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ABSTRACT

We present a sunlight based handheld smartphone spectrometer. The device first gathers the sunlight to pass
through the sample, and then the transmitted light illuminates on a grating to generate spectrum finally recorded
by the smartphone monochrome camera. All the optical elements are assembled with the smartphone to in-
tegrate a handheld device with the size of 140.2mm X 67.4 mm x 80.5 mm. Besides, a smartphone application
is also developed for automatic spectral calibration, detection, analysis and display. Compared to the white light
emitting diode and the halogen lamp, the sunlight has more uniform distribution covering the entire visible
spectral range; and the proposed device also avoids the bulky sizes of those broadband light sources.
Additionally, the monochrome camera is used instead of the color camera not only to pursue a high spectral
resolution as 0.276 nm/pixel but also to avoid the color overlapping. We demonstrate the device capability on
detecting avian influenza virus H7N9 and porcine circovirus type 2 antibodies, proving the device has rather
high sensitivity similar to the commercial microplate reader. Considering its advantages as compact size, high
spectral resolution and detecting sensitivity, it is believed the proposed sunlight based handheld smartphone
spectrometer is potential to be broadly applied in on-site detections.

1. Introduction

Optical spectroscopy focusing on spectral

mirror devices (Texas Instruments) have also been proposed to further
compact the spectrometers. Unfortunately, most of them cannot sup-

measurements and ana- port standalone operations, since they still require extra computers for

lysis is a powerful tool in various researches and applications, such as
biological detections (Cialla-May et al., 2017; Manley, 2014), medical
diagnostics (Haas and Mizaikoff, 2016) and food assessments (Ellis
et al., 2012; Rodriguez-Saona and Allendorf, 2011), etc. Though com-
mercial spectrometers utilized in the industries and laboratories can
measure the spectra in high accuracy and resolution, they are often
bulky and complicated; besides, most of them require external power
supply, limiting their on-site applications. In order to extend their ap-
plication scope, portable spectrometers have been designed and used in
various applications (Al-Qazwini et al., 2016; Liu et al., 2018). Ad-
ditionally, miniature systems such as micro-spectrometers based on
advanced  micro-opto-electro-mechanical  systems (Hamamatsu
Photonics) and ultra-mobile spectrometers relying on digital micro-

data processing and display. Besides, both these bulky and compact
spectrometers are often expensive, inevitably impeding their extensive
applications.

Considering the smartphones not only have high-quality cameras for
optical signal recording, but also have powerful processors for data
processing and display, different smartphone based devices have been
designed, such as smartphone microscopes for cell and tissue imaging
(Breslauer et al., 2009; Cho et al.,, 2016; Ghassemi et al., 2017;
Kiihnemund et al., 2017; Meng et al., 2017; Shan et al., 2019;
Shrivastava et al., 2018; Skandarajah et al., 2014; Switz et al., 2014;
Wei et al., 2013, 2014a), smartphone sensors for biological and che-
mical detections (Berg et al., 2015; Choi., 2019; Kong et al., 2017; Lee
et al., 2014; Li et al., 2017, 2019; Nguyen et al., 2018; Rajendran et al.,
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2019; Wei et al., 2014b) and smartphone spectrometers for spectral
measurements and analysis (Long et al., 2014, 2017; Wang et al., 2016,
2018; Zhang et al., 2016). Long et al. (2014) proposed a smartphone
spectrometer for both disease biomarker and food allergen detection
using enzyme linked immunosorbent assays (ELISA); besides, they also
reported multimode smartphone spectrometer which measured the
spectra in both transmission and reflection modes (Long et al., 2017).
Zhang et al. (2016) introduced an ultra-thin Fresnel lens combining the
functions of collimation, dispersion and collection into the smartphone
spectrometer to further compact its configuration. Wang et al. (2016)
used digital versatile disc (DVD) instead of grating to build an ultra-
low-cost smartphone spectrometer; moreover, they also proposed an
octochannel smartphone spectrometer for mobile health diagnostics
(Wang et al., 2018). Compared to those commercial spectrometers,
these portable and affordable smartphone spectrometers can support
their standalone operations such as spectral signal recording, data
processing and display, completely avoiding external power supply and
extra computer, suggesting that these smartphone spectrometers are
especially suited for on-site applications. But note that most of these
smartphone spectrometers use color CMOS cameras for spectrum re-
cording, Bayer color filter array in color CMOS sensors inevitably de-
creases the resolution and the efficiency since four pixels are treated as
a “new” pixel to show both amplitude and color; and the color filters in
Bayer color filter array reduce the light intensity (Dubois, 2005; Jee
et al., 2018; Pei and Tam, 2003). In addition, Bayer color filter array
also induces color overlapping with large tilting illuminations thus
decreasing the accuracy in spectral measurements (Dong et al., 2014;
Fang et al., 2017). Moreover, some of these smartphone spectrometers
used white light emitting diode (LED) as the light source (Wang et al.,
2016, 2018), unfortunately, its spectrum is not evenly distributed in the
visible light range (Cho et al., 2017). Though broadband light sources
such as halogen lamps can provide more evenly distributed spectrum,
they can hardly be integrated in the handheld smartphone spectro-
meters due to their sizeable configuration.

In this paper, we design a sunlight based handheld smartphone
spectrometer. It uses sunlight as the illumination source, which spec-
trum is more uniformly distributed in visible light band compared to
those of the white LED and the halogen lamp, and avoids the sizeable
configuration of the often used broadband light sources. Besides, the
smartphone monochrome CMOS camera is used for spectral signal re-
cording, increasing the resolution and the efficiency as well as avoiding
the color overlapping. In this design, only low-cost grating and lens are
required and assembled with smartphone using 3-D printing fabricated
structures, making the system compact with the size of only
140.2mm X 67.4mm X 80.5mm. Additionally, a smartphone appli-
cation is designed for rapid spectral calibration, detection, analysis and
display. The proposed sunlight based handheld smartphone spectro-
meter can cover the entire visible light range from 380 nm to 760 nm
with a high spectral resolution of 0.276 nm/pixel. Besides, the linear
relation between the absorbance of standard Rhodamine 6G (R6G) and
its concentration indicates the rather high accuracy of this proposed
handheld smartphone spectrometer. We also present its capability on
detecting avian influenza virus (AIV) H7N9 and porcine circovirus type
2 (PCV2) antibodies. AIV poses a significant threat to the poultry in-
dustry worldwide, which has the potential to cross species barriers to
trigger human pandemics such as human infections with H7N9 (Gao
et al.,, 2013). PCV2 is an essential pathogen for porcine circovirus-as-
sociated diseases (PCVADs) and caused great economic loss in domestic
and overseas pig breeding (Afghah et al., 2017; Palinski et al., 2017).
Therefore, it is critical to construct an accurate and sensitive method to
implement the early diagnosis for AIV and PCV2 antibodies to prevent
and control the spread of these viruses. The results reveal that the
sunlight based handheld smartphone spectrometer can detect the target
in rather high sensitivity similar to the commercial microplate reader.
Considering its advantages as compact configuration, effective cost, fast
speed, high spectral resolution, sensitivity and accuracy, it is believed
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the proposed sunlight based handheld smartphone spectrometer is po-
tential to be broadly used in on-site detections.

2. Materials and methods
2.1. Chemicals and reagents

Potassium chloride (KCl), potassium dihydrogen phosphate
(KH5PO,), sodium chloride (NaCI), sodium carbonate (Na,COs), so-
dium bicarbonate (NaHCO3;) and disodium hydrogen phosphate
(NayHPO,) purchased from Sinopharm (China) were of analytical grade
and used without further purification. Tween-20 was purchased from
Sinopharm (China). Phosphate buffered saline (PBS, pH = 7.2) con-
tained 137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO, and 2 mM KH,POy;
and PBST is PBS with 1% Tween-20. Carbonate buffer solution (CBS,
pH = 9.6) contained 15 mM Na,CO3 and 35 mM NaHCO;. TMB color
reagent A solution (3,3’,5,5’-tetramethylbenzidine solution) and TMB
color reagent B solution (peroxide solution) were purchased from
Aladdin (China). Bovine serum albumin (BSA) was purchased from
Thermo Fisher (US). HRP-conjugated goat anti-mouse IgG antibody
(HAb1) and HRP-conjugated goat anti-rabbit IgG antibody (HAb2) were
purchased from Kirkegaard & Perry Laboratories (US). The simulated
positive and negative serum of AIV H7N9 and PCV2, the AIV H7N9
monoclonal antibody and the PCV2 polyclonal antibody were prepared
in our laboratory. Ultrapure water obtained from the Milli-Q system
(Millipore, 18.2 MU resistivity, US) was used in experiments.

2.2. Sample preparation

In AIV H7N9 sample preparation, first, microtiter plates were coated
with prokaryotic recombinant hemagglutinin protein (HA1) overnight
at 4°C with 100 puL/well at a concentration of 2 ug/mL in CBS. After
washing three times with PBST, the plates were blocked with 5% BSA in
PBS at 37 °C for 1 h with 200 pL/well. The plates were washed and air
dried. Then, plates were incubated with different dilution ratios of AIV
H7N9 antibody (103, 5 x 103 10% 5 x 10% 10° 3 x 10° 5 x 105,
8 x 10°, 10° times diluted in 0.01 M PBS) at 37 °C for 30 min. Positive
and negative serum of H7N9 (1:1000) were added as positive and ne-
gative control. The plates were washed three times with PBST and in-
cubated with HAb1 (1:5000) for 30 min at 37 °C. After the plates were
washed three times, TMB color reagent A and B solutions were mixed
and transferred to each well with 100 pL. With incubation at room
temperature for 10 min, the reaction was stopped by 2M H,SO,. Finally,
the samples in microtiter plates were first tested by the commercial
microplate reader (Tecan, Switzerland) directly and then detected by
the proposed sunlight based handheld smartphone spectrometer by
transferring the sample solutions from microtiter plates to the cuvettes.
The protocol for PCV2 sample preparation was the same as that of AIV
sample preparation, except that the PCV2 antibody was diluted by 400,
800, 1600, 3200, 6400, 12800, 25600 and 51200 times in 0.01 M PBS.

2.3. Hardware design of the sunlight based handheld smartphone
spectrometer

Fig. 1(A) shows the optical design of the sunlight based handheld
smartphone spectrometer. The sunlight first passes through the cuvette
(Purshee Optical Elements Co., Ltd., China) filled with the sample under
detection. Reflected by a mirror (Daheng Optics, China), the trans-
mitted light is then focused onto a pinhole (Daheng Optics, China) with
the diameter of 100 um using a biconvex lens (Daheng Optics, China).
Next, the light passing through the pinhole is collected using another
biconvex lens (Daheng Optics, China) and dispersed using the reflective
diffraction grating (Thorlabs, US) of 1200 grooves/mm. The angle be-
tween the light axis and the grating is 27° for the first-order diffraction
light collection. It is known that there is no dispersion in the zeroth-
order diffraction (Hecht, 2016), indicating the spectrum cannot be
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Fig. 1. Hardware design of the sunlight based handheld smartphone
spectrometer. (A) optical design; (B) structure design; (C) constructed device;
(D) device in application.

separated. Higher order diffractions can be used for spectral detection
due to their dispersion capability, but the first-order diffraction has the
highest intensity, which can maintain the high signal to noise ratio in
measurements. Therefore, we collected the first-order diffraction for
spectral detection. Finally, the monochrome CMOS sensor (IMX258,
Sony, Japan) of the smartphone (Nubia, China) was used to collect the
spectrum. The CMOS sensor has the size of 1/3.06”, the pixel size of
1.12 um and the pixel number of 4224 x 3192. Moreover, in order to
integrate the optical elements, the sample cuvette and the smartphone,
3-D printed structures were fabricated to construct the sunlight based
handheld smartphone spectrometer as shown in Fig. 1(B). Fig. 1(C)
shows the constructed device only with the size of
140.2 mm X 67.4 mm x 80.5 mm; moreover, no extra power supply is
required. Fig. 1(D) shows its application in transmission spectra mea-
surements.

2.4. Software design of the sunlight based handheld smartphone
spectrometer

For automatic spectral calibration, detection, analysis and display,
we develop an Android smartphone application called Smart
Spectrometer as shown in Fig. 2. This application can deal with the
spectral calibration, the wavelength-pixel relation retrieval and the
spectral resolution evaluation. Fig. 2(A) is the application icon on the
smartphone desktop, and Fig. 2(B) is the initial interface after starting
this application. If there exists calibrated wavelength-pixel relation,
spectral analysis can be directly implemented by clicking the “Detec-
tion” button in Fig. 2(B). Otherwise, spectral calibration should first be
implemented to determine the wavelength-pixel relation by clicking the
“Calibration” button in Fig. 2(B). Fig. 2(C) is the spectral calibration
interface, in which the number of calibration wavelengths should be
input, and note that more calibration wavelengths often obtain higher
calibration accuracy, but require more lasers and spectral image cap-
tures. To balance the trade-off, here three wavelengths of 450 nm,
532 nm and 650 nm from laser diodes are used for spectral calibration.
In Fig. 2(D), the first captured spectral image corresponding to 450 nm
is read-in, and in Fig. 2(E), its corresponding wavelength is typed-in.
Similarly, another two captured spectral images and their corre-
sponding wavelengths as 532 nm and 650 nm are also input as shown in
Fig. 2(F)-2(I). After reading-in all the calibration spectra, the
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smartphone application automatically recognizes the spectral peaks,
since their corresponding wavelengths are known in advance, the wa-
velength-pixel relation can be precisely determined using linear fitting
based on the least square method as shown in Fig. 2(J). The obtained
wavelength-pixel relation can be saved for further spectral analysis by
clicking the “Save” button in Fig. 2(J). In spectral calibration, for a
specific wavelength, multiple spectral images can be read-in, and their
average peak position is used for wavelength-pixel relation extraction.
Next, the spectrum could be extracted from the captured spectral
images according to the calibrated wavelength-pixel relation by
clicking the “Detection” button in Fig. 2(B) or 2(J). The captured
spectral image under analysis is read-in as shown in Fig. 2(K). Click the
“Analysis” button, the spectral information could be finally displayed as
shown in Fig. 2(L). It is worth noting that the displayed spectrum is not
the intensity along a single pixel line, each point in the spectrum is the
average intensity of central 50 pixels that are vertical to the spectral
direction in the captured spectral image. Moreover, this displayed
spectrum can be exported in txt file for further analysis by clicking
“Export Spectrum” button.

2.5. Data analysis method

With the exported spectra, the relation between the sample con-
centration and the absorbance can finally be extracted. For each
sample, often 5 repeated measurements are implemented to reduce the
error. Besides, the absorbance spectra of the deionized water are also
measured as the background. The absorbance is computed using optical
density as OD = -10810(Tsample/ Tdeionized water) Dy mnormalizing the
transmittance of sample against that of the deionized water, in which
Tsample aNd Tdeionized water are the average transmittance of the sample
and the deionized water at a specific wavelength from multiple mea-
surements.

3. Results
3.1. Spectral calibration, spectral resolution and range evaluation

Three laser diodes (Haoran Optics, China) with the wavelengths of
450 nm, 532nm and 650 nm were first used for spectral calibration.
Fig. 3(A) lists the spectra extracted from the captured spectral images in
the inserted image corresponding to different lasers, and their peaks
were recognized to determine the pixels corresponding to these wave-
lengths. In order to extract the wavelength-pixel relation in high ac-
curacy, 5 spectral images were first captured for each laser, then their
corresponding spectral peaks were recognized, and finally their average
value was used for linear fitting. Additionally, according to the grating
principle (Hecht, 2016), the dispersion is linearly proportional to the
wavelength, which means the pixel is linearly proportional to the wa-
velength. With this prior knowledge, the wavelength-pixel relation
covering the entire visible light band can be linearly fitted using three
lasers representing RGB wavelengths (Chang et al., 2018; Wang et al.,
2018). Afterwards, the wavelength-pixel relation was determined via
linear fitting as shown in Fig. 3(B), in which the coefficient of de-
termination (R?) is rather high as 0.999, indicating that the wavelength
is linearly related to the pixel. Based on the determined linear wave-
length-pixel relation, there were 724 pixels between the pixels corre-
sponding to the wavelengths of 450 nm and 650 nm. Therefore, the
proposed sunlight based handheld smartphone spectrometer could
reach a high spectral resolution evaluated as (650 nm-450 nm)/724
pixels = 0.276 nm/pixel. All the spectral calibration, the wavelength-
pixel relation retrieval and the spectral resolution evaluations were
implemented using our designed Android smartphone application fol-
lowing the procedures shown in Fig. 2(C)-2(J). This proposed sunlight
based handheld smartphone spectrometer can only be used for spectral
detection in the visible light band, because the monochrome CMOS
sensor (Sony IMX 258 mono) in the smartphone can only collect the
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Fig. 2. Android application of the sunlight based handheld smartphone spectrometer. (A) application icon on the smartphone desktop; (B) initial interface; (C)
calibration wavelength number selection; (D), (F) and (H) read-in the calibration spectral images; (E), (G) and (I) type-in the corresponding calibration wavelengths;
(J) extract the wavelength-pixel relation; (K) read-in the spectral image for analysis; (L) display the spectrum.

visible light signals. In addition, with the linearly fitted wavelength-
pixel relation, even the signals in the visible light band but beyond the
range between 450 nm and 650 nm can still be accurately collected and
recognized. In other words, for targets under detection, its corre-
sponding spectra in visible light band can first be extracted from the
captured spectral image, then the signals at specific wavelengths can be
located, and finally the corresponding OD values can be computed ac-
cording to the linearly fitted wavelength-pixel relation with high ac-
curacy.

In order to test the accuracy of the proposed smartphone spectro-
meter, the spectra of the broadband light from a halogen lamp (Mshot,
China) and a white LED (Daheng Optics, China) were measured using
the proposed device and a commercial fiber spectrometer (IdeaOptics,
China), and the results are listed in Fig. 3(C). The rather close spectral
distributions prove that the handheld smartphone spectrometer not
only can cover the visible light range from 380 nm to 760 nm, but also
has rather high accuracy in spectral measurements. Additionally,
Fig. 3(D) lists the spectra of the white LED, the halogen lamp and the
sunlight measured by the proposed smartphone spectrometer. Com-
pared to the spectra of the white LED and the halogen lamp, the sun-
light spectrum is more uniformly distributed in the visible light band.
When the signal under detection has the wavelength such as ~500 nm,
the LED and halogen spectra can hardly maintain the high signal to
noise ratio. While the sunlight spectrum is more evenly distributed in
the visible band, thus our proposed device can easily maintain the high
signal to noise ratio in the whole visible light band. Our designed device
is more compact and simpler, since it did not require light source
system as well as its power supply part. According to the spectral ca-
libration as well as the spectral resolution and the range evaluation, the
proposed sunlight based handheld smartphone spectrometer has the
advantage as the linear wavelength-pixel relation, wide spectral range,
high spectral resolution and accuracy in spectral measurements,

therefore, it was then used in practical absorbance spectral measure-
ments on R6G.

R6G as the standard sample was used to test the performance of
proposed sunlight based handheld smartphone spectrometer. R6G was
first diluted in the deionized water from 10 pug/mL to 2 pg/mL and then
transferred to a series of cuvettes; besides, additional cuvettes filled
with the deionized water were also prepared as the reference. Fig. 4(A)
lists part of the captured spectral images and Fig. 4(B) lists their cor-
responding spectra in different R6G concentrations. According to the
spectra in Fig. 4(B), though the spectral signals at 600 nm had higher
values, they were not so sensitive to R6G concentrations, because the
spectral signals at 600 nm did not change much in different R6G con-
centrations. According to the relation between the spectral absorption
and the R6G concentration in Fig. 4(C), R6G had a concentration-de-
pendent absorbance peak around the wavelength of 520 nm, and the
OD520 value increased with higher R6G concentrations. Therefore,
OD520 was used for R6G detection and further analysis. Additionally,
the relation between OD520 and R6G concentration was linearly fitted
as shown in Fig. 4(D) with the rather high coefficient of determination
(R? of 0.997, proving the proposed sunlight based handheld smart-
phone spectrometer can be potentially used in quantitative target de-
tection.

Moreover, the stability of the sunlight based handheld smartphone
spectrometer was also tested. The sample was also R6G in deionized
water solutions, and the OD520-concentration relations were extracted
in various conditions. Fig. 4(E) shows the linearly fitted OD520-con-
centration relations measured on a sunny day but at different time as in
the morning (tested from 9:00 to 10:00), at noon (tested from 12:30 to
13:30) and in the afternoon (tested from 15:00 to 16:00). Besides,
Fig. 4(F) lists the linearly fitted OD520-concentration relations mea-
sured on a sunny day and a cloudy day. Moreover, the insert images in
Fig. 4(E) and (F) are sunlight spectra without R6G measured by the
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Fig. 3. Spectral calibration, spectral resolution and range evaluation. (A) spectra extracted from the captured spectral images corresponding to different lasers;
(B) wavelength-pixel relation determined via linear fitting; (C) spectra of a halogen lamp and a white LED measured by the commercial fiber spectrometer and the
proposed smartphone spectrometer; (D) spectra of the sunlight, the white LED and the halogen lamp measured by the proposed smartphone spectrometer.
Verification on the Sunlight based Handheld Smartphone Spectrometer Using R6G.

sunlight based handheld smartphone spectrometer. Though there are
differences in these sunlight spectra in various weather conditions, the
OD520-concentration relations are still close with similar slopes with
deviations less than 5%, proving that the sunlight based handheld
smartphone spectrometer can provide stable results even measured at
different time or weather.

According to the verification using R6G, it is proved that the pro-
posed sunlight based handheld smartphone spectrometer can quanti-
tatively detect the target; besides, it can also provide stable detections
even measured at different time or weather.

3.2. Applications of the sunlight based handheld smartphone spectrometer
on detecting AIV H7N9 and PCV2 antibodies

After the accuracy and stability verification on the sunlight based
handheld smartphone spectrometer, the proposed device was finally
adopted in AIV H7N9 and PCV2 antibody detections. HA1 is the main
surface antigen of AIV, which can induce the production of protective
neutralizing antibodies, and Cap protein is the main immune protective
antigen for PCV2 inducing the immune response, therefore, HA1 and
Cap protein based ELISA can be used for AIV H7N9 and PCV2 antibody
detection. Samples with AIV H7N9 antibodies in different dilution ra-
tios of 10%, 5 x 10%, 10%, 5 x 10% 10°% 3 x 10° 5 x 10° and PCV2
antibodies in different dilution ratios of 400, 800, 1600, 3200, 6400,
12,800, 25,600 as well as the negative serum as the reference were
tested using the sunlight based handheld smartphone spectrometer, and
5 repeated measurements were implemented for each sample to reduce
the error. Moreover, these measurements were all implemented in
sunny days. Moreover, in order to test the accuracy of the proposed
device, samples with AIV H7N9 and PCV2 antibodies in different di-
lution ratios as well as the negative serum were also tested using the
commercial microplate reader (Tecan, Switzerland). Similarly, 5

repeated measurements were implemented for each sample to reduce
the error. Fig. 5(A) and (B) compare the OD spectra of AIV H7N9 and
PCV2 antibodies in specific dilution ratios measured from both the
commercial and proposed devices.

In order to compare the accuracy of the proposed sunlight based
handheld smartphone spectrometer, the discrete OD450 values in
Fig. 5(C) and (D) were then extracted from Fig. 5(A) and (B), respec-
tively. For the same dilution ratios, both OD450 values measured by the
proposed and commercial devices are rather close. To quantitatively
compare the results, the insert figure in Fig. 5(C) compares the OD450
values of the samples with AIV H7N9 antibodies in different dilution
ratios of 103, 5 x 10* and 10°, and that in Fig. 5(D) compares the
0OD450 values of the samples with PCV2 antibodies in different dilution
ratios of 400, 6400 and 25600, representing the high, middle and low
concentration cases. The OD450 data obtained by the commercial mi-
croplate reader and the proposed sunlight based handheld smartphone
spectrometer are close in most conditions, proving the accuracy of the
proposed sunlight based handheld smartphone spectrometer.

Moreover, for the proposed sunlight based handheld smartphone
spectrometer, the detection limits on dilution ratios are 3 x 10° and
12800 for AIV H7N9 and PCV2 antibodies, respectively as shown in
Fig. 4(C) and (D), since their measured OD450 values are all higher
than that of the background plus 3 times standard deviation. Ad-
ditionally, the detection limits were also proved by t-test, the p value
between OD450 value of AIV H7N9 antibodies with dilution ratio of
3 x 10° or PCV2 antibodies with dilution ratio of 12800 and that of
reference is lower than 0.05. While for the commercial microplate
reader, the detection limits on dilution ratios are 8 x 10° and 25600
also as shown in Fig. 4(C) and (D) for AIV H7N9 and PCV2 antibodies,
respectively. The detection limits were determined that the measurable
0OD450 values are all higher than that of the background plus 3 times
standard deviation, besides, the detection limits were also verified by t-
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linearly fitted OD520-concentration relations measured on a sunny day and a cloudy day; The insert images in (E) and (F) list the sunlight spectra in different

conditions without R6G.

test. Though the sensitivity of the sunlight based handheld smartphone
spectrometer is a little lower than that of the commercial microplate
reader, the detection limit of the proposed device is still in the same
order with that of the commercial one. Considering that the proposed
device has much more compact configuration and cheaper cost, thus it
is more suitable in on-site applications than the commercial microplate
readers.

Finally, the upper bound of dilution ratio for AIV H7N9 antibody is
103, and that for PCV2 antibody is 400, since above the upper detection
bounds, the absorbance at 450 nm is so strong (90% light intensity is
absorbed) that the spectral signal to noise ratio is quite low, and it is
difficult to distinguish the tiny spectral differences between two sam-
ples with both high concentrations. According to the upper detection
bounds and the detection limits in both AIV H7N9 antibody and PCV2
antibody conditions, the effective detection ranges of the dilution ratios
are 10%-3 x 10° and 400-12800 for AIV H7N9 antibody and PCV2

antibody, respectively. In addition, the microplate reader had the ef-
fective detection ranges of dilution ratios of 10%-8 x 10° and
400-25600 for AIV H7N9 antibody and PCV2 antibody, respectively. In
Fig. 5(E) and (F), the linearly fitted relations between the logarithm of
the dilution ratios and the OD450 values in effective detection ranges
were computed. For the proposed sunlight based handheld smartphone
spectrometer, the coefficients of determination (R?) are 0.959 and
0.969 for AIV H7N9 and PCV2 antibody detections; and for the com-
mercial microplate readers, the coefficients of determination (R?) are
0.967 and 0.985. The high coefficients of determination suggest that
the sunlight based handheld smartphone spectrometer can be poten-
tially used for quantitative target detections.

Compared to spectrometer relying on the LED source, our designed
device is more compact and simpler, since it did not require light source
system or power supply part. Besides, LED spectrum is not evenly dis-
tributed in the visible light band as shown in Fig. 3(D). When the
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Fig. 5. Applications of the sunlight based handheld smartphone spectrometer on detecting AIV H7N9 and PCV2 antibodies. (A)/(B) OD values obtained from
spectra measured by the proposed smartphone spectrometer (solid lines) and the commercial microplate reader (dashed lines) for AIV H7ZN9/PCV2 antibody in
different dilution ratios. (C)/(D) OD450-dilution relations extracted from (A)/(B) for AIV H7N9/PCV2 cases. Insert figures: comparisons on OD450 obtained by the
proposed and commercial devices in different dilution ratios. (E)/(F) Linearly fitted relation between OD450 values and the logarithm of dilution ratios for AIV

H7N9/PCV2 cases.

signals under detection have some specific wavelengths such as
~500nm, the LED spectrum can hardly maintain the high signal to
noise ratio due to the rather low intensity at those wavelengths. While
the sunlight spectrum is more evenly distributed in the visible light
band also as shown in Fig. 3(D), which can easily maintain the high
signal to noise ratio in spectral detection in the entire visible light band.
Though the sensitivity of the sunlight based handheld smartphone
spectrometer is a little lower than that of the commercial microplate
reader, considering that the proposed device has much more compact
configuration and cheaper cost, thus it is more suitable in on-site ap-
plications than the commercial microplate readers.

4. Conclusion

We present a sunlight based handheld smartphone spectrometer in
this paper. It uses sunlight as the illumination source and avoids the

bulky sizes of the traditionally used broadband light sources, therefore,
it only has the small size of 140.2mm x 67.4 mm x 80.5 mm. In ad-
dition, the sunlight spectrum is more evenly distributed in the visible
light band than those of the white LED and the halogen lamp, which can
easily maintain the high signal to noise ratio in spectral detection in the
entire visible light band from 380 nm to 760 nm. Besides, instead of the
color camera, the monochrome camera is used for spectral image re-
cording not only to increase the spectral resolution and the light col-
lection efficiency but also to avoid color overlapping. A smartphone
application is developed for automatic spectral calibration and analysis
in fast speed. The smartphone spectrometer can accurately detect the
spectra covering the entire visible spectral range with the high spectral
resolution of 0.276 nm/pixel. It was also successfully used in AIV H7N9
antibody and PCV2 antibody detection with high sensitivity and accu-
racy close to the commercial microplate reader. The sunlight based
handheld smartphone spectrometer has the advantages as fast speed,
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high spectral resolution, sensitivity and accuracy; moreover, it has ra-
ther compact configuration and does not rely on the external power
supply, it is believed that the proposed device can be future used in
medical and biological fields especially in on-site applications.
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