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Current reported smartphone spectrometers are only used to monitor or measure one sample at a time.
For the first time, we demonstrate a multichannel smartphone spectrometer (MSS) as an optical bio-
sensor that can simultaneously optical sense multiple samples. In this work, we developed a novel
method to achieve the multichannel optical spectral sensing with nanometer resolution on a smart-
phone. A 3D printed cradle held the smartphone integrated with optical components. This optical sensor
performed accurate and reliable spectral measurements by optical intensity changes at specific wave-
length or optical spectral shifts. A custom smartphone multi-view App was developed to control the
optical sensing parameters and to align each sample to the corresponding channel. The captured images
were converted to the transmission spectra in the visible wavelength range from 400 nm to 700 nm with
the high resolution of 0.2521 nm per pixel. We validated the performance of this MSS via measuring the
concentrations of protein and immunoassaying a type of human cancer biomarker. Compared to the
standard laboratory instrument, the results sufficiently showed that this MSS can achieve the com-
parative analysis detection limits, accuracy and sensitivity. We envision that this multichannel smart-
phone optical biosensor will be useful in high-throughput point-of-care diagnostics with its minimizing
size, light weight, low cost and data transmission function.
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1. Introduction Observatory for e-health of World Health Organization (WHO) as

“medical and public health practice supported by mobile devices,

To fill the translational gaps in bringing biodetection technol-
ogies from central laboratories to field and clinics (Kost et al.,
1999), point-of-care testing (POCT) is booming in these years
(Vashist et al., 2015; Holland and Kiechle, 2005). POCT allows
patient diagnosis in the physician's office, an ambulance (Di Serio
et al.,, 2006), or the emergency department (Fermann and Suyama,
2002), and pathogen/viruses biodetection in-field (Nichols, 2007;
Vasoo et al, 2009). The timely results allow doctors to im-
mediately treat patients. With the increase in the widespread
smartphone popularity, mobile point-of-care technology (MPOCT)
has shown promise in meeting the demand in remote and less-
resource areas (Xu et al., 2015; Ozdalga et al., 2012). Most pocket-
size smartphones are able to access the internet which makes real-
time monitoring health conditions and transmitting diagnostic
results online possible. Recently, MPOCT has drawn much atten-
tion in improving health delivery and in reforming the diagnostic
paradigm, called m-Health (Steinhubl et al., 2015; Ventola, 2014;
Erickson et al, 2014). M-Health is defined by the Global
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such as mobile phones, patient monitoring devices, personal di-
gital assistants and other wireless devices” (WHO, 2001).
Spectroscopy is utilized in almost every field of science
whenever electromagnetic radiation interacts with matter (Valeur
and Brochon, 2012; Bakeev, 2010). Optical spectrum has been
widely used as a diagnostic/detection method to characterize
material amounts, properties, and components. Conventional la-
boratory optical spectral analyzers/readers, which have dedicated
light splitting, guiding, and fitting mechanisms, and high sensitive
light sensors, are normally very expensive and bulky. To deliver
on-site biomedical diagnostics, there are tremendous needs in
transition from laboratory testing to mobile diagnostic platforms.
Much effort has been devoted for developing miniaturized
smartphone spectrometers (Long et al., 2015). The three most
common detection modalities of smartphone spectrometers are
absorption (Wang et al., 2016; Guo et al.,, 2015; Long et al., 2014;
Hu et al., 2015), fluorescence (Yu et al., 2014; Jiang et al., 2014), and
photonic crystal based detection (Gallegos et al., 2013). These re-
cently reported smartphone spectrometers have demonstrated
that smartphone spectrometers with one detection modality can
meet clinical requirements and have the potential to expand the
use to environment assays in rural, remote, or low-resource areas.
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Furthermore, two combined detection modalities in a smartphone
spectrometer have been shown the feasibility (Hossain et al.,
2015). However, all current reported smartphone spectrometers
are single-channel detection. It means that only one sample can be
monitored or measured in each measurement by these smart-
phone spectrometers. For on-site biomedical diagnostics or in-
field testing, there are massive samples at the same time for
analyzing. Therefore, both portable devices and high-throughput
detection are critical issues. Single-channel smartphone spectro-
meters are portable, but far beyond the need for high-throughput
detection. Moreover, most biomedical immunoassays or diagnostic
tests are performed on the commonly used microtiter plates
(microplates) for high-throughput testing. It is difficult to directly
apply the reported single-channel smartphone spectrometers on
the microplate-based assays in one step. For detecting microplate-
based assays, Ozcan's group developed an optical-fiber-based
cellphone microplate colorimetric reader for enzyme-linked im-
munosorbent assays (ELISA) (Berg et al., 2015). The data analysis
was by extracting Red, Green and Blue channels in a digital image.
No prior high-throughput multichannel smartphone spectro-
meters have been reported.

Here, we demonstrate a high sensitive multichannel smart-
phone spectrometer (MSS) as the optical biosensor for high-
throughput point-of-care biomedical diagnostics. To achieve ac-
curate multichannel optical sensing by a smartphone camera, two
challenges need to be overcome. First, the limited field-of-view
(FOV) unmatching problem between the smartphone camera and
the samples leads to the optical aberration and incorrect analytical
results. For example, an Apple iPhone 5 smartphone uses a 4.1 mm
lens to provide a 33 mm equivalent FOV. On a 96-well microplate
(85.5 mm x 127.8 mm), this small FOV can only view a few sam-
ples with nonuniform light distribution among these samples.
Second, spectral crosstalk between neighboring channels in the
multichannel spectrometer must be avoided. In this work, we
designed a low-cost microprism array to enlarge the FOV of the
smartphone sensor and to fit the FOV of a microplate. We utilized
a backlight panel and a micro-aperture array to achieve uniform
and isolated lighting distribution for each channel of the MSS to
avoid the spectral crosstalk. Using the commercial 96-well mi-
croplate as the design model, we developed an 8-channel smart-
phone spectrometer as high-throughput optical biosensor for the
first time. On the other hand, the detecting sensor of the smart-
phone camera is controlled by the smartphone’s camera applica-
tion (App) to automatically adjust optical parameters under dif-
ferent circumstances. To ensure the consistency in different cir-
cumstances, we developed an App to align each channel and to
control the optical parameters related to optical sensing. To eval-
uate the performance of the MSS, we used the MSS to determine
the concentrations of proteins, which are routine tests for diag-
nosing diseases or monitoring health and can only be conducted in
diagnostic laboratories. We also assayed a clinical cancer bio-
marker in human serum for human disease diagnostics by the
MSS. Both results measured by the MSS were compared with those
read by a commercial laboratory spectrometer.

2. Material and methods

2.1. Light tilting principle, design and fabrication of the microprism
array

To enlarge the FOV of the camera sensor, a microprism array
was designed for tilting incident light from one column of a 96-
well microplate. A prism can deviate the incident light to an de-
viation angle o, as schematically shown in Fig. S1. The light ray-
tracing can be calculated by Eq. (1):
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where 6 is the angle of refraction (prism apex angle), ny s is the
refractive index of the prism material, and ny is the refractive in-
dex of air. Based on the template of one column of a 96-well mi-
croplate, a microprism array was designed with different apex
angles (§) for each microprism to tilt light from different position
to the smartphone camera sensor. First, an 8-channel microprism
array for the first column was designed and then the array was
repeated for a total of 12 rows in Fig. S2. In every column, the
8-channel microprism array is symmetric to the center and the
apex angles () and light deviation angles (o) of each microprism
are both indicated in Fig. S2. Since the camera sensor can detect
light from the two central wells in each column of 96-well mi-
croplate clearly without light tilting, there were no microprisms in
the middle two channels.

To fabricate the designed microprism array at low cost, we used
a hybrid manufacturing process as illustrated in Fig. S3. In the first
step, a negative mold of the microprism array was 3D printed
(uPrint SE Plus, Stratasys, Eden Prairie, MN, USA) by using acry-
lonitrile-butadiene-styrene (ABSplus-P430, Stratasys, Eden Prairie,
MN, USA). Next, to increase the resolution and the surface quality
while molding the microprisms, one layer of a thermoplastic sheet
(Polyethylene terephthalate, PET sheet, thickness 1/32 in., wid-
getworks, NY, USA) was vacuum coated on the surface of the ne-
gative mold by a compact vacuum forming machine (JT-8 Vacuum
Forming Machine, China). After smoothing the surface of the ne-
gative mold, PDMS (SYLGARD®™184 silicone elastomer kit, base and
curing agent mixed at a ratio 10:1, Dow Corning) was poured onto
this PET-covered mold and fully cured at 60 °C for 2 h. A trans-
parent microprism array was fabricated after peeling off.

2.2. Multichannel smartphone spectrometer system

Fig. 1(a) schematically shows the platform of the 8-channel
smartphone spectrometer. An iPhone 5 (Apple, Inc., Cupertino, CA,
USA) smartphone with a rear camera, which integrates an
8-megapixel backside-illuminated sensor (BIS) with 3264 x 2448
pixels, was used in the MSS. A diffractive grating (1200 grooves/
mm, GT13-12, Thorlabs, USA) was utilized to generate diffractive
spectra. The first order diffraction angle of this grating is 39.5° for
green light. A 45° angle was designed between the optical axis of
the incoming light and the normal direction of the grating. Thus,
the first-order diffraction spectrum can be captured by a smart-
phone camera when the camera is directly put in contact with the
grating. In order to reduce the cost and the total size, no extra
lenses and small-diameter apertures were used in this design. We
utilized the lenses in the smartphone camera to directly focus the
spectrum.

A smartphone holder for an iPhone 5 was designed to hold
both the smartphone and the diffractive grating. A smartphone
support was designed to keep a minimal distance between the
grating and the microplate. The distance from the grating to the
top surface of the microplate was about 90 mm. The smartphone
supporter was also functioned as a slit aperture which only allows
light from one column to reach the grating to avoid interfere of
light from different columns. In the bottom part of the MSS, a
microplate holder was designed to hold all the other components.
These components included a low-cost backlight panel
(112 mm x 88 mm x 3 mm), one aperture array with aperture
diameter 6 mm that placed between the backlight panel and the
microplate, a microplate that can slide in and out of the holder
from one side, and another aperture array with aperture diameter
4 mm that placed above the microplate. The microplate was placed
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(with aperture arrays,

Fig. 1. (a) The 3D model and (b) the assembled setup of the 8-channel smartphone
spectrometer. (c) The screenshot of the App in the first view to align each spectrum
into each channel, adjust focus, and take photos. (d) The screenshot of the App in
the second view to control the optical sensing parameters. (For interpretation of
the references to color in this figure, the reader is referred to the web version of this
article.)

between the two aperture arrays and these three components
were in precise alignment so that illumination light only passed
through microwells and the areas between wells were all blocked.
The spectral crosstalk can be perfectly avoided. To user-friendly
scan samples from one column to the next column of the 96-well
microplate, two sliding rails were designed on the top of the top
cover. The smartphone supporter can slide along these two rails to
every column of the 96-well microplate.

On top of the top aperture array, the PDMS microprism array
was integrated and aligned with the aperture array to tilt light into
the FOV of a smartphone camera. The backlight panel and the two
aperture arrays were glued inside the microplate holder. The mi-
croprism array was hold tightly by a top cover lid. Three 9 V bat-
teries were used to power the backlight panel and one battery
holder with a switch was designed and placed at one side of the
microplate holder. Two light sources were prepared for this MSS.
The first light source is 8 micro Xenon bulbs (1-Cell AAA, Maglite,
Ontario, CA, USA) as the white light source, and the second light
source is 8 compact white light-emitting diodes (LED). All light

sources were incident from one side of the backlight panel. Light
can be reflected multiple times inside the backlight panel and
exited from the top of the panel with a uniform light distribution.

The smartphone holder, the microplate holder, and the battery
holder were 3D printed using opaque ABS. The smartphone sup-
porter was made by gluing 7 pieces of laser-cut acrylic sheets (1/
16 in. thick). All sides of the supporter were covered by opaque
protection paper to block stray light. The height of the smartphone
supporter, i.e. the distance from the camera to the top of the mi-
croplate, was 90 mm. The bottom aperture array with aperture
diameter 6 mm and the top aperture array with aperture diameter
4 mm were made by laser cutting a piece of the transparent acrylic
sheet (1/32 in. thick) and painted to black. The top cover lid was
also laser cut of an acrylic sheet (1/16 in. thick). Two 1/8 in.
stainless steel rods as the sliding rails were glued on two slots that
laser-cut on the top cover lid. The assembled MSS with an iPhone
5 smartphone was shown in Fig. 1(b).

2.3. Digital image acquisition and data processing

An iPhone mobile multi-view App was developed using the
Swift programming langue (Apple Inc, Cupertino, California, U.S.)
to control the optical sensing parameters and to align the spec-
trum in each channel. The first view in Fig. S4 was used to align
each spectrum with the smartphone camera sensor by 8 square
frames in 8 channels, respectively. In addition, the first view can
review spectrum, adjust focus by changing the “Focus” slide bar,
and take images by tapping the “Take photos” button. 5 pictures
were captured in sequence to minimize the possible small in-
tensity fluctuations which arose from the light source and the
camera sensor. Then, the app automatically saved captured pic-
tures to the image gallery. The second view in Fig. S5 can adjust
exposure time, ISO value, and white balance. The consistent optical
parameters were set for all measurements. To process and analyze
spectral data, a Matlab (Mathworks, Natick, MA, USA) graphical
user interface (GUI) program was developed. First, the program
transformed the corresponding pixel values to the specific wave-
length values that were measured in the light calibration step.
Then, 5 pictures of each sample were imported to read the average
optical intensity in each channel. The average of 60 spectral lines
of each spectrum was calculated to obtain average light intensity
vs. wavelength. Finally, the program processed the transmission
and absorbance spectrum to determine the concentrations of the
analyte. For future cloud-based computation, this program can be
installed in a central server. The smartphone App can wirelessly
transmit the obtained images to the central server, receive and
display the results directly on the smartphone.

2.4. Quantification of protein

Quantifying the amount of protein, also known as quantitative
proteomics, is a very important and common assay in biochem-
istry research and clinic diagnostics (Noble and Bailey, 2009;
Stoscheck, 1990). By determining the amount of protein, the dis-
eased and healthy patients can be diagnosed. For example, protein
in urine, referred to proteinuria, is suggestive of kidney diseases or
infection, and is especially important for pregnant woman (Price
et al.,, 2005). A Bradford assay kit (Thermo Scientific, Waltham, MA,
USA) was purchased to determine protein concentration. The
Bradford protein assay utilizes Coomassie Brilliant Blue G-250
colloidal dye to quantify the amount of protein. In the acidic
condition, protein binds to the dye molecules to form a protein-
dye complex. The protein-dye complex leads to a spectral shift
from the brown form of the dye (absorbance maximum at a wa-
velength of 465 nm) to the blue form of the dye (absorbance
maximum at a wavelength of 595 nm).
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We prepared two sets of serially diluted bovine serum albumin
(BSA) standards in 0.01 M phosphate buffered solution (PBS, pH
7.4), including the set in the high concentration range from
0.125 mg/mL to 1.5 mg/mL, and that in the low concentration
range from 2 pg/mL to 25 pg/mL. A blank sample was prepared as
0 mg/mL BSA in PBS. Assaying high concentrations of BSA, 10 uL of
each BSA standard was added into the appropriate microplate
wells. 300 pL of G-520 colloidal dye was then added to each well.
To detect the low concentrations of BSA, 150 uL of each BSA
standard was mixed with 150 pL of G-520 dye in each well. After
gentle tapping the microplate for 30 s and developing for 10 min,
it was ready to read the results by both the MSS and a laboratory
instrument (Tecan Safire2, Mdnnedorf, Switzerland) for two
replicates.

2.5. Cancer biomarker immunoassays

Human Interleukin-6 (IL-6) has been extensively shown to be a
relevant cancer biomarker for lung (Brichory et al., 2001; Yana-
gawa et al.,, 1995), prostate (Michalaki et al., 2004; Giri et al., 2001),
liver (Park et al., 2010; Naugler et al., 2007), breast (Kniipfer and
Preif3, 2007; Sullivan et al., 2009), and epithelial cancers (Schafer
and Brugge, 2007). Accurately evaluating the expression of IL-6 in
human serum has been considered to track, classify, and prognose
various cancers. An enzyme-linked immunosorbent assay (ELISA)
kit was purchased (Invitrogen, Camarillo, CA, USA) to measure IL-6
levels in human serum. Lyophilized IL-6 was reconstituted in the
standard diluents, and serially diluted from 2 pg/mL to 250 pg/mL.
50 uL of each serially diluted IL-6 standard was added to each
microwell which was pre-coated with human IL-6 capture anti-
bodies. The blank well was incubated with 0 pg/mL of IL-6. Then
50 uL of detection antibody (biotinylated antibody) was added to
each well. The solutions were carefully covered for 2-h incubation
at room temperature. Next, the solutions were removed, and each
well was washed 4 times with the wash buffer. 100 uL of Strep-
tavidin-HRP solution was added to each well followed by in-
cubation for another 30 min, and the wash steps were repeated
again. 100 uL of chromogen solution (TMB substrate) was then
added to each well. After developing for 30 min in dark at the
room temperature, 100 pL of stop solution was added to stop the
reaction. The immunoassay results were ready to measure the
absorbance at a wavelength of 450 nm by both the MSS and the
laboratory instrument (Tecan Safire2, Mannedorf, Switzerland) for
two replicates.

3. Results and discussion

3.1. Wavelength calibration of the multichannel smartphone
spectrometer

We calibrated two types of light sources including the white
light (Xenon bulbs) and the LED, respectively. Because the MSS
was well assembled, we were not able to insert laser light sources
to directly calibrate the correlated pixel values with the wave-
length. We used an indirect calibration method to map the pixel-
to-wavelength relationship. First, we utilized a published hand-
held smartphone single-channel spectrometer to calibrate the
mapping of pixel to wavelength (Wang et al., 2016). One Helium-
Neon (HeNe) laser (632.8 nm, Melles Griot, NY, USA) and three
laser diodes (405 nm, 530 nm, and 650 nm wavelength) were ap-
plied to calibrate the pixel-wavelength mapping in Fig. S6. The
wavelength resolution is 0.2521 nm/pixel. Next, we respectively
obtained the spectrum distribution of the white light and the LED
that were respectively applied in the MSS in Fig. S7. By comparing
the pixel-wavelength mapping obtained on the single-channel

(a)

(b)

Fig. 2. The 8-channel transmission spectral images of (a) DI water and (b) serial
diluted BSA standards in the high concentration ranges (0.125-1.5 mg/mL) with the
blank sample (0 mg/mL BSA).

smartphone spectrometer (Wang et al., 2016) and the spectrum
obtained directly from this MSS, we identified the correlated pixels
to wavelengths in the MSS and also determined the positions of
the 8 alignment frames for 8 channels.

3.2. Protein quantification by the multichannel smartphone
spectrometer

To validate the performance of the MSS using a white light
source, Fig. 2 presents the 8-channel transmission spectra and the
absorption spectra of BSA in the high concentration working range
measured by the MSS and the laboratory instrument, respectively.
The full visible spectra from 400 nm to 700 nm were readout by
the MSS and the lab instrument. The 8-channel transmission
spectral images of DI water and the high concentrations of BSA are
shown in Figs. 2(a) and (b). It can be seen that DI water has no
absorbance to visible light while the different concentrations of
BSA mixed with G-520 reagent have red-light absorbance.

The absorption spectra of the high concentrations of BSA
standards (0.125-1.5 mg/mL) and the blank sample (0 mg/mL of
BSA) measured by the MSS and the lab instrument are presented
in Figs. 3(a) and (b), respectively. In clinical chemistry, the iso-
sbestic point is the indicator to verify the accuracy in the wave-
length of the spectrometer, as the quality assurance method, re-
lying on the total absorbance of the sample fixing during chemical
reactions at the isosbestic point. At the wavelength of 525 nm,
there is an isosbestic point in both spectra read by the MSS and the
lab instrument in Figs. 3(a) and (b), respectively. It is strongly in-
dicated that the high accuracy of pixel-wavelength mapping of the
MSS by the indirect wavelength calibration method compared
with the results from the lab instrument. With increasing the
concentrations of BSA, the absorption spectrum experiences a
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Fig. 3. The absorption spectra of serial diluted BSA standards in the high con-
centration ranges (0.125-1.5 mg/mL) with the blank sample (0 mg/mL BSA) read by
(a) the MSS and (b) the laboratory instrument.

redshift and the absorption peak is at the wavelength of 595 nm.

In the first set of the high concentrations (0.12-1.5 mg/mL), the
linear calibration plot of absorbance vs. the concentrations of BSA
measured by the MSS and the lab instrument is presented in
Figs. 4(a) and (b), respectively. The linear correlation (R?) achieved
0.9977 by the MSS to quantify the BSA concentrations which was
comparative to the results by the lab instrument (R?=0.9952). The
limit of detection (LOD) was calculated as three standard devia-
tions above the absorbance of blank sample (0 mg/mL of BSA)
measured by the MSS and the laboratory instrument, respectively.
The MSS achieved an LOD of 0.187 mg/mL which was at the same
level of the LOD of the lab instrument (0.240 mg/mL). To specifi-
cally assess the agreement between the two instruments, the
linear correlation between the MSS and the lab instrument
showed the strongly agreement with each other (R>=0.9927) in
Fig. 4(c).

The assay of the low concentrations (2-25 pg/mL) were eval-
uated in Figs. 5(a) and (b) which was more challenging than de-
termining the high concentrations of protein due to the require-
ment of the high sensitivity of the MSS. The linear regression
analysis showed that the MSS can perform precision measure-
ments of protein quantification in the low concentration range
(R>=0.9953) which was comparative to the lab instrument
(R=0.9910). The LOD measured by the MSS was 4.4 pg/mL and it
is comparative with the LOD measured by the lab instrument
(4.1 pg/mL). The linear correlation (R2=0.9847) between the two
instruments in Fig. 5(c) evidently demonstrated the highly
agreement in the measurement results by both instruments. In
addition, the intensity of the white light illuminating the high

a
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]
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Fig. 4. (a) The linear regression between the absorbance at 595 nm and the BSA
concentration measured by the MSS, and (b) by the laboratory instrument in the
high concentration range (0.125-1.5 mg/mL). (c) The linear correlation between the
absorbance results measured by the MSS and the laboratory instrument.

concentrations of protein samples by the MSS was slightly weaker
(0.9507 fold) than the light intensity of the compared lab instru-
ment in Fig. 4(c), and that illuminating the low concentrations of
protein samples by the MSS was slightly stronger (1.0387 fold)
than the light intensity of the compared lab instrument in Fig. 5(c).
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Fig. 5. (a) The linear regression between the absorbance at 595 nm and the BSA 2 0.2
concentration measured by the MSS, and (b) by the laboratory instrument in the
low concentration range (2-2 pg/mL) (c) The linear correlation between the ab- 0.0 T T T T T T 1
sorbance results measured by the MSS and the laboratory instrument. 00 02 04 06 08 10 12 14
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Since _different inStrumenFS_ have differences_ in the illuminatipn Fig. 6. The dose-response fitting curves for IL-6 concentrations in human serum
intensity and sensor sensitivity, the comparison in the light in- measured by (a) the MSS and (b) the laboratory instrument. (c) The linear corre-
tensity can be used as the reference factors while comparing to lation between the MSS and the lab instrument.

different instruments in the future. The capability of the MSS for
quantifying protein from 2 pg/mL to 1.5 mg/mL has been validated



692 L.-J. Wang et al. / Biosensors and Bioelectronics 87 (2017) 686-692

with high accuracy compared with the lab instrument. At the same
time, the MSS showed the high sensitivity to measure the low
concentrations of the protein.

3.3. Immunoassaying cancer biomarker measured by the multi-
channel smartphone spectrometer

Next, we evaluated the ability of the MSS using a LED source to
high-throughput measure IL-6 concentration in human serum. The
completed immunoassays were read at the wavelength of 450 nm.
The absorbance is a function of IL-6 concentrations fitted by the
sigmoidal curve (dose-response curve), governed by Eq. (2):

B-A

A4 42
f& * 1+(kx)* )

where A and B are the y-axis maximum and minimum asymptote.

k is the inflection point. x represents logm[IL—S] and s is the Hill's
Slope to describe the steepness of the fitting curves. The LOD was
calculated as three standard deviations above the absorbance of
blank sample (0 pg/mL of IL-6 in human serum) measured by the
MSS and the laboratory instrument, respectively. In Figs. 6(a) and
(b), the dose-response curves with 4 parameters (A, B, k, and s) are
presented. The goodness-of-fit (R?) of the dose-response fitting
immunoassaying curve measured by the MSS achieved to 0.9872
which was highly comparative to the performance of the lab in-
strument (R>=0.9827). The MSS achieved an LOD of 10.6 pg/mL
which was at the same level of the LOD by the lab instrument
(8.8 pg/mL). It provided the strong evidence that the sensitivity of
the MSS using the LED backlight achieved the clinical diagnostic
requirement. Furthermore, the intensity of the LED backlight il-
luminating the biomarker IL-6 in human serum by the MSS was
slightly stronger (1.1653 fold) than the light intensity of the lab
instrument in Fig. 6(c) with the high agreement (R*=0.9919) in
the results of the two instruments. By assessing IL-6 im-
munoassaying, the MSS using the LED backlight was successfully
demonstrated the high accuracy and the high sensitivity compared
with the lab instrument.

4. Conclusions

In this work, we first-time developed a portable multichannel
smartphone spectrometer (MSS) as the high-throughput optical
biosensor by integrating a custom-designed microprism array for
point-of-care diagnostics. The wavelength resolution of the MSS is
0.2521 nm/pixel. We illustrated the performance of the MSS by
quantifying protein concentrations and immunoassaying a cancer
biomarker that are both essentially important in disease clinic
diagnosis and biomedical research. First, the linearity results of
quantifying proteins showed the good correlation in the high
concentration range (R>=0.9927) and the low concentration range
(R>=0.9847) between the MSS and the laboratory instrument. The
sensitivity of the MSS was also evaluated by its capability of
measuring the very low concentration of protein (2 ug/mL). Sec-
ond, the cancer biomarker was immunoassayed and curve-fitted
by the dose-response sigmoidal model which is the most common
model in clinical chemistry. The agreement was highly correlated
(R2=0.9919) between the MSS and the lab instrument. Moreover,
the comparative LOD (10.6 pg/mL) of the MSS satisfied the clinical
requirements. These two sets of tests provided strong evidences
that the MSS can perform the high-throughput point-of-care di-
agnostics with the validated high sensitivity and accuracy. Such
high performance of the MSS was contributed by the microprism
array to navigate the light from each sample to each channel and
the micro-aperture array to avoid the spectral crosstalk between

each channel. Considering the affordability, we invented a hybrid
manufacturing process to fabricate the low-cost PDMS microprism
array. Using 3D printed accessories and the affordable hybrid
manufacturing process for the PDMS microprism array, the MSS
only costs less than $150 USD. Thus, this affordable MSS opens a
promising avenue toward in-field high-throughput point-of-care
diagnostics by multichannel optical detection on the smartphone.
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