone upon exposure to the different streptavidin concen-
trations (ESI Fig. S7†). In all cases, the relative light intensity
measured by the smartphone when the PSiM is exposed to 500
nM streptavidin is statistically different from the initial relative
light intensity value measured before exposure to any streptavi-
din solutions (solid line shown in Fig. 4 and Fig. S7†).
Therefore, a detection limit near 500 nM for the streptavidin
molecules is estimated for the PSiM-smartphone biosensor. In
order to verify that streptavidin molecules are captured selec-
tively by biotin receptor molecules attached to the PSiM, a
control experiment was carried out in which sulfo-NHS-biotin
blocked streptavidin molecules were exposed to an amine-PEG-
biotinylated PSiM, as described in section 2. A blueshift was
measured by the spectrometer, which we again attribute to
instability of the PSiM surface modification. This result
suggests that biotin–streptavidin binding occurs specifically
and, moreover, improvement in the robustness of the surface
chemistry may allow even larger changes in relatively intensity
to be measured when a given concentration of streptavidin is
exposed to a biotin-functionalized PSiM.

4. Conclusions

A PSi-based smartphone biosensor is demonstrated as a new
sensing platform that leverages the convenience of a smart-
phone and the high internal active sensing surface area of a
PSi film. Structural colour changes of the PSi film that result
from molecules infiltrating the pores are converted to a relative
intensity value by analysing the red pixel values read out from
the smartphone camera image sensor. When benchmarked
against a commercial spectrometer, the PSiM smartphone
system exhibits an accuracy equivalent to 0.33 nm. Specific
detection of streptavidin molecules was demonstrated with an
estimated detection limit of 500 nM. As the PSiM biosensor sup-
ports a variety of surface functionalizations, the PSiM smart-
phone system could be used as a platform for the detection of a
multitude of chemical and biomolecular species including
DNA, small proteins, and toxins using, for example, DNA, anti-
body, or aptamer probes. By addressing some of the current
engineering challenges and by integrating a simpler fluidic
handling approach, the PSi-based smartphone biosensor has
the potential for application as a POC diagnostic tool, which
could be particularly useful in low-resource environments.
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