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a b s t r a c t

The level of urinary albumin is a critical indicator for the early diagnosis and management of chronic
kidney disease (CKD). However, existing methods for detecting albumin are not conducive to point-of-
care testing due to the complexity of reagent addition and incubation processes. This study presents a
smartphone-integrated handheld automated biochemical analyzer (sHABA) designed for point-of-care
testing of urinary albumin. The sHABA features a pre-loaded, disposable reagent cassette with re-
agents for the albumin assay arranged in the order of their addition within a hose. The smartphone-
integrated analyzer can drive the reagents following a preset program, to enable automatic sequential
addition. The sHABA has a detection limit for albumin of 5.9 mg/L and a linear detection range from 7 to
450 mg/L. The consistency of albumin level detection in 931 urine samples using sHABA with clinical
tests indicates good sensitivity (95.78%) and specificity (90.16%). This research advances the field by
providing an automated detection method for albumin in a portable device, allowing even untrained
individuals to monitor CKD in real time at the patient's bedside. In the context of promoting tiered
diagnosis and treatment, the sHABA has the potential to become an essential tool for the early diagnosis
and comprehensive management of CKD and other chronic conditions.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chronic kidney disease (CKD) is a growing global health prob-
lem, with an estimated prevalence between 10.1% and 13.3% [1e3],
and is rapidly increasing, especially in remote and resource-poor
areas. There are few signs or symptoms in the early stages of
CKD, which makes the early diagnosis dependent on laboratory
measures of kidney function [4,5]. Point-of-care testing (POCT)
holds significant potential to improve health outcomes for CKD
patients [6e8], especially those with comorbidities such as hyper-
tension, hyperlipidemia, and diabetes [4,9].

Urinary albumin (ALB) is an important early indicator of renal
damage in CKD patients and a key factor in the disease's
wzjnfyy@163.com (Z. Wang),

ier B.V. on behalf of Xi’an Jiaotong
development [10e14]. There are various methods to assess urinary
ALB level, ranging from convenient dipstick tests [15] to more
complex enzyme-linked immunosorbent assay (ELISA) [16,17] and
high-performance liquid chromatography (HPLC) methods [18].
However, dipstick tests cannot quantify urinary ALB, and laboratory
tests based on ELISA and HPLC are operationally complex and
require large-scale equipment. These limitations often prevent
patients from receiving timely and effective health management
post-discharge [19]. Therefore, there is an urgent need to develop a
platform that can rapidly and conveniently assay ALB levels
without the need for bulky equipment and complex reagent addi-
tion. Immunoturbidimetry, especially latex-enhanced immuno-
turbidimetric assay, is a commonly used clinical method for
detecting urinary ALB [20e22]. Latex-enhanced immunoturbidi-
metric detects ALB by measuring the increase in turbidity resulting
from the clumping of latex particles coated with specific antibodies
when they bind to the ALB in a sample. It can accurately quantify
ALB in urine samples and is particularly suitable for detecting the
presence of ALB during early kidney damage. Latex-enhanced
immunoturbidimetric assay offers higher accuracy than most
University. This is an open access article under the CC BY-NC-ND license (http://
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currently proposed POCT methods and has lower cost and equip-
ment requirements compared to other immunoassays and HPLC
methods. Due to these advantages, POCT platforms can be devel-
oped based on the traditional latex-enhanced immunoturbidi-
metric assay that is more cost-effective, convenient and accurate.

In a traditional laboratory setting, immunoturbidimetric assay
requires careful mixing of immunosphere and samples in a cuvette
at a fixed ratio, waiting for a few minutes for the mixture to react,
and then using a turbidimeter to measure the turbidity of the re-
action product to assess ALB concentration. The process requires
professional technicians to use pipettes for reagents addition and
mixing, and expensive equipment for results reading and data
analysis. To enable patient self-testing at home, manual processes
of adding reagents and incubation need to be avoided. A low-cost
method that automates reagent control is urgently needed [23].
In addition, solutions for reading and analyzing results that do not
rely on large instruments and sites are also important for imple-
menting POCT. With the increasing functionality and popularity of
smartphones, they have become one of the best companions for
developing portable POCT systems [24e26]. Therefore, a
smartphone-based automated reagent control method is an ideal
solution for home POCT that enables automated ALB testing.

Here, we introduced a novel smartphone-integrated handheld
automated biochemistry analyzer (sHABA). In the sHABA system,
the ALB detection reagents (sample diluent, latex-microspheres
and buffer) were preloaded in segments within a section of hose,
whichwas connected to a peristaltic pump at one end and led into a
reaction well at the other. A smartphone could regulate the
Fig. 1. Working principle of smartphone-integrated handheld automated biochemistry ana
The detection reagent status in the reagent cassette at different phases. Under the control of
to the reaction well according to the program, while recording the transmitted light sign
peristaltic pump and the light intensity measured by the smartphone over time. R1: reage
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addition and cessation of reagents by indirectly controlling the
voltage of the peristaltic pump through a relay switch, following a
set program to turn it on or off at specific time intervals. The re-
agents in the hose are added sequentially to the test wells ac-
cording to the set program. Additionally, the smartphone was able
to automatically read the light intensity transmitted through the
reaction well in the reagent cassette (Fig. 1A). In samples with low
or no ALB, latex microspheres hardly aggregated (Fig. S1A),
absorbing less light and allowing more to be read by the smart-
phone. High ALB levels triggered substantial antigen-antibody re-
actions, causing microsphere aggregation (Fig. S1B), increased light
absorption, and reduced smartphone readings (Fig. 1A). Under the
control of a set program, the voltage of the peristaltic pump shows
pulsed changes. Within a cycle of these voltage changes, which
includes the addition of a reagent into the detection well and in-
cubation (Fig. 1B), the light intensity read by the smartphone
changes accordingly (Fig. 1C). This portable, fast, automated
biochemical testing platform enables automated on-site di-
agnostics in situations where workspace is limited, resources are
minimal, and power supply is unreliable.

2. Materials and methods

2.1. Chemicals and materials

The ALB test kits (latex-enhanced immunoturbidimetric assay)
were purchased from Huisong Technology Development Co., Ltd.
(Shenzhen, China). Water-soluble blue pigment was obtained from
lyzer (sHABA). (A) schematic representation of sHABA for albumin (ALB) detection. (B)
smartphone, the peristaltic pump drives the pre-loaded detection reagents to be added
al. (C) Schematic diagram of sHABA response process. The changes in voltage on the
nt 1; R2: reagent 2; R3: reagent 3.
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Zhejiang Dragoni Colour Technology Co., Ltd. (Hangzhou, China).
The peristaltic pump was acquired from Hangzhou Lifu Electro-
mechanical Manufacturing Co., Ltd (Hangzhou, China). A desktop
3D printer (Whale 2) was purchased from Shenzhen Nova Intelli-
gent Technology Co., Ltd. (Shenzhen, China). Black photosensitive
resin and polylactic acid (PLA) used for fabricating the device were
sourced from Shenzhen Creality 3D Technology Co., Ltd. (Shenzhen,
China). Thermoplastic elastomer (TPE) hoses with an inner diam-
eter of 2 mm and an outer diameter of 2.4 mm, along with their
corresponding joints, were procured from Chengdu Zhongcheng
Xinda Technology Co., Ltd. (Chengdu, China). Lasers (655 nm,
1 mW) were sourced from Shenzhen Ruixin Hengchuang Elec-
tronics Co., Ltd. (Shenzhen, China). Electric relays were custom-
made by Shenzhen Yueyu Electronic Technology Co., Ltd. (Shenz-
hen, China). A heating film (65 mm � 35 mm � 0.2 mm) and
temperature controller were purchased from Shenzhen Hongxin
Electric Heating Technology Co., Ltd. (Shenzhen, China). All other
electronic components were supplied by Shenzhen Weixinyuan
Technology Co., Ltd. (Shenzhen, China).

2.2. Urine samples

Urine samples from healthy individuals and patients with CKD
were remaining samples collected from the Laboratory Medicine
Department of Nanfang Hospital (Guangzhou, China). Additionally,
part of urine samples from phases CKD 3e5were collected from the
Second People's Hospital of Guangdong Province (Guangzhou,
China). The levels of ALB of these urine samples were tested using
the automated biochemical analyzer (BECKMAN AU5800, Beckman
Coulter, Brea, CA, China). All clinical samples were collected and
used with the approval of the Ethics Committee of Nanfang Hos-
pital, Southern Medical University (Approval No.: NFEC-2023-022).

2.3. Preparation of the reagent cassette

The sHABA system comprises two components: a disposable re-
agent cassette and a portable smartphone-integrated analyzer.
Disposable cartridges are a key feature of the platform, enabling
automated reagents addition, fast turnaround times and low cost per
test. A disposable reagent cassette comprises a 3D-printed body, an
embeddedTPEhose, and a reactionwellwith a glass bottom (Fig. 2A).
The body of the reagent cassette was designed using SolidWorks
2020 and fabricated by 3D printing with black rigid photosensitive
resin. A curved groove (semicircular arc with a diameter of 2.5 mm)
was designed on the upper surface of the reagent cassette. TPE hose
was embedded in the groove using adhesive. The starting end of the
TPE hosewas located on the front surface of the reagent cassette, and
the end was connected to the reaction well. To produce a reagent
cassette, test reagents were injected into the TPE hose using a
pipettor from the starting end of the TPE tubing,with air between the
reagents to prevent mixing. To prevent reagent mixing during
transportation and storage, a cassette coverwith several semicircular
protrusions was designed. When the cover is tightly combined with
the reagent cassette, these protrusions compress the TPE hose,
creating segmented sealing and ensuring reagent stability during
transportation and storage (Fig. S2). As a disposable consumable,
the reagent cassette is compact and easy to store
(70 mm � 42 mm � 8 mm) (Fig. 2B). The cost of the disposable kit,
including the reagents inside, the 3D printing raw materials, and a
hose, totals just $1.50 (Table S1), an extremely low cost that could
boost its popularity in resource-poor and remote areas.

The reagent cassette used for ALB detection preloads the
following reagents inside the TPE tubing: 60 mL sample diluent, 60 mL
immune latex microspheres, and 60 mL buffer, with 60 mL of air
spaced between each component. The reagent cassettes containing
3

the test reagents were sealed with a cover and stored at 4 �C.

2.4. Design and fabrication of the smartphone-integrated analyzer

The smartphone-integrated analyzer is a portable device
(80 mm � 70 mm � 60 mm) and is equipped with integrated
electric relay, laser light sources, a 3.7 V lithium battery, peristaltic
pumps, charging ports, and switch (Figs. 2C and D). The
smartphone-integrated analyzer was designed using SolidWorks
2020 and manufactured through 3D printing with PLA material.
The electronic components are connected according to the detailed
working circuit diagram (Fig. S3). In the front of the reader, there
was a rectangular opening (70mm� 12mm� 42mm) for inserting
the reagent cassette, with dimensionsmatching that of the cassette.
The outlet of the peristaltic pumpwas connected to a steel capillary
tube with an outer diameter of 2.0 mm. The smartphone connects
to electric relay through bluetooth and configures the running
program, which includes parameters such as the duration of each
opening and closing, as well as the desired number of cycles. The
total cost of the smartphone-based analyzer is about $19.7
(Table S1), making it affordable for almost every household, and the
fact that it can be used anywhere without the need for other de-
vices or external power supplies greatly enriches the application
scenarios of the method.

2.5. ALB detection performance of sHABA

For ALB detecting, 2 mL of ALB standard diluted in phosphate-
buffered saline (PBS) buffer was added into the reaction well of the
reagent cassette. The peristaltic pump was adjusted to flow rate to
10 mL/s. The sHABA running program was set as follows: run each
cycle for 6 s, stop for 10 s, and run a total of 3 cycles. Subsequently,
the reagent cassette was inserted into the smartphone-integrated
analyzer, and the switch was turned on, and the light intensity
(I0) was recorded. After running for 5 min, the transmitted light
intensity (I) was recorded. The absorbance of ALB detection was
calculated using LamberteBeer's (OD ¼ lgI0/I). During preliminary
studies, a smartphone was used to construct the sHABA, while a
free smartphone app (phyphox) (Fig. S4) was utilized to analyze
light intensity, determining the method's feasibility and optimizing
assay conditions. Subsequently, we developed a smartphone app
called sHABA for light intensity reading and result analysis.

3. Results and discussion

3.1. Performance of sHABA

The sHABA system is an innovative smartphone-integrated
biochemistry analyzer. The reagent cassette is first inserted into
the analyzer and the urine sample is added to the reactionwell. The
smartphone then begins to control the peristaltic pump that feeds
reagents from the TPE hose into the reaction well and automatically
manages the reagent addition and incubation steps. For ALB testing,
a urine sample is first added to the reagent cassette's reaction well
and the kit is subsequently inserted into the analyzer. When the
reagent cassette is inserted into the reader, the metal tube of the
peristaltic pump is inserted into the entry of the reagent cassette,
establishing the connection between the reagent cassette and the
smartphone integrated analyzer. Subsequently, the smartphone
application programs the peristaltic pump to rotate or stop for a
designated duration, effectively driving the reagent from the
cassette into the reaction well in a programmable manner. This
process facilitates the completion of automated detection. Simul-
taneously, the light emitted by the excitation optical module of the
smartphone-integrated analyzer passes through the reactionwell of



Fig. 2. Manufacture and performance verification of smartphone-integrated handheld automated biochemistry analyzer (sHABA). (A) Structure of the reagent cassette. (B) Prac-
ticality picture of the reagent cassette. (C) Partial section of smartphone-integrated analyzer. (D) Practicality picture of the smartphone-integrated analyzer. (E) Workflow for sHABA
detection of albumin (ALB). (F) Feasibility and signal stability verification of sHABA. Fill the hoses within the reagent cassette with 10�, 50� and 200� diluted pigment, and run
according to the set program (each cycle runs for 6 s and stops for 6 s, 4 cycles).
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the reagent cassette and is received by the ambient light sensor
(ALS) of the smartphone (Fig. 2E). The complete procedure is shown
in Video 1. The latex microspheres used in the system have a broad
absorption spectrum (Fig. S5). Here, we used a low-power laser with
awavelength of 655 nm as the light source. This specific wavelength
was selected due to the potential presence of hemoglobin and bili-
rubin in urine, which strongly absorb visible light below 600 nm and
could thus interfere with the accuracy of the results. Furthermore,
the 655 nm laser is a readily available and economically viable light
source, making it an optimal choice for POCT devices.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jpha.2024.101041.
4

To assess the feasibility and reliability of the sHABA, we initially
utilized awater-soluble blue pigment with a light absorption peak at
655 nm as a stand-in for the actual detection reagent in our exper-
iments. We conducted tests on three distinct pigment gradients,
which were created by diluting the pigment solution with water in
ratios of 10-fold, 50-fold, and 200-fold. The pigmentwas divided into
four parts and pre-loaded into the hose of the reagent cassette, and
each part was separated by air. Then, insert the cassette into the
analyzer, turn on the switch and start running. The sHABA running
programwas set as follows: run each cycle for 6 s, stop for 6 s, for 4
cycles. After continuously reading the signal for 15 min, the changes
in the transmitted light intensity signal read by the smartphone ALS

https://doi.org/10.1016/j.jpha.2024.101041
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can verify the feasibility of our proposed programming-driven re-
agents automatic addition and automatic signal reading. The results
indicate that the transmitted light signal rapidly decreases during
the operation of the peristaltic pump and remains unchanged during
pauses. After the cyclic sample addition is completed, all reagents are
injected into the reaction well, and the transmitted light signal in-
tensity remains stable thereafter (Fig. 2F). These results demonstrate
that sHABA can achieve automatic reagent addition and incubation,
and has good signal reading stability.

In addition, to demonstrate the applicability of sHABA, different
brands of smartphones were tested. We conducted tests on varying
concentrations of albumin using different brand smartphones
(Huawei Mate 20 Pro, Apple iPhone XR, Xiaomi 10, Samsung S10,
and Vivo X30), recording the I value (intensity of light transmitted
through the reaction solution) and the I0 value (the optical intensity
passing through an empty reaction well), and then calculated the
ratio of I0 to I. Despite variations in the absolute values of I and I0,
the ratio I0/I remained constant across different smartphone brands
(Fig. S6). The use of Lambert's law (OD ¼ Log I0/I) to calculate
absorbance is a standard practice in spectrophotometry. The fact
that the absorbance values were the same across different devices
suggests that sHABA can provide standardized results, which is
essential for reliable diagnostic testing. The ability of sHABA to
work with different smartphone brands implies that it can be
adapted to a wide range of devices that are commonly available to
consumers. This broad compatibility is a significant advantage, as it
means that users do not need to invest in specialized hardware to
utilize the sHABA system.
3.2. Validation of the sHABA using the ALB standard

To evaluate the performance of sHABA for ALB standard detec-
tion, initial experiments were conducted with spiked ALB standard
in buffer solution at various concentrations: 0, 3.5, 7.0, 14.1, 28.1,
56.3, 112.5, 168.8, 225, 337.5, 450, 675, 900, and 1,200 mg/L. The
color of the reaction well gradually darkens as the ALB level in-
creases (Fig. 3A). Three different tests were conducted for each
concentration of ALB, and a dose-response curve was plotted
(Fig. S7), showing a clear linear relationship between the ALB
Fig. 3. Performance of smartphone-integrated handheld automated biochemistry analyzer
different ALB concentrations. (B) Calibration curve of sHABA for ALB detection; (C) repeatab
concentrations of ALB standards (40, 100, 200 mg/L), with coefficients of variation (CV) val
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concentration in the buffer and the corresponding transmission
optical density value (i.e., OD value) measured by sHABA between 7
and 450 mg/L, with R2 ¼ 0.9908, the limit of detection (LOD) of
5.9 mg/L, and the limit of quantification (LOQ) of 6.4 mg/L (Fig. 3B).
The linear relationship indicates that sHABA can accurately quan-
tify ALB levels within a certain range, which is crucial for diagnostic
purposes. The repeatability of sHABA in detecting ALB was also
assessed, with three different concentrations of ALB (40, 100,
200 mg/L) tested using sHABA with 15 repetitions. Coefficients of
variation (CV) values over 15 repetitions ranged from 6.24% to 7.27%
(Fig. 3C), indicating excellent repeatability. High repeatability sug-
gests reliability in the test results, which is essential for clinical
decision-making.
3.3. Smartphone application (App) for ALB POCT

For ease of use, a smartphone app named sHABA was devel-
oped for data processing and analysis (Fig. 4). The app was
installed and tested on a Huawei Mate20pro smartphone
running Android 10.0.1. The user clicks the sHABA icon to start to
run our App. A new window provides four options: User, New
Test, Record and Setting (Fig. 4A). By clicking the “User” button
on the homepage, users can access the user information inter-
face, where they can add or edit their personal information and
select their user profile (Fig. 4B). Clicking the “New Test” button
on the homepage will initiate a new test and display the test
results. This interface displays the detection concentrations of
ALB (Fig. 4C). Users can obtain a detailed inspection report by
clicking the “Export report” button at the bottom of this inter-
face. By clicking the “Record” button on the homepage, users can
access the results recording interface where they can view their
historical detection results and monitoring curves for continuous
detection (Fig. 4D). The program for controlling peristaltic pump
and analyzing the data of detection results can be inputted and
modified in the interface by clicking the “Setting button”
(Fig. 4E). The app enhances the usability of sHABA, making it
more accessible for non-expert users. Features like historical
data tracking could be particularly useful for monitoring disease
progression or treatment efficacy.
(sHABA) for the detection of albumin (ALB) standard. (A) Images of reaction well for
ility evaluation of sHABA detection for ALB. Repeated testing was performed on three
ues of 6.96%, 7.27% and 6.24%, respectively.



Fig. 4. The designed Android-based smartphone application (App) for albumin (ALB) point-of-care testing (POCT). (A) Main menu. (B) User information selection and addition. (C) A
new test and the test results. (D) Record interface. (E) Setting interface.
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3.4. Performance of sHABA in the detection of ALB in urine samples

Given its excellent performance in detecting ALB from PBS
buffer, we further investigated the feasibility of applying sHABA in a
real urine environment. 2 mL of urine sample was taken with a
capillary tube and added to the reaction well, and then the reagent
Fig. 5. Performance of smartphone-integrated handheld automated biochemistry analyzer
detection by automatic biochemical analyzer (AU5800) and sHABA in urine samples (n ¼ 93
agreement (�52.79e50.38 mg/L), and dotted lines represent bias (�1.205 mg/L). (C) Eval
samples (n ¼ 931). (D) Comparison of serial ALB level monitoring usingAU5800 and sHABA

6

cassette was inserted into the analyzer. Under the control of the
program, the diluent, latex microspheres and buffer inside the re-
agent cassettewere added to the reactionwell sequentially, and the
smartphone app automatically read and analyzed the data for final
results. 931 urine samples were tested. Results by sHABA showed
good agreement with the clinical used automatic biochemical
(sHABA) in the detection of albumin (ALB) in urine samples. (A) Correlation of ALB
1). (B) BlandeAltman analysis of ALB detection. Solid red lines represent 95% limits of
uation of renal injury degree by biochemical analyzer (AU5800) and sHABA in urine
. CKD: chronic kidney disease; SD: standard deviation.
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analyzer (AU5800) (R2 ¼ 0.9919) (Fig. 5A). The strong correlation
with AU5800 validates sHABA as a reliable diagnostic tool for CKD.
BlandeAltman analysis comparing the results of sHABA and
AU5800 revealed a bias of �1.205 mg/L, with limits of agreement
(LOA) ranging from �52.79 mg/L to 50.38 mg/L. Approximately
95.7% of the sample results fell within these LOA (Fig. 5B). Using an
average ALB cut-off levels for proteinuria of 20 mg/L [10], the
sensitivity and specificity of sHABA for diagnosing CKD are 95.78%
(590/616) and 90.16% (284/315), respectively (Fig. 5C, and Table 1),
indicating that sHABA is an accurate tool for early and accurate
diagnosis of CKD. The differentiation between positive and negative
samples here is based on the results from biochemical analyzers
used clinically, adhering to the recommended cut-off value of
20 mg/L. However, there are slight variations when testing samples
near the threshold, which can lead to discrepancies in the deter-
mination of positive or negative samples.

The effects of bilirubin on ALB testing were assessed by
measuring ALB levels in urine samples with bilirubin concentra-
tions ranging from 5 to 40 mM. The results from sHABA were
consistently in line with those obtained by the AU5800, demon-
strating excellent robustness of sHABA (Table S2). The ability to
provide accurate results even in the presence of potential in-
terferences increases the system's clinical utility. As a potential
home diagnostic test product, the ability to monitor ALB levels over
time could be invaluable for managing CKD and adjusting treat-
ment strategies. The capacity for serial monitoring using POCT tes-

tingwas evaluated by testing the ALB levels of 4 patients with CKD
major undergoing long-term treatment in Nanfang hospital. Trends
in the ALB levels of these 4 patients, which were serially monitored
for 59, 56, 105 and 118 days (Fig. 5D), were in agreement with those
determined by the automatic biochemical analyzer (AU5800),
indicating that sHABA was able to accurately track changes in ALB
levels, reflecting the disease's dynamics. The long-term accuracy of
sHABA suggests its potential as a home diagnostic tool for CKD
patients.
Table 1
Performance of smartphone-integrated handheld automated biochemistry analyzer
(sHABA) testing clinical samples.

Metric Patient group (n ¼ 315)a Control group
(n ¼ 616)a

Test negative 284 26
Test positive 31 590
Sensitivity (%) 95.7 (590/616)
Specificity (%) 90.16 (284/315)
Accruacy (%) 93.88 (874/931)

a The samples were categorized using the recommended cut-offs for urinary al-
bumin levels (Normal: <20 mg/L; Albuminuria: >20 mg/L) based on clinical test
results by Beckman AU5800.

Table 2
Comparison of the smartphone-integrated handheld automated biochemistry analyzer (

Methods Assays LOD for
albumin

Detection

sHABA (this study) Immunoturbidimetry 5.9 mg/L Fast (<5 m
Other smartphone based

methods
Colorimetric method ~10 mg/L Fast (<5 m
Fluorescence method 5e10 mg/L Fast (<5 m
Dry chemistry ~30 mg/L Fast (<5 m
Electrochemical method 1.5 mg/L Slow (>60

Immunologically based
laboratory methods

Immunonephelometry 2 mg/L Fair (10 m
ELISA 10 mg/L Slow (>60

HPLC laboratory method 2 mg/L Slow (10�
HPLC: high performance liquid chromatography; ELISA: enzyme linked immunosorbent

a Although the signal reading time is within 0.5 min, the detection time should accoun
detection.
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3.5. Comparison of the sHABA with the other smartphone-based
assays and other laboratory methods

Table 2 shows the comparison of sHABA with some currently
published smartphone-based assays and laboratorymethods for ALB
detection. Compared with the smartphone-based colorimetric and
fluorescence assay [27,28], the sHABA is similar in LOD and detection
speed, but easier to operate. Compared with the smartphone-based
dry chemistry method [29], the sHABA has comparable operational
difficulty and detection speed but lower cost. Compared with elec-
trochemical based method [30], sHABA does not have the LOD
advantage, but is cheaper and less time-consuming. Compared with
the immunologically based and HPLC-based laboratory methods,
sHABA has higher LOD but much lower cost [31,32]. In addition, our
method was validated with a large number of clinical samples,
demonstrating its advantages in sensitivity and specificity.

4. Conclusion

In conclusion, we have successfully developed a cost-effective
and automated smartphone integrated analyzer known as sHABA,
designed for monitoring urinary albumin levels. The sHABA system
has demonstrated its capability to conduct automatic albumin
analysis, encompassing reagent addition, incubation, and result
interpretation. When evaluating the system's performance for al-
bumin detection, it showed consistency with clinical diagnostic
instruments, indicating its potential as a reliable tool for medical
practice. Innovations in sHABA compared to other POCT methods
include automated reagent addition and incubation and the use of
disposable cassettes, which contribute to its user-friendly design
and cost-effectiveness. Moreover, by leveraging the connectivity
features of smartphones, sHABA facilitates the delivery of profes-
sional medical guidance remotely, which could minimize the need
for in-person clinic visits. It is important to note that while sHABA is
currently configured to detect and quantify urinary albumin, it
possesses the adaptability to be repurposed for the automatic
detection of various biomarkers associated with chronic liver dis-
ease and cardiovascular conditions. This can be achieved by altering
the detection reagents within the reagent cassette and adjusting
the light source wavelength on the smartphone-integrated
analyzer. The portability, affordability, and user-friendly design of
sHABA make it a favorable solution for disease home self-testing,
especially in areas with limited healthcare resources. In summary,
the innovations of the sHABA platform mark a significant
advancement in the early detection, management, and potentially
home monitoring of chronic diseases, providing a promising
avenue for improving patient care and reducing the burden on the
healthcare system.
sHABA) with the other smartphone-based assays and laboratory methods.

speed Cost Sensitivity (%) Specificity (%) Automatic

in) Low ($1.5) 95.78 (590/616) 90.16 (284/315) Yes
in) Low ND ND No
in) 88 ND No
in) ND ND Yes
min)a Fair ND ND No
in) High ND ND Yes
min) ND ND Yes
60 min) ND ND No

assay; LOD: limit of detection. ND: not determined.
t for the time of electrode cleaning and the time of antibody re-coating before each
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