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ABSTRACT: This paper presents a novel hand-held photometer, termed
“Photopette”, for on-spot absorbance measurements of biochemical analytes.
The Photopette is a multicomponent, highly portable device with an overall
weight of 160 g, which fits within 202 mm × 47 mm × 42 mm. Designed in the
form factor of a micropipette, Photopette integrates a photodiode detector with
light emitting diodes (LEDs) to form a highly customizable photometer which
supports a wide variety of applications within the wavelengths between 260 and
1050 nm. A dual-purpose disposable reflective tip was designed to act as a
sample holder and a light-reflecting system, which is in stark contrast to the
operation of mainstream spectrophotometers and photometers. Small volume
analytes may be measured with low sample loss using this proprietary CuveTip.
A user-friendly software application running on smart devices was developed to
control and read the values from Photopette via a low-energy Bluetooth link.
This one-step strategy allows measurements on-spot without sample transfer,
minimizing cross-contamination and human error. The results reported in this paper demonstrate Photopette’s great potential to
quantify DNA, direct protein, and cell density directly within the laminar flow hood. Results are compared with a Nanodrop
2000c spectrophotometer, a mainstream spectrophotometer for small-volume measurements.

Photometry is widely used for measuring a variety of sample
properties, typically the concentration of an analyte in a

liquid sample. The relationship between the attenuation of light
and the material through which light is traveling was first
revealed by Pierre Bouguer, 1729.1 This law is often attributed
to Johann Heinrich Lambert and August Beer, which states the
linear relationship between the absorbance and concentration
of an absorbing species.
In recent years, the rising demand for in situ monitoring of

biological, chemical, and environmental samples has increased
the need for miniaturized photometric sensing devices.2−4

Examples of research into in situ photometric sensing include
point of care devices using smart phones5,6 and environmental
detection.7,8 With the development of optoelectronics and light
emitting diode (LED) technology, portable and low-power
consumption devices with wireless communication capabilities
are appearing in the market.9,10 After the first LED based
optical sensor was proposed by Flaschka et al.,9 LEDs have
played an important role in analytical devices.11−13 Meanwhile,
miniaturized devices have become a trend in analytical
chemistry with the combination of different platforms such as
microfluidics and liquid-core waveguide (LCW).
Utilizing compact light sources and detectors, microfluidics

became one of the popular strategies to miniaturize analytical
devices.14,15 A phosphate microfluidics sensor was developed by
Bowden and Diamond utilizing an ultraviolet (UV) LED (λmax
390 nm) as the light source.11 A linear range of 0−50 mg L−1

PO4
3− with an r2 value of 0.996 was achieved. More compact

microfluidics devices were reported recently; for example,
Zilberman et al. reported a microfluidics optoelectronic sensor
utilizing a white LED and a spectrometer for the detection of
dissolved carbon dioxide. The device provided distinctive
response to carbon dioxide by performing the data acquisition
over a continuous spectrum instead of a single wavelength.16

LCW devices have shown great advantages in the mean-
time.17−21 Pan et al. employed a two-LED LCW absorbance
detector for DNA sample measurement operating at 260 and
280 nm with a photodiode detector. DNA sample concen-
tration was measured with a 15 mm effective light path and 350
nL sample consumption.19 Some other studies also put focus
on longer optical path for a higher sensitivity; for example, Bai
et al. reported a 70 mm metal-waveguide-capillary (MWC) path
length photometer with a glucose detection limit of 5.12 nM.21

However, these devices suffered from the risk of cross
contamination and barely change the workflow. Although the
new designs based on microfluidics and LCW appeared to
increase the portability and limit of detection, their substitu-
tional sample holding units are fixed and hard to clean for the
next sample measurement, which made it very unpractical for a
lab user to conduct biological measurements due to the high

Received: October 2, 2017
Accepted: January 29, 2018
Published: January 29, 2018

Article

pubs.acs.org/acCite This: Anal. Chem. 2018, 90, 2564−2569

© 2018 American Chemical Society 2564 DOI: 10.1021/acs.analchem.7b04031
Anal. Chem. 2018, 90, 2564−2569

pubs.acs.org/ac
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.7b04031
http://dx.doi.org/10.1021/acs.analchem.7b04031


risk of cross contamination. Typical sampling methods employ
sample collection on site followed by sample transportation to a
laboratory for analysis. These sampling methods are time-
consuming and compromise the integrity of the sample during
sample collection, transport, storage, and analysis. Other
sampling requirements are low sample consumption and no
cross-contamination.
In this paper, a compact hand-held photometer termed

“Photopette” is presented. All components are fully integrated
into an ergonomic housing, including LEDs at different
wavelengths, a photodiode detector, electrical circuits for data
processing, a lithium ion battery, and a Blue tooth module for
the connection to smart devices. Meanwhile, instead of the
conventional cuvette, an optical tip, termed “CuveTip” was
designed with an aluminum coating at one distal end to reflect
light back to the detector. This approach allows measurements
directly in a reaction tube, for instance, a polymerase chain
reaction (PCR) tube or 96 well-plate without any sample
transfer. By simple immersion of the tip into the analyte, an
absorbance reading can be given instantly. A sample volume of
120 μL is necessary in a 96 well plate or 500 μL reaction tube
to allow an immersion of 3 mm of the tip. About 10 μL sample
is consumed due to adhesion to the CuveTip. Due to the small
footprint of the device, it can be very practically used in a cell
culture hood. The unique design of the CuveTip enables low
sample consumption and in situ measurements. Due to the
CuveTip’s disposable feature, cross contamination was totally
eliminated. The optical transmission behavior was investigated
by ray tracing simulations and experimental methods. The
device is customizable to include up to 6 wavelengths between
250 and 1050 nm. In this study, we demonstrate the
quantification of nucleic acid, protein, and cell number by
implanting 260, 280, and 600 nm LEDs into the device.

■ EXPERIMENTAL SECTION

Apparatus and Consumables. The main parts of the
Photopette consists of an optical module, electronic printed
circuit board (PCB) assembly, sensor PCB assembly, battery
module, and the housing parts. Figure 1a shows the integration
of the components into a 202 mm × 47 mm × 42 mm hand-
held device housing with an overall weight of 160 g.
The whole assembly works together with a CuveTip, a

custom design sample-holding disposable tip, to take the
measurement. Different from conventional photometers in

which the signal traverses the sample only once before being
detected on the other side, Photopette’s design places both the
light source and the detector on the same side of the sample.
Within the Photopette, a light emission fiber transmits light
from the LEDs to the CuveTip and a light collection fiber
collects light from the CuveTip to the detector. In general, it is
desirable to employ optical fibers with a larger diameter to
maximize light transmission. However, there is a space
limitation, and larger diameter fibers have a larger bending
radius. For the 3 light emission fibers, a core diameter of 400
μm was chosen, and for the light collection fiber, the maximum
core diameter was 600 μm.
The injection molded CuveTip is coated with an aluminum

coating acting as a mirror to reflect the light signal back through
the sample. The curvature of this aluminum mirror surface,
located at the very end of the measurement tip, directly
influences the percentage of light signal reaching the collecting
optical fiber through which the signal is transmitted to the
photodiode detector. Tips are molded without any plasticizers
or mold-release agents to increase UV transparency and coated
with a 1 μm thick aluminum layer followed by a silicon dioxide
layer to make the aluminum corrosion resistant.
Electronic PCB assembly is the heart of the Photopette

device. It holds onto and connects most of the active and
passive electronic components of the device, including a
Bluetooth module, LED drivers, and signal amplifiers. The
sensor PCB assembly has the LEDs and photodiodes mounted
on top. UV-LEDs with hemispherical lenses were used. It was
observed that the light-coupling was sensitive to LED
placement, and a tight tolerance was needed for machining of
optical module parts.
The battery module consists of a standard 18650 Li-ion cell

battery, a battery protection, and fuel gauge circuitry. The
battery protection circuitry ensures the protection of the
battery from sudden discharge or charge to guarantee a safe
operation. The fuel gauge chip keeps track of how much energy
is remaining and shows information on the software
application.
The Photopette software application is the main interface

between the Photopette device and a user. The software
application was designed to work on both the Android and iOS
operating system. Figure 1c shows the example of a screenshot
for an absorbance and concentration measurement of a DNA
sample.
The Photopette has an in-built “environmental light

correction” and can be used in the lab environment and
outdoors without shielding environmental light from the
sample. The calculation of the absorbance “A*” is performed
on the basis of the algorithm.

* = − − ′ −A I I I Ilog[[ ]/[ ]]0 0 (1)

where I is the light intensity of a blank sample, I0 is the light
intensity of the background light, and I′ is the light intensity of
the sample solution.
The absorbance A* value will be further normalized to give

the absorbance of a standard 10 mm path length “A”.

= * ×A A L L/ Photopette (2)

where L is the standard optical path length of 10 mm and
LPhotopette is the effective path length of the CuveTip, which is 6
mm.
For DNA quantification,

Figure 1. (a) Photopette components, (b) optical module design, and
(c) software application interface on an iPod.
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μ ε=C A L( g/mL) /( )260nm (3)

where C is the DNA concentration, A260 nm is the absorbance of
the DNA at 260 nm, and ε is molar absorption coefficient of
DNA.
For protein quantification,

ε=C A L(mg/mL) /( )280nm (4)

where C is the protein concentration, A280 nm is the absorbance
of protein at 280 nm, and ε is molar absorption coefficient of
protein. For estimating a protein mixture with different
unknown absorption coefficients, ε = 1.0 (mg/mL)−1cm−1.22

Direct Quantification of DNA. The heterocyclic bases of
DNA are aromatic and absorb ultraviolet light. The λmax for all
Watson−Crick bases is between 250 and 280 nm. By measuring
the absorbance of a nucleic acid at 260 nm, it is possible to
quantify the concentration and quantity of the nucleic acid
present in the solution. The method does not require any
reagents or generation of a standard curve in advance.
Two DNA oligonucleotides (see Supporting Information)

were obtained from Integrated DNA Technologies (Singapore)
for the purpose of preparing test samples, with extinction
coefficients of 140 600 and 252 600 L mol−1·cm−1 accordingly.
Test samples, which were prepared using the DNA
oligonucleotides above, were measured by Photopette and a
conventional UV−vis spectrophotometer (Nanodrop 2000c,
Thermo Scientifics).
Direct Quantification of Protein. Protein can be analyzed

directly and quantified by measuring its optical absorbance at
280 nm.23 Aqueous solutions of proteins have absorbance
maxima at 280 nm. Amino acids with aromatic rings (such as
tyrosine and tryptophan) and/or Cys−Cys disulfide bonds
within the proteins are the primary reason for the absorbance
peak at 280 nm.24,25 Bovine serum albumin (BSA, Sigma-
Aldrich, B4287-25g) and a commercially available protein blend
with 68.2% protein content (AllMax Nutrition-AllWhey Classic
Pure Whey Protein Blend) were used as protein samples in this
study.
Cell Density. Cell suspensions are turbid and meanwhile

absorb and scatter light. The turbidity of a cell suspension is
proportional to the cell concentration. Spectrophotometers can
measure the optical density of cell suspension very accurately,
which is directly proportional to the biomass and the cell
density in the cell suspension in a given range that is specific to
the cell type. Previous research showed that mammalian cells
could be counted by optical density using a UV−vis
spectrophotometer.26

In this experiment, HeLa cells (obtained from Lonza) where
cultured (see Supporting Information) to perform the cell
density measurement, and a calibration curve was determined.
Incyto C-Chip disposable hemacytometers from Fisher
Scientifics were used for comparative experiments.

■ RESULTS AND DISCUSSION
Simulation. In order to maximize the light signal received

by the detector, ray tracing simulations have been carried out.
Initial experiments resulted in very low detected signal for UV
wavelengths even without any absorbing sample present. Four
contributing factors can be named for this low signal
observation which only affected UV signals: (1) The UV-
LEDs have lower light output power (<1 mW) as compared to
LEDs operating at visible wavelengths. (2) The COC material
of the CuveTip has a significantly lower transmittance in the

UV region. (3) The photodiode detector has a reduced
sensitivity in the UV region. (4) There is low coupling of UV
light into the optical fiber. Considering optical fiber flexibility
for ease of assembly and fiber diameter to maximize amount of
signal captured, the core diameter for the emission fiber was
chosen to be 400 μm and the collecting fiber, to be 600 μm.
Hence, a coupling lens was designed to compensate for the

low UV-signal using ray tracing simulations. The first step
consisted of creating a realistic model of the LEDs in a standard
TO39 housing. In order to capture as much of the emitted light
as possible, the lens was to be placed as close to the LED as
possible while including a 500 μm tolerance gap. Size
constraints of the portable device limited the maximum lens
height to 7 mm. Lens material was set to UV transparent fused
silica. The ray tracing model is depicted in Figure 2a. By varying
the radius of curvature for each of the two lens surfaces
individually, the received power at the optical fiber surface was

Figure 2. (a) Ray tracing model of the measurement tip’s sample
cavity. (b) Illustration of the fiber coupling approach for UV-LEDs in
the TO39 housing. (c) Percentage of emitted light reaching the
collecting fiber within its NA as a function of mirror curvature.
Simulations were carried out for two different wavelengths covering
the wavelength range used for the here presented applications., as well
as for two media of different refractive indices.
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evaluated while accounting for the fiber’s numerical aperture
(NA). The simulations resulted in optimum radius of curvature
R of R1 = 10 and R2 = −4.6. Compared to the setup without
any lenses, the new design resulted in a theoretically 16-fold
signal increase at the shortest UV-wavelength of interest (260
nm). However, testing the new design experimentally gave an
average signal increase of 11 times. The discrepancy to the
theoretical value is most likely due to manufacturing tolerances
for the optical module of the Photopette as well as the
estimation of unknown parameters in the simulations, e.g.,
exact LED-chip size or its positioning accuracy.
Meanwhile, the mirror curvature of the measurement tip was

optimized to increase the power received by the photodiode.
The sample cavity model for ray tracing purposes is depicted in
Figure 2b. As the device is designed to analyze liquid samples,
the refractive index r of most aqueous media of interest is
expected to be close to 1.33. The circular light source has
diameter of 400 μm matching the optical fiber. The signal is
emitted at angles within ±12.7° corresponding to the fiber’s
NA of 0.22. After reflection from the mirror surface, the signal
passes a second time through the sample medium before
reaching the collecting optical fiber.
Here, we present simulation results regarding mirror

curvature optimization for which absorbance effects in the tip
material or sample of interest are neglected. Moreover, since
there is no significant difference between simulation results of
260 and 280 nm, only simulation of 260 nm is presented.
Considering the NA of the optical fiber, only rays reaching the
entrance surface of the collecting optical fiber under angles
within the NA are included in the evaluation. The percentage of
emitted light of different wavelengths (260 and 600 nm)
reaching the detector through different media (r = 1.0, r = 1.33)
is plotted in Figure 2c. Even though the percentage varies based
on the refractive index of the sample medium, it is apparent
that all three samples result in maximum signal for a mirror
curvature of 12 mm, regardless of wavelength.
Direct Quantification of DNA. Two DNA oligonucleo-

tides were used for the quantification purpose, with extinction
coefficients of 140 600 L/(mole·cm) and 252 600 L/(mole·
cm). A linear relationship in the range of 0.2−25 μg/mL was
obtained for both DNA samples A (r 2 = 0.998) and B (r2 =
0.997). The limit of detection (LOD) was determined as 0.2
μg/mL for both DNA samples. The precision of Photopette on
absorbance readings for 25 μg/mL oligonucleotide was 0.7%
RSD (n = 10, resampling; Figure 3).
Four samples from two different oligonucleotides with

different concentrations were prepared, namely, Sample A1,
Sample A2, Sample B1, and Sample B2; all DNA in the
experiment is purified with the ratio of A260 nm and A280 nm
ranging from 1.79 to 1.90 (see Supporting Information).
Results were compared with Nanodrop 2000c from Thermo
Scientific Co (Figure 4). It is apparent that our device gives a
very reliable result for DNA quantification and a lower standard
deviation as compared to Nanodrop 2000c. According to the
Mann−Whitney U Test, the differences between the
concentrations determined by the Photopette and the Nano-
drop 2000c were not significant (N.S.).
The results indicate that Photopette is able to quantify DNA

samples with higher accuracy and lower limit of detection
compared to the Nanodrop 2000c operating in pedestal mode.
With its disposable CuveTip, Photopette is able to measure the
concentration of sample in any tubes or containers directly,

which makes it an ideal analytical tool for quantifying valuable
DNA samples.

Direct Quantification of Protein. A standard curve was
achieved for BSA absorbance at 280 nm with a linear response
(r2 = 0.996) in the range of 0.01−2 mg/mL, in which LOD for
BSA concentration measurement of Photopette was deter-
mined as 0.01 mg/mL. The precision of Photpette on
absorbance readings for 2 mg/mL BSA was 0.4% RSD (n =
10, resampling; Figure 4).
Further measurements were done on AllMax protein blend

with 68.2% protein content. Two samples were prepared by
dissolving 20 and 14 mg of whey protein powder in 10 mL of
1× PBS buffer (all samples were confirmed to be nucleic acid
free; see Supporting Information). The Photopette gave results
of 1.414 ± 0.007 and 1.020 ± 0.026 mg/mL and an average
protein content of 71.8%. When the same samples using
Nanodrop were tested, the results were 1.393 ± 0.017 and
1.060 ± 0.03 mg/mL and an average protein content of 72.7%.
Directly measuring the absorbance at 280 nm to quantify

protein is a fast and convenient method and requires no
incubations or calibration curves.27,28 Although there might be
an error for protein sample with unknown absorbance
coefficient and protein mixtures, this method is still
recommended for quantifying BSA and bovine, human, or
rabbit Immunoglobulin G. On the other hand, this method is
also efficient at estimating the concentration of an unknown
protein sample when a quick and on-spot result is needed.

Figure 3. (a) DNA concentration calibration curves obtained by
Photopette. (Each data point consists of three replicates, and the
standard deviation is represented by error bars.) (b) DNA
concentration measurement results by Photopette and Nanodrop
(N.S. = not significant).

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.7b04031
Anal. Chem. 2018, 90, 2564−2569

2567

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04031/suppl_file/ac7b04031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04031/suppl_file/ac7b04031_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.7b04031


Cell Counting. All cell culture experiments require one to
routinely count cell numbers, for either passage of cell or
determination of the rate of cell proliferation. In our
experiment, we demonstrated that Photopette is able to
count the cell number by measuring the optical density at
600 nm of the cell suspension. A HeLa cell line was used to
perform the experiment and determine a calibration curve. A
linear relationship was obtained (r2 = 0.998) within the range of
90 000 to 13 500 000 cells/mL. Due to its high stability and
sensitivity of the sensor, Photopette shows a much broader
detection range than traditional hemacytometers (see Support-
ing Information). Two separate cell counts were performed
using Photopette as well as using a traditional hemacytometer.
The measurement results (as shown in Figure 5b) from
Photopette were 2.250 ± 0.020 × 106/mL and 6.725 ± 0.035 ×
106/mL. The results from the traditional hemocytometer were
2.25 ± 0.150 × 106/mL and 6.50 ± 0.360 × 106/mL.
The results show that Photopette is able to quantify cells by

optical density, which is in agreement with those obtained by
Mohler et al.26 In contrast to the Coulter counter and
hemacytometer, photometric assays require less effort and
maintenance of the equipment. Moreover, they provide
consistency and eliminate human error. Quantifying cells is
routine work for a biology laboratory, which is usually
accomplished by diluting and transferring cell suspension to a
hemacytometer followed by observation under a microscope.
The Photopette can provide great assistance in quantifying cells
for researchers performing routine cell work. Furthermore, it

allows the measurement inside a cell culture hood without
transferring samples to a microscope. Another practical aspect
is that the usual change of gloves when leaving the cell culture
hood for the transfer of samples is eliminated. The Photopette
can be sterilized with alcohol wipes and is easy to operate while
wearing gloves.

■ CONCLUSIONS
In this study, we report a novel hand-held photometer, the
Photopette. The Photopette with its seamless data connectivity
and its disposable CuveTip totally changes the form factor and
work flow in photometry. Instead of bringing the sample to the
photometer, Photopette can measure on-site, and instead of
filling the sample into a cuvette, the CuveTip is immersed into
the sample. The Photopette’s Bluetooth links to mobile devices
such as tablets and phones, and it is able to send measurement
data instantly or link it into the cloud storage. The Photopette
system could make daily research work more efficient and has a
much smaller footprint compared to a classical benchtop
photometer. Therefore, the Photopette is ideal to use in a
laminar hood and saves valuable bench space. Due to its low
cost and ease of use, we see its potential as a teaching tool in
schools and universities.
Our results showed that Photopette has a high accuracy and

repeatability for DNA, protein, and cell quantifications. The
device together with the user-friendly software application
could highly improve productivity and enable researchers to
perform measurements directly within the cell culture hood.
Due to its high mobility and ease of use, the system may be of
great use in environmental monitoring.

Figure 4. (a) BSA concentration calibration curve by Photopette.
(Each data point consists of three replicates, and the standard
deviation is represented by error bars.) (b) Protein concentration
measurement results by Photopette and Nanodrop (N.S. = not
significant).

Figure 5. (a) HeLa cell density calibration curve by Photopette. (Each
data point consists of three replicates, and the standard deviation is
represented by error bars.) (b) Hela cell quantification results by
Photopette and hemacytometer (N.S. = not significant).
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The light source inside the device could be adjusted
according to certain applications and lab usage. Since most
laboratories have their own scope of research, they may only
need to perform certain quantification assays with certain
wavelengths. Thus, instead of an inconvenient benchtop
spectrophotometer, a customized, hand-held size photometer
would make a big difference to basic analytical chemistry.
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