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Abstract

We demonstrate a digital sensing platform, termed Albumin Tester, running on a smart-phone that
images and automatically analyses fluorescent assays confined within disposable test tubes for
sensitive and specific detection of albumin in urine. This light-weight and compact Albumin Tester
attachment, weighing approximately 148 grams, is mechanically installed on the existing camera
unit of a smart-phone, where test and control tubes are inserted from the side and are excited by a
battery powered laser diode. This excitation beam, after probing the sample of interest located
within the test tube, interacts with the control tube, and the resulting fluorescent emission is
collected perpendicular to the direction of the excitation, where the cellphone camera captures the
images of the fluorescent tubes through the use of an external plastic lens that is inserted between
the sample and the camera lens. The acquired fluorescent images of the sample and control tubes
are digitally processed within one second through an Android application running on the same
cellphone for quantification of albumin concentration in urine specimen of interest. Using a simple
sample preparation approach which takes ~ 5 minutes per test (including the incubation time), we
experimentally confirmed the detection limit of our sensing platform as 5-10 pg/mL (which is
more than 3 times lower than clinically accepted normal range) in buffer as well as urine samples.
This automated albumin testing tool running on a smart-phone could be useful for early diagnosis
of kidney disease or for monitoring of chronic patients, especially those suffering from diabetes,
hypertension, and/or cardiovascular diseases.

Introduction

Chronic kidney disease has become a major health issue worldwide, causing millions of
deaths every yearl=3. For instance, in the United States there is a rising incidence of kidney
related problems, affecting as many as 11% of adults*5. Kidney diseases, in addition to
possibly leading to kidney failure, might also cause complications such as anemia, metabolic
bone disease, as well as cardiovascular diseases’. There is growing indication that some of
these adverse outcomes can be prevented or delayed by early detection and treatment,
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especially for people with increased risk factors including hypertension, hyperlipidemia and
diabetes89. Early stages of kidney disease can be diagnosed using various tests performed
on e.g., blood pressure?, serum creatininell, as well as urine albuminl2. In fact, the latter,
i.e., albumin testing, is now routinely ordered within a typical panel of tests performed in
urine for general health screening!3-14. Albumin is a serum protein that would normally be
present at high concentrations in human blood (i.e., >30 mg/mL)1%; however, it should not
exist in urine more than a clinically normal threshold value of 30 pg/mL28. In the case of
kidney damage, on the other hand, small amounts of albumin leaks into urine, leading to a
condition defined as microalbuminurial’ that typically exhibits albumin levels of e.g., >30—
300 pg/mL in urine. Thus, microalbuminuria testing is typically employed as an initial
screening tool for kidney disease, where the urinary albumin concentration is measured in
various specimens, including for example in a spot morning urine sample!® or in a urine
specimen that is accumulated within a 24-hour window?®. Because the albumin levels in
blood and urine fluctuate based on various factors such as metabolism and dietary variations
of the patient, timed urine collection or testing methods should be performed every few
hours to provide reliable estimates for urinary albumin concentration20-21, These repetitive
clinical measurements are typically achieved through the use of bulky and costly bench-top
urine analyzers, limiting the testing and diagnosis of microalbuminuria to laboratory
settings, which also requires successive patient visits to central clinics or hospitals. To
address this issue of frequent and routine urine testing, there has been considerable effort to
develop compact and field-portable diagnostics tools?2-27 that can measure albumin
concentration in urine samples.

To provide an alternative solution to this important need, here we demonstrate a smart-
phone based digital sensing platform, termed as Albumin Tester, which can measure and
quantify the albumin concentration in urine samples through the use of a sensitive and
specific fluorescent assay performed in disposable test tubes. This Albumin Tester platform
(see Fig. 1), weighing 148 grams, analyses the fluorescent signal arising from both control
and test tubes using an opto-mechanical attachment installed on the existing camera unit of
the smart-phone. This light-weight and compact add-on module is composed of a 3D printed
housing integrated with a compact laser diode, two AA batteries, a plastic lens, and an
emission interference filter. After partially filling the test tube and completely filling the
control tube with a dye solution that is sensitive to albumin, these tubes are inserted to the
Albumin Tester platform from the side, where a low-volume syringe is used to inject a small
volume (e.g., 25 uL) of urine sample into the test tube through a PDMS based injection port
located on the 3D printed housing (see Fig. 2). Together with the excitation of the test and
control tubes using a single laser beam, the fluorescent emission emerging from the tube
cross-sections is collected through a simple lens and is imaged onto the cellphone camera.
These acquired fluorescent images of the tubes are then digitally processed within 1 second
through a custom-developed Android application (see Fig. 3) running on the same smart-
phone for quantification of albumin concentration in urine specimens. We experimentally
confirmed the detection limit of our Albumin Tester as 5-10 pg/mL using buffer and
synthetic urine samples, which is more than 3-fold lower than clinically normal range of
urinary albumin. We believe that this automated and field-portable albumin detection
platform running on cellphones could be rather helpful for early diagnosis of kidney disease
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or for routine monitoring of high-risk patients suffering from diabetes, hypertension, and/or
cardiovascular diseases.

Overview of the Albumin Tester platform

In this personalized albumin testing platform, we devised a digital fluorescent tube reader
integrated with a smart-phone application, which calculates albumin-based fluorescent
signal enhancement in the test tube compared to the control tube, which is then converted
into albumin concentration values (in pg/mL).

Hardware design—Our read-out module was installed on an Android phone (Samsung
Galaxy S 11, 1.2 GHz Dual Core ARM Cortex-A9 Processor, 8MP Camera with F/2.65
aperture and 4 mm focal length lens). The mechanical structure of this fluorescent tube
reader can also be customized to fit onto other smart-phones such as various Android
devices or an iPhone. The main frame of this opto-mechanical attachment was designed
using Inventor software (Autodesk) and created using a 3D printer (Elite, Dimension). In our
prototype, we employed a compact and a cost-effective laser diode (Instapark, DGM512-
D001, 532 nm center wavelength, 5mW output power, cost: $20) to excite the fluorescent
specimen located within disposable test and control tubes (each with dimensions of wy x wy
x h: 6 x 2 x 15 mm). We should emphasize that the weakly scattered excitation light is also
rejected using an interference filter (Chroma, D630/60, cost: $150) that is inserted into the
optical detection path. Only the fluorescent emission through the side facet (w, ~ 2 mm) of
each tube of interest is then collected via two rectangular apertures (i.e., 2 mm x 2 mm),
where the cellphone camera captures the fluorescent images of these tube facets through a
plano-convex lens (Edmund Optics, NT65-576, focal length ~ 28 mm, price: $20) that is
placed in between the interference filter and the cellphone. Together with this add-on lens
and the built-in lens of the cellphone camera, the presented fluorescent imaging geometry
provides an optical demagnification factor of 28/4 = 7 fold, which is designed to specifically
fit both the test and control tubes into the active area of the cellphone CMOS imaging chip.

Test procedures—Urine specimen of interest is placed into a disposable container (see
Fig. 2a). Using a mini-syringe (DrsFosterSmith, 9N-50255, 8 mm short needle) shown in
Fig. 2b, a small volume (~25 uL) of urine is transferred into the prefilled test tube (see
sample preparation related next subsection for details) through a PDMS based injection port
located on the cellphone attachment (see Fig. 2b—e). In this process, the needle of the
syringe penetrates through the PDMS facet of the test tube for delivery of the urine. Once
injection of the urine sample is completed, the needle is gently removed from the PDMS
slab, which is then self-healed to avoid dripping of urine from tubes (see Fig. 2f—g). To
circumvent ambient light leakage through the injection hole, a custom-designed handle is
pushed to close the port avoiding external light entry into our sensor (Fig. 2e). After
insertion of the sample into the Albumin Tester, the user runs our custom-designed Android
application (see Fig. 3) to capture fluorescent images of the test and control tubes as
represented in Fig. 2h for automated quantification of aloumin concentration in the urine
sample of interest.
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Sample Preparation—In our Albumin Tester platform we utilized a fluorescence-based
detection kit (Albumin blue 580 fluorescence assay, Active Motif, 15002), which is an
albumin specific assay that does not exhibit cross-interference from other complex urine
proteins or lipids?8-30. This fluorescence assay provides lyophilized dye reagents and
buffers (A and B) for calibration and testing purposes. To start the assay preparation, the
lyophilized dye reagent is suspended in 1 mL of isopropanol to create a dye reagent stock
solution. This dye stock sample is then diluted using Buffer A with 1:50 ratio, producing a
Dye Reagent Working Solution. Next, lyophilized human serum albumin (HSA) is
suspended in 1 mL of Buffer B to make a calibration sample with 0.2 mg/mL albumin
concentration, which can be further diluted with Buffer B to create calibration samples with
various concentrations. Our control tubes are filled with a small volume (i.e., 150 pL) of
Dye Reagent Working Solution mixed with 25 uL of buffer solution (i.e., no albumin). Our
test tubes are also filled with ~150 pL of Dye Reagent Working Solution, where ~25 pL of
urine sample of interest (to be tested) is injected through a syringe to the same tube. In our
proof-of-concept experiments, we utilized synthetic urine samples (Quick Fix Plus Synthetic
Urine, Spectrum Labs) to test our detection limits. Following ~5 minutes of incubation for
both the control and test tubes, the resultant fluorescent signal of each tube is imaged in
parallel using our Albumin Tester platform.

Test Tube design—We custom-fabricated the sample tubes employed in our platform by
dicing a rectangular borosilicate glass cell (Vitrocom, R0206, dimensions: wq1: 6 mm x wy: 2
mm % h: 300 mm) into 15 mm long segments. We then bonded a glass piece to the bottom
facet and glued a PDMS piece to the top of each tube (see Figs. 2f—g), creating entirely
isolated volumes for testing urine samples.

Android Application—We developed an Android application (see Fig. 3) running on the
same smart-phone, which operates as follows:

(@) The user runs the Albumin Tester application by clicking on the icon located on
the main menu.

(b)  The new window provides two options: either New Test or Instructions. While
the selection of Instructions lists the sample preparation protocol for albumin
testing, the selection of New Test starts the imaging of the fluorescent tubes by
powering up the camera of the smart-phone (see Fig. 3c).

(©) The fluorescent image of the sample/test and control tubes is then captured by
clicking on the Process button located on the screen of the smart-phone.

(d-e) This acquired cellphone image is then processed within one second (see the next
subsection on digital processing for details) to determine the albumin
concentration in the urine sample of interest. Three different types of labels (i.e.,
“Normal”, “High’, and “Extremely High’*) are displayed for results that fall
within a range of 1 to 30 pg/mL, 30 to 200 pg/mL, and >200 pg/mL,
respectively (see Figs. 3d-e).

® If desired, the “View Daily Report” can be selected as shown in Fig. 3f to
display a summary of the daily albumin test results, presenting the patient’s
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albumin level fluctuations throughout the day. A weekly report can also be
displayed by clicking on the “View Weekly Report” button positioned on the
cellphone screen.

Digital processing of fluorescent images—The acquired fluorescent images of both
the sample and control tubes are first converted into binary mask images to pinpoint their
centroids. A common area, covering a rectangular frame (i.e., 200 x 80 pixels) around each
one of these centroids is then used to calculate a fluorescent signal per tube (control vs. test).
The fluorescent signal of the sample tube is divided by an excitation normalization factor
(see the next subsection for details), and the resulting value (liegt) is further divided by the
signal calculated for the control tube (Icontrol) to determine the Relative Fluorescence Unit
(RFU), i.e.,

RFU:Itest/Icontrol

Finally, this RFU value is plugged into a linear equation ([RFU]=0.00591*[Conc.]+1.00844)
created by our urine calibration experiments (refer to Fig. 5 and the Results section for
details) providing the final concentration [Conc.] of albumin (in pg/mL) measured within the
urine sample of interest.

Excitation power normalization—In our albumin detection platform, we utilize a single
laser beam to simultaneously excite both the control and test tubes. While the optical
properties (e.g., reflection, absorption) of the tubes are the same for both the sample and
control, the laser excitation probes the sample tube first and subsequently excites the control
tube. Since the second tube (i.e., the control) located in the optical path might get relatively
less power due to diffraction, scattering and absorption occurring within the first tube (i.e.,
the test), we performed calibration measurements through our Albumin Tester using the
same sample in both the test and control tubes. By averaging the RFU values of these
experiments, the effective excitation power illuminating the test tube was determined to be
slightly higher, i.e., by 1.18 fold, compared to the control tube. To take this non-even
excitation factor into account, we divide the test tube signal by a normalization factor of
1.18.

Another advantage of using simultaneous laser excitation for both the sample and the test
tubes is that any random fluctuations of the laser output would affect both the control signal
and the test signal in the same way, providing a robust means to calculate the RFU values
and quantify the albumin concentration within the urine sample of interest.

Results and Discussion

To evaluate our albumin detection platform, we initially performed experiments with spiked
albumin proteins in buffer solution at various concentrations spanning a wide range: 0
pg/mL, 10 pg/mL, 25 pg/mL, 50 pg/mL, 100 pg/mL, 200 pg/mL, 250 pg/mL, and 300
ug/mL. Conducting 3 different tests for each concentration of albumin, we plotted a dose-
response curve (Fig. 4) demonstrating the linear relationship between the spiked
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concentration of albumin in buffer and the corresponding fluorescent signal levels (i.e., RFU
values) measured by our Albumin Tester platform, which provides a linear-fit equation
[RFU]=0.00876*[Conc.]+0.9992, with R=0.99. These experiments also demonstrate an
albumin detection limit (in buffer) of ~ 5-10 pg/mL, where we added the mean value of the
control measurements to twice of the control standard deviation.

Next, we performed measurements in urine samples, where purified HSA proteins were
spiked at different concentrations, ranging from 0 pug/mL to 200 pg/mL. The results of these
titration experiments in urine samples are shown in Fig. 5, where a similar albumin detection
limit of <10 pg/mL was obtained, very well matching to the buffer measurements presented
in Fig. 4. This urine sample calibration process yields a linear-fit equation to our
measurements that can be used to determine the albumin concentration of unknown urine
samples, i.e., [RFU] = 0.00591*[Conc.]+1.00844, with R=0.99.

To further evaluate the performance of our platform, we tested random urine samples and
quantified the urinary albumin concentration in each sample based on the calibration curve
presented in Fig. 5. For these experiments, we measured 3 different samples for each
randomly selected concentration level (i.e., 200, 150, 25, 10, 100 and 50 pg/mL). The results
of these random blind experiments are summarized in Fig. 6, which demonstrates that the
albumin concentration of each unknown urine sample is measured with an absolute error of
<7 pg/mL. Together with a detection limit of <10 pg/mL in urine, these results and
concentration ranges provide a decent fit to clinical needs since a urinary albumin
concentration of 30 pg/mL is considered to be normal.

We should emphasize that our Albumin Tester platform is currently designed to detect and
quantify only one kind of biomarker in urine samples. However, we can also multiplex
different biomarker measurements (for example Creatinine) on the same opto-mechanical
attachment to the smart-phone or through interchangeable attachments by using various
colorimetric assays3!. Measuring both Creatinine and Albumin in the same urine specimen
could be rather valuable in determining the Albumin to Creatinine Ratio (ACR)32-34 for
complementary testing of kidney related symptoms.

We should also note that in this work we utilized spiked synthetic urine samples to validate
the albumin detection capability of our cellphone based telemedicine platform in complex
urine matrix. As a matter of fact, the same synthetic urine specimen that we used in our
work has been frequently used in the literature3>-36 to mimic the complex structure of
human urine, where the sensitivity of albumin or creatinine detection results exhibited no
significant differences between the real urine and synthetic urine samples.

Furthermore, immunoreactive methods can detect only complete albumin molecules
recognized by antibodies; however peptide fragments of albumin can be assessed by dye
based tests and specific spectrophotometry, and therefore our dye binding assay (based on
albumin blue 580) can detect not only intact albumin but also albumin fragments toward
quantitative detection of urinary albumin.3 In fact, the same fluorescent assay that we used
in our work was already tested in clinical urine samples and compared against traditional
testing methods (e.g., nephelometry or turbidity), agreeing well with others.30:38 Therefore,
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the dye binding fluorescent assay used in our cellphone based detection platform has been
shown to be robust toward clinical albumin detection and holds significant promise
especially for home- based testing of patients using our reported telemedicine platform.

Finally, the use of smart-phone hardware and software for digital reading and quantification
of biomarkers in bodily fluids is rather important since it enables potential penetration of
advanced micro-analysis, sensing and diagnostics technologies3%-52 to even remote and
resource limited settings through wide-scale deployment and global use of cellphones,
especially considering the fact that we have approximately 7 billion cellphone subscribers in
the world®3. In this regard, the increasing trend in smart-phone penetration world-wide
(expected to reach for example ~40% by the end of 2014)°3 is rather important since it will
provide a ubiquitous platform for several innovative designs toward biomedical micro-
analysis of various specimen. In addition to these, another major advantage of cellphone
based testing, sensing and diagnostics is that the users can upload their measurement results
to secure central servers to share information with their doctors, creating valuable
opportunities for telemedicine and its practice in developing as well as developed
countries,54-55

Despite such advantages, rapidly changing nature of cellphone hardware and software as
well as hand-set variations from wireless carrier to carrier present certain challenges for
clinical translation and commercialization of cellphone based biomedical measurement and
diagnostic tools. Such challenges could potentially be addressed by tapping into second-
hand and/or refurbished cellphone market, and can even be turned into new business
opportunities to serve and help regulate the growing demand of cellphone enabled
measurement and diagnostics tools.

Conclusion

We demonstrated a personalized digital albumin detection platform (termed as Albumin
Tester), which employs fluorescent assays performed in disposable test tubes and smart-
phone based digital imaging and automated analysis. Such a smart-phone based urinary
albumin testing tool, combined with a simple sample preparation step, could be valuable for
early screening of kidney disease or for monitoring of chronic patients suffering from
diabetes, hypertension, and/or cardiovascular diseases.
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Fig. 1.
(a—c) Photographs of the Albumin Tester installed on a smart-phone, weighing 148 grams,

are shown from different views. (d) Schematic diagram of the lightweight smart-phone
attachment of the Albumin Tester is illustrated, where the test and control tubes are inserted
from the side and are pumped by a battery powered laser diode. After probing the sample of
interest located within the test tube, this excitation beam interacts with the control tube. The
fluorescent emission is then collected perpendicular to the direction of excitation, where the
cellphone camera captures the images of the fluorescent tubes through the use of a simple
plastic lens that is inserted between the tubes and the cellphone camera lens. These acquired
raw fluorescent images of the sample and control tubes are digitally processed within 1 s
using a custom-developed Android application running on the same smart-phone for
detection and quantification of albumin concentration in the urine specimen.
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Fig. 2.
User procedures for the Albumin Tester are explained. () Urine specimen of interest is

loaded into a disposable container. (b—e) A small volume (~25 pL) of urine specimen is
transferred into the prefilled test tube through a PDMS based injection port located on the
cellphone attachment by utilizing a mini-syringe, where the needle of the syringe penetrates
through the PDMS facet of the custom-fabricated test tube for delivery of urine. (f-g) After
completing the urine delivery to the tube, the needle is gently removed from the PDMS slab,
which will then self-heal to avoid urine leakage from the tube. (e) A custom-designed handle
is pushed to close the port to avoid ambient light leakage. User then runs the Android
application to capture fluorescent images (C: Control and S: Sample/Test) of the tubes as
represented in (h) for the quantification of urinary albumin concentration.
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Fig. 3.
Screenshots of the Albumin Tester application running on an Android phone are illustrated.

(a—b) After running the Albumin Tester application, two options are provided: New Test or
Instructions. The selection of Instructions provides a summary of the user protocol for
albumin testing. (c) The selection of New Test powers up the camera of the smart-phone to
capture the fluorescent images of both the sample and control tubes by touching Process
button displayed on the screen. (d—e) These acquired images are then rapidly processed to
determine the concentration of the albumin in the urine sample of interest. A concentration
range of 1 to 30 pg/mL is referred to as “Normal”, 30 to 200 pg/mL as “High”’, and >200
ug/mL as “Extremely High™. If desired, the “View Daily Report” can be selected to display
the summary of the daily albumin test results. Further, a weekly report can also be displayed
by touching the “View Weekly Report” button located on the screen.
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Fig. 4.

Dose-response curve for spiked albumin proteins in buffer solution through the use of
Albumin Tester is demonstrated. Based on 3 different tests performed for 8 different
calibration samples (0, 10, 25, 50, 100, 200, 250, and 300 pg/mL), this response curve
demonstrates the linear relationship between the spiked concentration of albumin in buffer
and the corresponding fluorescent signal enhancement. Our detection limit in buffer samples
is <10 ug/mL, defined as twice the standard deviation added to the control tube average
signal level. The error bars represent the standard deviations of the RFU values for 3

different measurements performed for each concentration.
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Fig. 5.
Dose-response curve for spiked albumin proteins in urine through the use of Albumin Tester

is demonstrated. This titration curve, covering 3 different measurements performed on 6
different calibration samples (0, 10, 25, 50, 100, and 200 pg/mL), provides a linear-fit
equation of [RFU]=0.00591*[Conc.]+1.00844 with R=0.99. Compared to the buffer
measurements presented in Fig. 4, we achieved a similar detection limit of <10 pg/mL in
urine samples.
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Fig. 6.
Random urine sample testing is demonstrated through the use of the Albumin Tester, where

the urinary albumin concentration was quantified based on the calibration curve presented in
Fig. 5. For each measurement point, 3 different samples were used. These blind experiments
performed in synthetic urine samples demonstrate an absolute error of <7 pug/mL for urinary
albumin concentration measurements. The error bars represent the standard deviations
calculated for 3 different measurements performed for each concentration.
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