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Abstract: We report a smartphone spectrometer with nanometer resolution working in the
visible range. A G-Fresnel device with the dual functionality of focusing and dispersion is used to

enable miniaturization. Proof of principle application to Bradford assay of protein concentration
is also demonstrated.
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We report a smartphone spectrometer with nanometer resolution
working in the visible range. A G-Fresnel device with the dual
functionality of focusing and dispersion is used to enable
miniaturization. Proof of principle application to Bradford assay of
protein concentration is also demonstrated.

As of 2013, there were over 6.8 billion mobile phones in the world,
approaching the total population on Earth (~7 billion)'. The
emergence of smartphones, in just a few years, has fundamentally
changed our perception of a cell phone as a basic communication
tool. As the mobile computing hardware continues to get faster and
more powerful, there is a growing interest to develop new devices
that can augment the capability of a smartphone to expand its
applications, in particular, to sensing, while fully exploiting the
communicational computational power of
smartphones. One of the key enabling technologies for sensing is

and modern
optical spectroscopy, which can provide quantitative information of
chemical species by interrogating the interaction between light and
matter and has found numerous applications in biological and
biomedical instrumentation and research’®. As such, in recent
years much effort has been devoted to developing compact optical
spectrometers. Existing work includes micro-fabricated devicesHA,
the use of curved gratingsme, and filter
spectrometerslmo. Efforts to integrate spectrometers with cell
phones are also underwayz's. By directly using the built-in camera
and a transmission grating, a smartphone spectrometer with a

based miniature

resolution down to 5 nm was developed in 2011%". A MEMS device
was designed to replace the grating, which has proven efficient due
to the capability to integrate multiple optical elements?. Also, a
smartphone spectrometer based on a reflection grating was
reported, which had an integrated light source and was capable of
both absorption and fluorescence measurements>. Moreover,
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Smartphone spectrometers have already found promising

applications to fluorescence measurement, enzyme-linked
immunosorbent assay, and label-free biodetection** 2, Despite the
significant progress, how to further reduce the size and cost while
maintaining the performance of smartphone

remains a challenge.

spectrometers

Here we present a smartphone spectrometer by using a dual-
functionality diffractive optical element, G—Fresnel27’28, which can
simultaneously focus and disperse an impinging light. Note that the
performance of a traditional grating based dispersive spectrometer
can be described by a system metric E, the product of the resolving

power (A/AM) and the system etendue”:

ﬂ.VZ/ 3

E o — 20
” NGEE.

(1).

Here A is the wavelength, AA is the wavelength resolution, A is the
grating period, V is the volume of the spectrometer, and F/# is the
ratio between the focal length and aperture size of the system.
Thus, the higher the resolving power and the system throughput
(hence measurement sensitivity), the higher E is. Clearly, a large E
implies a large V, which is the dilemma for developing a high-
performance miniature spectrometer. The G-Fresnel can realize
wavelength dispersion and light focusing as well as collimation in a
single device, and can thus replace multiple discrete optical
components in a traditional spectrometer to result in a more
compact design (hence a much smaller V), without compromising
the performance metric E. The G-Fresnel can also have a small F#
which can greatly decrease the size of the spectrometer while
improving the system performance (cf. Eq. 1). In addition, the G-
Fresnel can be fabricated by using surface molding method, which is
cost-efficient and has the potential for low-cost mass production.
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Figure 1 G-Fresnel smartphone spectrometer (a) Schematic
diagram of the G-Fresnel smartphone spectrometer (b) a photo of
a transmission G-Fresnel device compared to a US quarter dollar
coin (c) a prototype G-Fresnel smartphone spectrometer (d)
Schematic depicting the assembly of the prototype

The functionality of G-Fresnel was previously demonstrated in a
bench-top spectrometer systemzs. Here, it is used for realization of
a smartphone spectrometer. The schematic is shown in Figure 1a.
The smartphone used in our experiments is an HTC One (M8) with
Android OS, v4.4.2. The G-Fresnel is placed directly in front of the
smartphone camera with the grating side facing in. A photo of a G-
Fresnel is shown in Figure 1b. The detailed working principle and
fabrication process of G-Fresnel was described in Ref. [27]
(schematic diagrams of the fabrication procedure are provided in
Figure S1 in the supplementary material). Briefly, PDMS (Dow
Corning Sylgard 184 Silicone) pre-polymer is poured onto the
surface of a Fresnel lens (Edmund Optics 2.0" x 2.0", 1.0" FL,
Aspheric Fresnel Lens). After baking the PDMS for 12hours at 60 °C,
the PDMS is cured completely and a negative Fresnel lens mold is
obtained. The same method is used to fabricate a negative mold of
a diffraction grating (Thorlabs Vis Trans Grating, 1200 Grooves/mm,
36.9° Blaze Angle, 12.7 mm x 12.7 mm). A G-Fresnel can be
fabricated by sandwiching PDMS pre-polymer between the grating
and the negative Fresnel lens molds (with minimum alignment
requirement) followed by curing. As shown by Figure 1a, light
emanating from the entrance slit is collimated by the Fresnel lens
side of the G-Fresnel and dispersed by the grating side. Different
wavelengths are thus focused by the camera lens onto different
positions on the imaging sensor. It should be noted that in principle
the smartphone camera lens is not necessary and the entire
collimation, focusing, and dispersion functionality can be realized
using a single G-Fresnel as previously shown in Ref. [28]. The G-
Fresnel thus significantly reduces the size of the spectrometer. The
spectrometer system shown in Figure 1 c and d has a dimension of
1.8” x 0.8” x 0.9”. The prototype enclosure was fabricated using a
3D printer. Slots are designed to hold the G-Fresnel and the slit at
pre-aligned positions. The device was then secured to a smartphone
case, which could be attached to the smartphone as a single
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accessory. Due to the compact and stable design, the shift caused
by removing and re-installing the prototype attachment is within 10
pixels (corresponding to 3-4 nm wavelength shift), which can be
neglected for many applications and recalibrated easily if necessary.
Additionally, the system is designed to use either an optical fiber or
free space for light delivery.

The calibration of the spectrometer is divided into two steps, i.e.,
wavelength calibration and intensity calibration. A mercury and
argon calibration source (Ocean optics HG-1 Mercury Argon
Calibration Source) that has several emission lines in the visible
range was used for wavelength calibration. A typical spectrum is
shown in Figure 2a. By comparing the spectrum with the emission
wavelengths of the calibration source, the pixel-wavelength
relationship can be obtained as plotted in Figure 2b. The linear
relationship enables easy calibration for the device. To perform the
intensity calibration, we compared the measurements of a common
optical signal obtained by using the G-Fresnel smartphone
spectrometer and a commercial spectrometer. To this end, a fiber
probe (Ocean Optics R400-7-SR) consisting 6 surrounding fibers for
light delivery and a central fiber for light collection was placed
above an optical diffuser (Ocean Optics WS-1 Reflectance
Standards). The diffuse reflectance spectrum was measured by
using the G-Fresnel spectrometer and an Ocean Optics USB4000
spectrometer, respectively. Let us denote the reference spectrum
(measured by the Ocean Optics spectrometer) as I(A). Note that
colored imaging sensors used by today’s smartphones are usually
Bayer sensors, which are 2D arrays of detector pixels with red,
green and blue color filters arranged in a Bayer pattern. The red,
green and blue filter response function r(A), g(A) and b(A) can be
calibrated by comparing the measurement result R(A), G(A) and B(A)
(i.e., the red, green, and blue pixel values) from the smartphone
spectrometer with I(A): R(A) = r(DI(A), Q) = gWI(),BA) =
b(A)I(1). When another spectral measurement is made, results
R’(A), G’(A) and B’(A) from the smartphone spectrometer can be
converted to a calibrated spectrum I'(A) in the least square sense:
Q) = r(MR'D)+g(W)G' (D)+b(N)B1(A)
T(A)?+g()?*+b(D)?

both the focusing (at infinity) and white balance of the smartphone

. It should be pointed out that

camera need to be fixed in order to ensure calibration and
measurement consistency.
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Figure 2 Wavelength calibration (a) Measured spectrum of a
mercury argon calibration source (b) Linear relationship between
the pixel number and the calibrated wavelength
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However, due to the built-in sophisticate post image-processing in
smartphones, the retrieved spectra may still suffer from these
artifacts. A better approach is to directly use the raw data from the
smartphone camera, which is free from image processing. We note
that some recent Android based smartphones have started to offer
this capability (e.g., HTC one M9).

The spectral resolution was experimentally studied by using
spectral holography. A supercontinuum source generated by
propagating a 1064 nm pulsed laser (JDS Uniphase NanolaseTM NP-
10620-100 laser) in a 20-meter long nonlinear photonic crystal fiber
(Blaze Photonics SC-5.0-1040) was directed to a Michelson
interferometer (Figure S2 in the supplementary material). The slight
optical path length difference between the two arms of the
Michelson interferometer resulted in a spectral interference
pattern as shown in Figure 3a measured by using the G-Fresnel
smartphone spectrometer. The interference pattern was clearly
resolved by the G-Fresnel spectrometer, yielding a spectral
resolution of ~ 1.6 nm at 595 nm. The spectral holography
measurement also demonstrated the viability of applying the G-

Fresnel spectrometer to coherence measurement.

The theoretical spectral resolution of the device was also calculated
as shown in Figure 3b. A geometric ray tracing method was used to
estimate the image size D(A) of the slit (5um width) on the
smartphone CMOS sensor. The spectral resolution, defined as the

wavelength difference such that the slit images at two wavelengths
D(A)
—30
Fa

are separated by D(1), can be obtained by AA = where F is

96 .
the focal length of the smartphone camera lens and 70 the

angular dispersion of the G-Fresnel. Our calculation also took into
account of the wavelength dependent focal length of the G-Fresnel.
To mitigate this chromatic aberration, the detector may be tilted as
discussed previously27. As shown in Figure 3b, a resolution of 1.3
nm to 2.1 nm can be potentially achieved across the wavelength
measurement range of 400 nm-650 nm, where the long wavelength
is limited by the built-in infrared filter in the smartphone camera.
We note that the spectral resolution at the long wavelength end
agrees well with the calculated result, but that at the short
wavelength end (full width at half maximum ~ 5nm near 400 nm,
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Figure 3 (a) Spectral holography characterization (b) Calculated
spectral resolution
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Fig. 2a) is worse than the theoretical estimate, which is likely due to
non-optimized system alignment and possible performance
degradation of the Fresnel side at shorter wavelengths.

One the G-Fresnel
spectrometer is its ability to perform quantitative colorimetric
analysis and thus provide a portable platform for chemical assay. In

particular, determining the concentration of proteins in solutions is

promising application of smartphone

an important and regular step in many laboratory workflows that
involve protein extraction and analysis in biological research,

biomedical assay, food science, biocatalytic industry and
environmental monitoringaH“. Optical spectrometer based

. . . . 3536
colorimetric assays are among the most widely used strategies™" .

These methods are effective with the use of conventional bulky
spectrometers in laboratories; however, as proteins are intrinsically
prone to perish without preservation, limitations of these methods
are apparent, especially for increasing requirements of immediate
processing and detection of protein samples out of laboratory. The
portable smartphone spectrometer thus shows a great advantage
to address these issues. Bradford assay, as a typical colorimetric
protein assay, is a fast and one of the most widely used
spectroscopic analytical procedure. It analyzes the red shift of the
absorbance spectrum of a reagent solution when binding to protein
occurs®”,

A sample holder (1” x 1” x 2”) was fabricated by using a 3D printer
(Figure S3-a in the supplementary material). Standard polystyrene
cuvettes containing a specimen solution can be placed inside. The
sample holder also has two pre-aligned through-holes, which are
used to attach a source fiber that is connected to a tungsten
halogen light source (HL-2000-HP) and a detection fiber that
couples the transmitted light to the G-Fresnel spectrometer. It is
worth mentioning that an optical fiber can potentially be used to
direct the built-in smartphone flashlight to a sample, or
alternatively, the tungsten halogen light source may be replaced
with a white LED. The transmission spectrum of specimen is
normalized against a reference spectrum (i.e., transmission
spectrum of the solvent, e.g. water) to obtain the absorbance
A:_logm(prmen/Twaler). To characterize the system linearity, the

absorbance spectrums of Rhodamine 6G (R6G) dye solutions with
concentrations of 1uM, 2uM, 4uM, 6uM, 8uM, and 10uM were
measured (Figure S3 and S4 in the supplementary material). By
plotting the absorbance at two exemplary wavelengths (480nm,
524nm) as a function of concentration, the linear regression curves
have R* values of 0.9995 (524 nm) and 0.9971 (480 nm) respectively,
indicating an excellent linear response of the device ideally suitable
for performing quantitative concentration measurement (Figure S4).
To demonstrate the proof of concept for protein concentration
measurement, standard Bradford reagent (SIGMA-ALDRICH B6916,
Linear concentration range: 0.1-1.4 mg/ml) was used to measure
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Figure 4 (a) Transmission spectrum images for DI water, Bradford
reagent with 0.1mg/ml and 1mg/ml BSA (b) Absorbance spectra of
Bradford reagent with different concentrations of BSA (d) Linear
relation between the BSA concentration and the absorbance at
595nm

the concentration of bovine serum albumin (BSA). Initially, 0.01ml,
0.02ml, 0.04ml, 0.06ml, 0.08ml, 0.1ml BSA solution with a density of
0.1mg/ml was added into cuvettes. Then all the cuvettes were filled
to 0.1ml with de-ionized water (DI water). After that, 5ml Bradford
reagent was added to each cuvette. After mixing and resting the
solutions for 10 minutes, the transmission spectrums were
measured by the smartphone spectrometer. The captured
spectrum images of DI water and Bradford reagent with 0.1mg/ml
and 1mg/ml BSA are shown in Figure 4a. The absorption of the blue
part of the spectrum can be clearly observed. A series of spectra
with the BSA concentrations varied from 0.1 mg/ml to 1 mg/ml are
shown in Figure 4b. There clearly exists an isosbestic point near
525nm and the absorbance across the isosbestic point exhibit
opposite correlation to the protein concentration. In other words,
as the BSA concentration increases the absorbance spectrum
experiences a red shift and an absorbance peak appears at around
580 nm (expected to be 595nm). The wavelength discrepancy is
mainly attributed to detector’s RGB filter response. The green and
red band edge causes the apparent dramatic increase in
absorbance at 580nm as also previously noted®’. Nevertheless, this
error does not seem to affect the concentration measurement. We
plotted the absorbance at 595nm as a function of the concentration
of BSA (Figure 4c) and obtained a linear relation with R2=0.998,
demonstrating the capability of our smartphone spectrometer for
guantitative measurement of protein concentration. It should be
noted that in this study the sensitivity is primarily limited by the
Bradford assay itself. With the rapid development of biotechnology,
increasingly colorimetric methods and reagents with high sensitivity

40-42

have been reported . Our G-Fresnel smartphone spectrometer

can also serve as a platform for these assays with high sensitivity.

Conclusions

We developed a compact (1.8” x 0.8” x 0.9”) smartphone optical
spectrometer in the visible wavelength range by using a G-Fresnel
diffractive optical The wavelength-pixel mapping
relationship was calibrated by using a mercury and argon
calibration source with discrete emission lines. The intensity of the

element.

was calibrated commercial
We

measurement by using the G-Fresnel smartphone spectrometer and

spectrometer
spectrometer.

against a
also demonstrated

optical

spectral holographic

4| J. Name., 2012, 00, 1-3

carried out theoretical analysis of the spectral resolution, which
indicated that the system could achieve a wavelength resolution of
few nanometers. Several factors, including the grating groove
density, chromatic aberration and performance of G-Fresnel, and
slit size, limit the resolution of our G-Fresnel spectrometer. By
optimizing the fabrication of G-Fresnel and its performance at the
shorter wavelengths as well as compensating for the chromatic
dispersion using a tilted detector array, spectral resolution of 1 nm
can be potentially achieved as indicated by previous theoretical
analysiszs. A key innovation of our smartphone spectrometer is the
use of the G-Fresnel device. It combines the functions of collimation,
dispersion and collection in a single thin-film element. It can have a
low f-number, leading to a compact system. Further, it may be
realized by surface relief patterning, opening the possibility of low-
cost volume production through replicating from a master pattern.
The G-Fresnel thus opens a promising new avenue towards
spectrometer miniaturization. We also demonstrated smartphone
based Bradford assay, a powerful method for determining protein
concentrations crucial for a variety of applications ranging from
research. We
the BSA
increased, an

disease diagnosis to fundamental biomedical
performed  proof-of-concept

concentration.

measurement  of
As the concentration of BSA
absorption redshift was observed. A superb linear relationship
between the absorbance and the protein concentration with R? >
0.99 was demonstrated. Notably, as we provide a general strategy
for portable and convenient quantitative colorimetric analysis, it is
expected that this platform can also be extended to other
spectroscopic applications, such as, for food safety and medical
care.
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