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Diabetes is a group of metabolic conditions resulting in high blood sugar levels over prolonged periods
that affects hundreds of millions of patients worldwide. Measuring glucose concentration enables
patient-specific insulin therapy, and is essential to reduce the severity of the disease, potential compli-
cations, and related mortalities. Recent advances and developments in smartphone-based colorimetric
glucose detection systems are discussed in this review. The importance of glucose monitoring, data col-
lection, transfer, and analysis, via non-invasive/invasive methods is highlighted. The review also presents
various approaches using 3D-printed materials, screen-printed electrodes, polymer templates, designs
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allowing multiple glucose analysis, bioanalytes and/or nanostructures for glucose detection. The positive
effects of advances in improving the performance of smartphone-based platforms are introduced along
with future directions and trends in the application of emerging technologies in smartphone-based
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1. Introduction

Diabetes mellitus, generally known as diabetes, is a metabolic
disorder that results in high blood glucose levels. The main
types of diabetes are Type 1, Type 2, and gestational which
arise from damage to insulin-producing cells, insulin pro-
duction deficiency of the pancreas, and high blood glucose
levels during pregnancy, respectively. According to the World
Health Organization (WHO), diabetes causes 1.6 million
deaths every year,' and it is, therefore, important to follow the
blood sugar level of patients accurately since a complete cure
is not yet possible.

The history of monitoring methods, illustrated in Fig. 1,
dates back over one hundred years with the copper reagent
developed by Benedict to detect urine glucose. The subsequent
development of various other products (such as Clinitest®,
Tes-tape roll®, Clinistix®, etc.) enables the determination of
urine glucose via analysis of the differences in color.”> Clark
and Lyons subsequently incorporated the enzymatic reaction

“Department of Engineering Sciences, Izmir Katip Celebi University, 35620 Turkey.
E-mail: nesrin.horzum.polat@ikcu.edu.tr; Fax: +90 232 325 33 60;

Tel: +90 232 329 35 35

bDepartment of Electrical and Electronics Engineering, Izmir Katip Celebi University,
35620 Turkey

‘Department of Chemistry, Lancaster University, Lancaster, Lancashire LA1 4YB, UK
Materials Science Institute, Lancaster University, Lancaster, Lancashire LA1 4YB,
UK

2784 | Analyst, 2021,146, 2784-2806

with glucose oxidase (GOx) in an electrochemical cell as an
electrochemical detector to measure the oxygen concentration
which is proportional to the glucose concentration.> A whole
blood glucose determination could be performed with
Dextrostix®, test strips charting color differences depending
on the concentration, and these strips were converted into
numerical data using an Ames reflectometer as a self-monitor-
ing system.”

The Biostator system®, which is an artificial pancreas com-
bining an intravenous glucose sensor and insulin/dextrose
pump, acted as a continuous monitoring system for blood
glucose.”” A Yellow Springs Instrument (Model 23A YSI analy-
zer) has been produced commercially that allows glucose ana-
lysis from whole blood using Clark’s enzymatic biosensor
technology. NovoPen®, was the first insulin pen for painless
and straightforward daily treatment launched in 1985. A self-
monitoring blood glucose pen-meter biosensor was developed
by MediSense in 1987 based on the enzymatic electrochemical
measurement on a disposable strip.® It is important to note
that it is impractical to identify blood glucose by finger-prick-
ing accurately. Therefore, the subcutaneously insertable
MiniMed™ which provides three days of reliable operation was
developed in 1999.° In 2000, the glucose measurement evol-
ution was improved from in vivo continuous glucose monitor-
ing to wearable non-invasive Glucowatch Biographer®,'® a
wristwatch using reverse iontophoresis on an electrochemical
electrode system. Due to the importance of monitoring the
glucose level and increasing awareness of the patient, the use
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Fig. 1 Timeline of the diabetes screening and management systems from past to present.

of advanced technology has become widespread in glucose
management for both informative and data transfer purposes
via text messages and smartphone applications."' ™ As it can
be seen in Fig. 2, the number of papers based on smartphone-
based diabetes management and glucose detection studies has
increased with the introduction of smartphones into daily life
over the last decade. Although both management and determi-
nation studies are trending, the management-related ones are
somewhat more prevalent due to the wide use of mobile
devices and applications for healthcare.

Smartphone-based glucose monitors use either blood or
body fluids such as sweat, tears, urine, saliva, and interstitial
fluid (ISF). There are several smartphone-based blood glucose
monitors in the market including GlucoWise™,"®
DiaMonTech,” and OrSense’s NBM-200G.?° In addition,
Dexcom G6, Abbott Freestyle Libre, the FibreSense system
from EyeSense GmbH, Eversense XL by Senseonics, BIORASIS

Glucowizzard, and SugarBEAT® by Nemaura Medical,
50
I management
2 detection

Number of papers

2011 2012 2013 2014 2015 2016 2017 2018 2019
Publication year

Fig. 2 The number of publications in a given year in the Web of
Science (WOS) database using the keywords; ‘Glucose and smartphone’
are classified as ‘management’ and ‘detection’.
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Medtronic have been released for interstitial fluid glucose
monitoring.>® The technology used in these platforms is
mainly based on spectroscopy, transdermal extraction, fluo-
rescence, electromagnetic sensing, and polarimetry. On the
other hand, measuring glucose from body fluids instead of
blood still remains expensive and complicated. Furthermore,
accuracy, safety, selectivity, sensitivity, stability and measure-
ment time of the underlying technologies pose key challenges.
The difficulties in the existing technologies and the recent
advances in the field of smartphone technology have led to the
development of cheaper smart glucometers capable of detect-
ing threshold concentration ranges with high accuracy and
selectivity.”

Nevertheless, there are some drawbacks to overcome for the
widespread operation of smartphones in colorimetric quantifi-
cation. These drawbacks include the interference caused by
surrounding conditions such as ambient light conditions,
shooting distance and imaging angle. In addition, inter-phone
operability is also another factor caused by camera optics and
smartphone proprietary software for image processing. Even
though custom-designed 3D printed accessories compatible
with different types of smartphones have been proposed,'®>*>*
these accessories can only eliminate ambient light inter-
ference. In another study, a scene-specific calibration method
was proposed to use raw images for scientific data acqui-
sition.”> The raw image is an unprocessed image and offers
linear intensity values with scene radiance regardless of pro-
prietary software of the smartphone and image formats. The
problem of inter-phone repeatability for the colorimetric ana-
lysis has been addressed employing a calibration curve created
based on sensor type, target analytes, units of concentration
and reference data points.”® The calibration approach was also
employed®” aiming to compensate for ambient lighting con-
ditions, imaging distance/angle and smartphone brand. The
color calibration was implemented in two steps. First, all
sensor units were calibrated using four spots to align the same
black and white backgrounds, then sensors were corrected
individually using two spots. Zhang et al.>® proposed a color
calibration for a lens-based imaging system using a color
checker as the ground truth of color intensities. The color cali-
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bration was based on polynomial regression and the images
were processed with image normalization and white balance,
correction of lightness, correction of desaturation, and color
transformation steps for accurate calibration. As an alternative
to color calibration, artificial intelligence-based approaches
gain relevance due to their powerful utilities such as auto-
mated decision-making and self-learning from the image.
Machine learning classifiers were trained with a dataset con-
taining images from four different smartphones under seven
different illumination conditions to ensure inter-phone repeat-
ability under versatile illumination.”” In another study, colori-
metric analysis of glucose was performed with deep learning
methods to ensure the robustness of the system against illumi-
nation variation and smartphone brands.*’

The focus of this review is to explore smartphone-based col-
orimetric glucose monitoring techniques. Colorimetric
methods and advanced techniques where the studies involve
the keywords ‘smartphone’ and ‘glucose’ were included based
on their appearance in a WOS database search. The review
covers recent advances and developments in diagnostic and
management technologies for diabetics and how such
advances enhance the performance of smartphone-based diag-
nostic and management systems. Progress in data collection,
transferring and analyzing, non-invasive/invasive glucose
detection, bioanalytes and nanostructures for glucose detec-
tion in various body fluids, designs for multiple analyses
including 3D-printed materials, screen-printed electrodes, and
polymeric templates is covered. Finally, directions for future
studies including open research challenges are provided for
smartphone-based platforms.

2. The importance of glucose
monitoring

Self-monitoring of blood glucose (SMBG) with smartphone
technologies (and associated connectivity with other devices)
enables easy monitoring for diabetic individuals, diminishing
patient compliance related issues and reducing related compli-
cations.®® It is useful to empower patients to manage/control
their diabetes, highlighting the importance of manufacturing
simple user-friendly technology to aid the growing number of
patients worldwide. Patient education is also important to
ensure they are knowledgeable about diabetes enabling them
to adjust their diet, exercise, medication, etc.*’ Smartphone
applications for physical activities such as step counts, calorie
expenditure, heart rate information, etc., facilitate patients to
control these variables. DiaBits and T1 Exercise applications
were developed for Type 1, while Glucose buddy, One Drop dia-
betes management, mySugr, and GlucoseZone were developed
for both Type 1 and Type 2.*> Moreover, the applications are
classified into three categories in Google Play Store and Apple
App Store; glucose monitoring applications, carbohydrate
counter mobile applications, and exercise and diabetes mobile
applications for Type 1 diabetes.*® A multi-national online
survey®® was conducted to investigate the role of continuous
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glucose monitoring (CGM), diabetes applications and self-care
behavior in Type 1 and Type 2 diabetes. The results show that
CGM technologies reduce the likelihood of experiencing hyper-
glycemia and hypoglycemia in Type 1 diabetes. It is important
to note that the likelihood of experiencing hyperglycemia in
Type 2 diabetes has been reduced significantly when using
smartphone diabetes applications.®*

By the year 2020, 222 Android and 123 iOS diabetes-related
applications had been released with English interfaces which
are categorized in Fig. 3 based on their functionality. The
applications capable of monitoring the glucose level and con-
verting from mmol L™ to mg dL™" are classified as manage-
ment. The informative ones include various nutrition, diet,
and exercise advice and aim to raise awareness about Type 1,
Type 2, and gestational diabetes by sharing informative articles
with the user. Some of the applications have both manage-
ment and informative features which are classified as multi-
tasking. Finally, we defined the applications as supportive
where patients are followed-up online by doctors and on the
forum platforms where diabetic patients share their experi-
ences. Education carries great importance in controlling the
course of diabetes. For this reason, it is necessary to identify
and eliminate the factors that restrict patients. To overcome
these restrictions, personalized feedback support and rec-
ommendations suggest that patients act according to the
rhythm of the disease and benefit more from the advantages
of the smartphones.®® Although glucose monitoring is mostly
performed with point-of-care self-monitoring devices such as
glucometers, painless and non-invasive techniques based on
colorimetric methods have been developed for biosensors in
recent years. With the latest advances in smartphone techno-
logy, the internal camera provides adequate information for
colorimetric analysis.>® The smartphone cameras were used as
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Fig.3 The number of diabetes-related applications available for
Android and iOS based smartphones found after a search conducted in
the Google Play Store and the Apple App Store, respectively, in the year
2020. The apps have been classified based on their functionality as
either multifunctional, supportive, informative, or management.
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RGB (Red, Green, Blue) sensors for colorimetric determi-
nations of different analytes.>*>*37~4!

The commercial Accu-Chek active visual test strips have
been used to develop a smartphone application by converting
the RGB values to LAB (Lightness, Green-Red, Blue-Yellow) and
HSV (hue, saturation, value) values.”> The commercial test
strips where visual color analysis is required have also been
used in urinary glucose analysis.>””** The blue color was used
for the quantitative analysis of the HRP-H,0,-TMB (3,3',5,5'-
tetramethylbenzidine) enzymatic system with a broad linear
response.”® Self-monitoring solutions offer an alternative to
naked-eye glucose determination for the people who have
visual problems by allowing smartphone image analysis.

3. Data collection, transfer and analysis

The network systems for smartphone-based diagnosis and
monitoring tend to be based on body area networks (BANs)
and personal area networks (PANs). BANs support wireless
communication of wearable computing devices while PANs
allow a wider network for data transmission among devices
including smartphones, cloud systems and computers.*’
Communication in PANs can be wired (using USB and
FireWire), or wireless using infrared, ZigBee, Bluetooth, UWB
(ultrawideband), WiFi, NFC (near field communication) and
GPS (Global Positioning System).

Infrared is a mobile communication technology for short
ranges. It is a common, low-cost and easy to use wireless
technology. The drawbacks of infrared are short transmission
range, inability to penetrate walls and line of sight require-
ments. ZigBee is a computer networking protocol for short-
range communication with low-power consumption. It is built
on the IEEE 802.15.4 standard with the capability of the data
rate of 40 kb s™* in the 900 MHz band and 250 kb s™" in the 2.4
GHz band. Bluetooth is another protocol for short-range and
low-power communications operating only in the 2.4 GHz unli-
censed band with 3 Mb s~ data rates. UWB is a short-range
and high-bandwidth communications radio technology operat-
ing in the 3.1-10.6 GHz band. The advantage of operating in
this wide band is not to create harmful interference for the
users in the same band. WiFi offers wireless high-speed internet
and network connections based on the IEEE 802.11 standard
protocol using radio waves. Common bands used in WiFi are
2.4 GHz and 5 GHz including multiple channels to be shared
between networks. NFC is a short-range high-frequency wireless
communication protocol for data exchange between two elec-
tronic devices over a distance of 10 cm. NFC has advantages, as
compared with the aforementioned communication protocols,
because of its shorter set-up time and a higher degree of secur-
ity due to its shorter range. GPS is a satellite-based navigation
system that uses messages broadcasted from space to calculate
the exact position of an object in the area. These messages
contain the current position, orbit and exact time of each GPS
satellite. A GPS receiver collects messages of at least three satel-
lites to determine the receiver location.*®

This journal is © The Royal Society of Chemistry 2021
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The data obtained from the sensors need to be transmitted
to a smartphone for analysis, detection, monitoring and diag-
nosis, resulting in rapid, low-cost and efficient treatment.
Recent advances in smartphone technologies together with the
increasing capability in wireless systems have led to the emer-
gence of higher capacity networks such as WWAN (wireless
wide area network) and WLAN (wireless local area network).
WWAN is a standard communication network for a wide area
while the WLAN offers a standard communication network
over a narrow area.’”*

Smartphone-based wireless diagnostics and treatment plat-
forms offer many types of tools for diabetics including con-
tinuous monitoring systems.”®>® A set of wearable sensors
were used to monitor patients with a wireless connection to a
smartphone.®® The custom-design smartphone application col-
lects data via Bluetooth and compresses to speed up the trans-
fer process to the server via the internet network where the
data are stored and processed. An intelligent internet of things
(IoT) systems is proposed to monitor diabetic patients remo-
tely using a smartphone.?® The level of glucose in the blood
and body temperature are measured with wearable sensors,
which are connected to the smartphone via Bluetooth. The col-
lected data in the smartphone are transmitted to the server
using the 4G network for further processing and classification.
Similarly, an Android application was developed to receive the
systolic and diastolic blood pressure and heart rate values
from a sensor via Bluetooth.®® These values can be transmitted
via the internet of things and the patient could be alerted in
case the values are outside the ordinary range. NFC link and
RF antenna were used for communication between the smart-
phone and microcontroller-based sensor. A diabetes manage-
ment system was proposed in ref. 61 including a mobile appli-
cation, automated text-messaging feedback and a clinician
portal, wherein a glucose meter was used to measure the
blood glucose level of the patients. The data were transferred
to the mobile app via Bluetooth, after which the mobile app
transferred the data to the clinician portal via the internet for
further analysis. An ultrasensitive optical transducer was used
for wireless glucose monitoring via a smartphone, where
luminescence images captured by a smartphone camera and
transducer were processed to enable euglycaemia and hyper-
glycaemia discrimination. Polymer dots have been combined
with Pd-porphyrin-based transducers for fluorescence imaging
and PD4Gx (Pd(un) mesotetra (pentafluorophenyl) porphine
(PATFPP, D4) has been used to detect glucose by combining
with GOx, due to its sensitivity and photostability, Fig. 4.*

Besides the aforementioned studies, there are also many
commercial smartphone dependent glucose meters including
Dario by LabStyle,°> Gmates SMART by Philosys,*® iBG Star by
Sanofi Aventis and AgaMatrix. They all need to be plugged into
a smartphone to benefit from the battery, memory and inter-
face features. In addition, they can reach a cloud system using
a smartphone as a data connection point. We should note that
there are other invasive, minimally invasive and non-invasive
glucose meters, however, exploring other glucose meters that
are not smartphone-based and without wireless communi-

Analyst, 2021, 146, 2784-2806 | 2787


https://doi.org/10.1039/d0an02031a

Published on 11 March 2021. Downloaded on 12/10/2025 11:57:56 PM.

Tutorial Review

cation is outside the scope of this review. The reader is referred
to other excellent literature for details of such glucose
meters.*

4. Non-invasive and minimally
invasive glucose detection

Non-invasive and minimally invasive methods for transdermal
glucose monitoring are under development. These methods
are based on the extraction of fluid across the barrier via the
use of microneedles or the interaction of electromagnetic radi-
ation with tissue such as optical detection. Different non-inva-
sive approaches including light/fluorescence absorption, ultra-
sound/sonophoresis/iontophoresis, polarimetry, heat/thermal
emission, photoacoustic detection, infrared, Raman/bioimpe-
dance spectroscopy, and electromagnetic/electrochemical
methods have been developed to overcome the challenges
associated with invasive approaches.®®®”*® The most recent
studies with these methods are presented in Table 1, which
gives a brief summary of their performance. Since many
studies, focusing on these methods, require sophisticated
instruments, this section includes non-invasive studies that
can provide smartphone-based colorimetric glucose monitor-
ing based on biological fluids, which are ideally combined
with wearable platforms, such as sweat, tears, urine, saliva,
and interstitial body fluids. The body fluids have important
information about the glucose level as well as proteins, hor-
mones, ions, and other molecules in the human body.”® As an
alternative to painful invasive methods such as a finger-prick
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Fig. 4 In vivo continuous glucose monitoring in live mice using Pd-porphyrin-based transducers (PD4Gx) and a smartphone. (A) Photograph of
glucose measurement in live mice. (B) Image decomposition method. The images displayed on the smartphone show the testing home page (left)
and the real-time data display page (right) of the application. (C) Representative true-color photographs of the implanted PD4Gx transducer before
and after glucose administration. (D) Magnified regions in the images taken by a smartphone camera at different blood glucose levels. Reproduced
from ref. 44, Copyright 2018 with permission from American Chemical Society.

blood test, smartphone-based non-invasive glucose detection
in the body fluids potentially allows low-cost, fast, reliable,
effortless measurement as a new medical control approach for
diabetic patients. Tables 2 and 3 summarize the smartphone-
based colorimetric glucose detection in body fluids. There are
many applications based on the color change for Android and
Apple devices used for personalized glucose monitoring
including Color Picker, Color Name, Color Grab,
UrineAnalysis, ColorAssist, and ColorLab. The preliminary
studies were performed using synthetic glucose solutions and
samples from food and pharmaceuticals due to the ethical
issues with human glucose. Besides, they are needed to
demonstrate the validity of the method for handheld analysis
in various fields. The lowest LOD for glucose detection was
found to be 0.21 pM using a Co;0,-CeO, nanosheet integrated
paper-based analytical device.”" The peroxidase-like property
of Co03;0,-CeO, nanocomposites was combined with PADs,
which have the advantages of easy preparation, portability, and
high efficiency, to develop convenient and sensitive colori-
metric sensors for glucose detection.

4.1. Sweat

Sweat has a direct correlation with the blood glucose level
enabling the use of wearable and flexible devices without
equipment for analyte storage.”>’® The determination of
glucose levels is a challenging task as several distinctive issues
influence the determination process such as containing sugar
at a lower concentration than blood, difficulties in collecting it
in a sufficient amount, and lactic acid in sweat.”*”* Therefore,
the design to be developed for the determination of glucose

This journal is © The Royal Society of Chemistry 2021
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Table 1 Comparison of non-invasive or minimally invasive glucose detection methods

Technique Sample

Functional reagent R*  LOQ LOD Ref.

Optical coherence
tomography

Blood glucose —

091 5.0mMI1I'- 5.78% mM ! 49

15.9mM I™*

Fluorescence spectroscopy  Glucose solutions Boronic acid functionalized carbon 0.98 50-2000 pM 10 mM 50
nanoparticles (CNPs)

Near-infrared fluorescence  Glucose solutions CulnS, quantum dots (QDs) 0.99 0.005-8 mM 1.2 mM 51

spectroscopy

Raman spectroscopy Saliva AuNPs onto Cu-tetra(4- 0.99 0.16-8 mM 3.9 yM 52
carboxyphenyl)porphyrin chloride
(Fe(m))

Surface plasmon resonance  Glucose solutions — 0.99 0-500 mg dL™" 10 mg dL™" 53

and polarimetry

Reverse iontophoresis Glucose solutions

Glucose oxidase/chitosan/carbon —

nanotube solution

Mid-infrared photoacoustic ~ Photoacoustic images  —

spectroscopy of the skin
Terahertz Blood glucose —
Microwave Glucose solutions —

from sweat should be a wearable patch type or disposable
strips with multiple channels to address the issue of sufficient
amount of sweat collection. Zhang et al. proposed a platform
with a novel design of channels/patterns on filter paper for
sweat collection. The success of the platform lies in intensify-
ing the concentration of the sweat content by air-drying and,
using quinone as a colorant. The glucose concentration of
sweat was determined to be in the range of 50-300 pM from
the photos of wet and air-dried patches captured by a smart-
phone.” The obtained range makes it possible to determine a
high glucose level by exceeding the normal range of glucose in
human sweat which is 50-120 pM.”* However, it was reported
in ref. 76 that the characteristic difference between blood and
sweat, the need for repeated calibration of the designed
device, and contact dermatitis are disadvantages of the patch
type sweat sensors. Ronnemaa et al. highlighted the consider-
ation of the relationship between temperature and blood sugar
due to metabolic rate changes of patients exercising in a warm
environment.”” A thermo-responsive textile/paper-based micro-
fluidic sensing system was incorporated under the collar of a
shirt to detect human sweat glucose (Fig. 5A). The glucose
determination was performed using three volunteers working
in a high-temperature environment (~59 °C). This system was
also tested enzymatically on artificial sweat where the limit of
detection (LOD) was 13.49 uM. The images taken by the smart-
phone were split to R, G, B channels and it was determined
that the noticeable change was in the R channel (Fig. 5B and
C).°® Similarly, the R channel was selected due to its higher
contribution to the color change, which was the result of an
enzymatic reaction, compared to the G and B channels. The
proposed thread/paper-based microfluidic device possessed a
LOD of 35 uM.”®

4.2. Tears

Compared to sweat, tears contain a large number of different
biomarkers, e.g. proteins, lipids, peptides, enzymes, and salts.

This journal is © The Royal Society of Chemistry 2021

0-100 pM. 2.1 nApM* 54
—  0-300 mg dL " — 55
—  89.9-178.0 mg — 56
dr™
—  40-140 mgdL™" 0.94 MHz 57
mg ' dL™!

These biomarkers diffused directly from the blood making the
concentration more closely correlated, and due to the blood-
tear barriers, tears are less complex than blood.*® Tear glucose
levels in normal people are in the range of 0 to 3.6 mM (ref.
81) while for diabetics the level is 4.7 mM.**®® Determining
the level of glucose from tears provides a painless approach
and tears can be used directly without any pretreatment, and
can also be used for continuous diabetes management
through practical smartphone applications. Wang et al.
reported chitosan modified paper-based sensors for better
color strength and immobilization of reagents.®® It was
reported that gray values were more sensitive to quantitative
correlation between the concentrations and color variations
which led them to convert RGB images to gray images. In such
paper-based sensors, the LOD was 0.014 mM, and the determi-
nation of glucose from the tears of 3 healthy patients was suc-
cessfully performed. As a very practical method for collecting
tear samples without contamination, microchannel shaped
cavities were created in contact lenses by using laser ablation
(Fig. 6A). The glucose determination was conducted via the
enzymatic reaction shown in Fig. 6B and the absorbance spec-
trum (Fig. 6C) was obtained for certain glucose concentrations
from the calibration curve (LOD of 1.84 mmol L™"). The color
of the modified contact lenses can be captured via a smart-
phone camera (Fig. 6D) which contains the reference data for
the colorimetric analysis. Fig. 6E shows the optical density
trend at 670 nm with a second-order polynomial fitting (R* =
0.99). The nearest neighbor method was used to determine the
glucose level and the RGB values, shown in Fig. 6F, were
obtained from the glucose assays.”

4.3. Urine

Urine is another diagnostic body fluid that can be readily and
noninvasively collected. The normal glucose levels in urine for
a healthy adult range from 2.78-5.55 mM.* Glucose screening
using urine is a simple method which indicates a high glucose
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Table 2 Summary of imaging methods and detection software for glucose detection
Sample Imaging Processing software/detection device Ref.
Serum/urine Canon PowerShot S5 IS digital camera/iPhone  Image J/Objective C for application/development HSV 121
4.0 color space-uPAD
Glucose solutions/glucose Smartphone Image J/Gray color value-Filter paper 115
drink
Glucose solutions/human Smartphone Color Picker Application-PADs 71
serum
Glucose solutions iPod Touch Image J-3D printed device including cuvette chamber, 122
slots for diffused filters and chambers for LED light
sources.
Artificial sweat/human Smartphone Image J/Lab value-polydimethylsiloxane (PDMS) 75
sweat microfluidic device
Artificial sweat/human Smartphone ‘Color Name’ smartphone based software-PU textile based 66
sweat microfluidic device
Artificial sweat/human Smartphone ‘Color Grab’ application software/RGB values — yTPAD 78
sweat
Glucose solutions/human Smartphone (iPhone 6) Image J/Gray value-multilayer-modified paper-based 84
serum/human tear sensing platform
Glucose solutions/artificial ~ Smartphone UrineAnalysis Android-application/RGB values-paper- 86
urine plastic hybrid microfluidic lab-on-a-chip
Glucose solutions/artificial ~ Smartphone (iPhone 7) RGB values/MATLAB/Xcode 8.0 for application 94
saliva development- pPADs
Blood glucose Smartphone (iPhone 5s) ‘ColorAssist’ application/RGB values-designed integrated 105
blood glucose detection device (IBGDD) including a cover
and baseplate set, a disposable lancet, and a light guide
channel.
Whole blood/glucose Sony DSC-HX300 digital camera, Samsung Image J/Avidemux 2.6/The Anaconda distribution of 106
solutions Galaxy S5 smartphone, Samsung Galaxy TabA  Python (Continuum Analytics), OpenCV (Open Source
Tablet Motorola Moto G4 Play smartphone Computer Vision), and Android Studio (Google) for
development - yTPAD
Glucose solutions Smartphone (Xiaomi MI 2SC) Image J-Paper-based bipolar electrode- 123
electrochemiluminescence (BPE-ECL) device
Glucose solutions/blood Scanner(Epson Perfection V700), microscope Photoshop software (Adobe Systems) - Paper-based 3D 124
glucose (USB-embedded handheld digital microscope), microfluidic chips
and the smartphone (LG Optimus Vu).
Glucose solutions/real Smartphone ‘ColorLab’ application/HSV data-multiplexed colorimetric ~ 125
samples (food and enzymatic biosensors based on poly(ANI-co-AA) composite
pharmaceutical) film
Glucose solutions/human Smartphone (LG Optimus L5 II) Image J/RGB colors-Multi-well microplate 126
serum
Glucose solutions Smartphone (LG G2) Image J/RGB colors/Microsoft PowerPoint 2016-optical- 127
signal-transducing
Glucose solutions Smartphone Image J/Gray value-embossed-paper devices 128
Glucose solutions/human Smartphone (iPhone 6) Image J/Adobe Photoshop/Gray value- pPAD 129
serum
Glucose solutions/human Smartphone (I8000U, Samsung) A CCD Adobe Photoshop CS4/RGB colors-multiplex analysis fan- 130
serum Camera(HDF70-A, Hongjia Optical Display shaped microfluidics
Technology)
Glucose solution/real Smartphones (iPhone 5S and Samsung J5) L*a*b* color space/‘C-Measure Lite’ application/‘Color 131
samples Scanner (Canon i-sensys MF4780dn) Grab’ application/” ‘DigitalColor Meter’/RGB colors-paper
based sensing
Glucose solution Smartphones (HTC sensation XE, iPhone 5s, Cell Phone Spectrometer Application 132
and Nokia Lumia 920)
Glucose solution/urine Smartphones (iPhone 4, Samsung Galaxy S II Cam Card, Adobe Photoshop/RGB colors-wax-based filter =~ 27
or MEIZU MX2) paper
Serum samples Smartphone (iPhone 4) ColorAssist application/RGB colors-commercial test slides 133
Serum samples Smartphone Image J-pPAD 134
Artificial urine Smartphones (iPhone 5 and Samsung 15500 RGB colors-colorimetric urine test strip (cobas® Combur3 26
Galaxy 5) Test®, Roche)
Glucose solutions Smartphone Color detector application/RGB colors 135
Glucose solutions/human Smartphone HSV Application/RGB-HSV values 136
serum
Urine glucose Smartphone (MIX6X Xiaomi) Color Picker 1.5.2 Application/RGB colors 43

level when the concentration of glucose is above 5.55 mM.%* In
a urinary system, H,0, causes a color change in the solution
which provides a colorimetric analysis of glucose. TMB has
been used in ref. 43 that is oxidized as a blue product by H,O0,

2790 | Analyst, 2021, 146, 2784-2806

to observe changes in the color. The inverse ratio between the
intensity values of RGB and glucose concentrations offers a
new methodology that can be implemented with a smartphone
camera. Urine test strips cause deviation in measurements
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Table 3 Summary of indicator, limit of quantification (LOQ) and LOD values for glucose detection

Sample Indicator LOQ LOD Ref.

Serum/urine MOF/TMB Up to 150 pM 2.5 uM 121

Glucose solutions/glucose drink Antimony-doped tin oxide nanoparticles/TMB 0.5-80 mM 21 pM 115

Glucose solutions/human serum Co30,4-CeO,/TMB 0.005-1.5 mM 0.21 pM 71

Glucose solutions AgNPrs 20-100 pM 19.8 pM 122

Artificial sweat/human sweat 4-Aminoantipyrine (AAP)/sodium 3,5-dichloro-2- 50-300 pM 50 pM 75
hydroxybenzene sulfonate (DHBS), HRP

Artificial sweat/human sweat HRP/TMB 50-600 pM 13.49 pM 66

Artificial sweat/human sweat HRP/TMB 50-250 pM 35 uM 78

Glucose solutions/human serum/  HRP/TMB 0.02-4.0 mM 14 pM 84

human tear

Glucose solutions/artificial urine ~ — 0-19.42 mM — 86

Glucose solutions/artificial saliva ~ HRP/TMB 0-1 mM 0.02 mM 94

Blood glucose — 2.775-27.75 mM = — 105

Whole blood/glucose solutions HRP/TMB — 48 pM/12 pM 106

Glucose solutions Luminol 0-5 mM 17 pM in PBS/30 pM in 123

artificial urine

Glucose solutions/blood glucose Tetrabromophenol blue (TBPB), HRP, Methylene Blue 0-50 mM — 124
water-soluble dye, Congo Red water-soluble dye

Glucose solutions/real samples HRP/tyrosinase 25-200 pM 109 pM 125

(food and pharmaceutical)

Glucose solutions/human serum HRP/TMB 0.333-4.884 mM  0.100 mM 126

Glucose solutions HRP/4-AAP/N-Ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5- 0-10 mM — 127
dimethylaniline (MAOS)

Glucose solutions HRP/o-Dianisidine 0-0.444 mM — 128

Glucose solutions/human serum 4-AAP/DHBS/TOPS 0.01-10.0 mM 3 uM 129

Glucose solutions/human serum DHBS/Peroxidase 3.0-8.0 mM — 130

Glucose solution/real samples 4-AA Up to 10 mM 0.38 mM 131

Glucose solution ABTS, HRP, AuNPs 0.8-20 mM 0.2 mM 132

Glucose solution/urine Bromocresol purple, bromocresol green, bromocresol — — 27
blue, chromophenol red

Serum samples 4-Aminoantipyrene 1,7-dihydroxynapthalene 1.665-18.58 mM  — 133

Serum samples HRP 5-17 mM. 0.3 mM 134

Artificial urine Peroxidase 0-16.65 mM 5.106 mM (Android) 26

—3.830 mM (iOS)
Glucose solutions Ti;C,/TMB 0.01 mM- 8.82 pM 135
0.32 mM

Glucose solutions/human serum HRP, TMB entrapped within zeolite imidazolate 100-3000 pM 250 pM 136
framework (ZIF 8)

Urine glucose HRP/TMB 0.22-55.5 mM — 43
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Fig. 5 (A) Fabrication of the thermo-responsive textile/paper-based microfluidic sensing system. (B) Images of the paper-based colorimetric
sensors obtained after testing a series of artificial sweat samples containing different glucose concentrations. Bottom; the R, G and B values of the
artificial sweat samples spiked with 0 and 200 pM glucose; and (C) plot of the R values against the logarithm of glucose concentrations. Reproduced
from ref. 66, Copyright 2019 with permission from Royal Society of Chemistry.

over time as the volume cannot be controlled when the strip is volume control, with a single-channel integrated into a micro-
dipped into urine. Therefore, the efficiency of these urine test fluidic lab-on-a-chip (LOC). To test the system, URISCAN test
strips was improved by including a PDMS pump, providing strips were embedded into the disposable paper-plastic micro-
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Fig. 6 (A) Photo of the microfluidic contact lens sensing platform. Scale bar: 5.0 mm. (B) Working principle of the glucose biosensor. p-p-Glucose
reacts with oxygen producing hydrogen peroxide (i), which oxidizes 3,3’,5,5'-tetramethylbenzidin (ii). (C)The color change of the sensors is imaged
using a smartphone camera (D) Absorption spectrum of solutions at glucose concentration of 0.0, 2.0, 5.0, 10.0, 15.0, 20.0 mmol L. The inset
shows the calibration curve. (E) Optical density trend of tear glucose sensors at 670 nm. The image of color changes shows the acquired (first row)
and normalized (second row) colors imaged in solutions having different glucose concentrations. (F) RGB characterization of glucose sensors.

Reproduced from ref. 79, Copyright 2020 with permission from Elsevier.

chip to detect glucose as well as protein, pH, and RBC of
blood, using 40 pL of urine as shown in Fig. 7A. When the dip-
stick method was compared with the developed LOC platform
in Fig. 7B, the change in the hue value for the LOC was
smaller during the reaction time. Therefore, the reaction time
had less impact on the LOC device which can perform repeata-
ble measurements with high accuracy. Hue values were calcu-
lated from the RGB values of the images to determine the col-
orimetric change with a smartphone camera. The values had
been used in the Android-based ‘UrineAnalysis’ application, as
shown in Fig. 7C.%°

Wang et al.®” used an ambient light sensor (ALS) instead of
a smartphone camera due to its drawbacks such as smart-
phone brand, capturing distance, and illumination. A quanti-
tative urine sugar analysis was performed using a smartphone
with ALS, based on the color-fading from deep blue to light
blue, resulting in the formation of H,0, color in the HRP-
H,0,-TMB system. This proposed method is low-cost and
offers high accuracy for a rapid/rough screening of urine
glucose of diabetic patients.

4.4. Saliva

Salivary glucose detection is interesting due to the ease of col-
lection in a painless fashion, good correlation between saliva
and the blood glucose level,*® and excellent selectivity against
dopamine and cortisol.®* Besides, low-cost systems with high

2792 | Analyst, 2021, 146, 2784-2806

sensitivity have been developed by using paper microfluidic
devices and non-enzymatic methods for glucose determi-
9091 The glucose level can be measured in
saliva using colorimetric methods due to a linear response
between 43 pM and 220 pM, with a detection limit of 1 pM.*?
It is worth mentioning that the normal glucose concentration
is in the range of 27.75-55.50 pM in human saliva.”® For the
enzymatic determination of glucose in saliva, a portable,

nations in saliva.

smartphone-based colorimetric glucose determination method
with a LOD of 0.02 mM has been obtained by modifying the
disposable paper with graphene-oxide. An iOS-based appli-
cation was developed to calculate glucose concentrations
based on the calibration curve constructed with the calculation
of the generalized pixel value using R, G, B channels of each
pixel within the region of interest.”® In a pioneering work, the
effects of possible chemical interferences such as the presence
of ascorbic acid, lactic acid, and lactose in the mouth (i.e. pH
of the saliva), and systematical variables such as the location
of the smartphone camera and illumination on the biosensor
response were reported.”® Considering the disadvantages of
the reported non-invasive sensors in terms of the usability,
portability, and accuracy of the device, they developed a more
user-friendly smartphone-based biosensor capable of deter-
mining glucose in saliva samples without a dedicated device.
The sensor was easily fabricated by the immobilization of GOx
along with a pH indicator on a paper-based strip. The sensi-

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (A) Top left; conceptual scheme of a hybrid lab-on-a-chip (LOC) device made of patterned polycarbonate sheet for urinalysis, top right;
urine solution inside a cup, and its operational steps, bottom left; finger force is applied to initiate negative pressure to move sample solution into
the LOC device chamber, and bottom right; the solution flows into the device chamber to react with the reagent. (B) Measurement of hue value by
the reaction time of the reagent strip in urine solution using both the dipstick method and the developed LOC device. (C) Screenshots of the devel-
oped ‘UrineAnalysis’ Android application for the colorimetric test. Reproduced from ref. 86, Copyright 2017 with permission from American

Chemical Society.

tivity of the sensor was increased by using bromocresol purple
compared to methyl red used in a previous work.’® The slope
method was selected rather than the differential method in
their smartphone application as it achieved further enhanced
sensitivity and reduced ambient light interference without the
requirement of baseline correction.

4.5. Interstitial body fluid

ISF contains electrolytes, lipids, glucose, enzymes, hormones,
proteins and inorganic substances, and therefore exhibits
similar characteristics to blood.””°® However, it has been
observed that there is a time difference in the measurement of
glucose levels between blood and interstitial body fluid
because it takes time for the glucose to reach ISF via the blood
capillary after the glucose level first changed in the blood.”®
The estimated delay was about 5-6 minutes between the blood
and the ISF.”® The glucose levels in ISF for a healthy adult are
3.9-6.6 mM, and for diabetics 1.99-22.2 mM.*® In order to
measure the glucose level using ISF, sampling has been per-
formed  either by  ultrafiltration,’®®  dual/reverse
iontophoresis,'®"'%* microfluidic chip,'®® or microneedle
patches.’® As seen in Fig. 8, subcutaneous tattooing is a way
to perform the colorimetric method, which determines the
glucose level in ISF. GOx, TMB, and peroxidase were used to
monitor the RGB values of the color change with a smart-

This journal is © The Royal Society of Chemistry 2021

phone, and the glucose concentration could be determined up
to 50.0 mmol L' using MATLAB. Using a skin model, the bio-
sensing ink was injected into the dermis layer, and glucose con-
centration was observed by the color changing from yellow to
dark green under visible light, which corresponds to 2 to
50 mmol L. In addition, the stability of the method was tested
using a 5 mmol L™ glucose solution. After 30 minutes under
UV light, no change was observed in the absorption peak.”®

4.6. Wearable sensors

With the onset of digitization of diabetes monitoring, wearable
systems represent a convenient method for monitoring dia-
betes, especially Type 1 diabetes, where continuous monitor-
ing is crucial.'®” Wearable systems in connection with smart-
phones allow continuous monitoring by the user, while
sample collection can be performed painlessly, which is an
important advantage'®® as it improves patient compliance.
Sensors, that are miniaturized and/or flexible, offer ease of
use.'” Flexibility and durability are critical functions for wear-
able sensors. If the material used is stiff, it may affect the
stabilization during the operation and cause the targeted
measurement to be wrong. The sensor design should be resist-
ant to the chemicals used, flexible, and permeable to air to
support user’s comfort. Wearable glucose sensors can be pro-
duced by using different materials in order to vary their

Analyst, 2021, 146, 2784-2806 | 2793
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Fig. 8 Dermal glucose sensors. (A) Chemical structures of the glucose-sensing compounds (i) oxidation of p-glucose to p-gluconolactone and for-
mation of hydrogen peroxide. (ii) Oxidation of TMB to form a blue-green dye in the presence of hydrogen peroxide, (B) diffusion test of the glucose
sensor. (C) RGB triplets of dermal biosensors at different glucose concentrations (0—50 mmol L™). (D) Smartphone readouts of glucose sensors in
aqueous solutions (black) and in ex vivo tissues (red) in response to glucose concentrations (0-50 mmol L™2). (E) Smartphone camera imaging. (F)
Multiplexed dermal biosensors with individual areas devoted to the sensing of a different analyte, yielding different colors based on the concen-
trations of pH, glucose, and albumin. Reproduced from ref. 76, Copyright 2019 with permission from Wiley-VCH.

mechanical properties. The commonly used materials for such
wearable glucose sensors, e.g. textile fabric/cloth, polymer
composites, and papers can be transformed into tattoos,
patches, or contact lenses and act as sensors with integrated
electronic devices."'”'"" Additionally, it is essential that the
sensors are resistant to mechanical deformation and provide
consistent, reliable results under stretching.'"?

Non-invasive wearable glucose sensors are capable of
detecting the level of glucose from body fluids such as sweat,
tear, urine, and saliva.''®''* For instance, sweat is the pre-

2794 | Analyst, 2021, 146, 2784-2806

ferred fluid for the development of wearable systems. Zhang
et al. designed hydrophobic channels on filter paper using a
wax printer for sweat collection.”” Sweat diffused quickly
through these channels using capillary force. A wearable
glucose sensor was fabricated by the integration of the filter
paper onto the medical tape which was punched for sweat
inlets/outlets, Fig. 9A-C. The sensor can detect glucose con-
centration in the range of 50 to 300 pM with a colorant,
quinone (Fig. 9D). After a workout, the patches collected from
humans were imaged with a smartphone to determine sweat

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Schematic design of the wearable device for sweat collection and biosensing. (A) Schematic illustration of the wearable point-of-care device
layers, including the (i) top transparent adhesive layer, (ii) the pattern supported on filter paper, (iii) the double-sided medical tape, and (iv) a protec-
tive piece of paper, after being fully assembled, can serve as a patch that can be mounted on (v) human skin. (B) Images of the device before and
after the addition of the transparent and medical tape layers, along with a magnified image of the glucose detection zone. (C) Image of the wearable
device attached on a human hand. (D) Glucose concentration level against the color intensity. (E) The color intensity of the imaged pictures against
the glucose concentration. Reproduced from ref. 75, Copyright 2019 with permission from Royal Society of Chemistry.

loss and pH levels. The color change in the air-dried patches
was then re-imaged to determine the amount of glucose as
seen in Fig. 9E. Microfluidic paper-based devices (pPADs) are
commonly used in wearable systems for glucose determination

This journal is © The Royal Society of Chemistry 2021

from sweat. For this purpose, a microfluidic thread/paper-
based analytical device (WTPAD) was designed as a wearable
sensor and a smartphone was used to determine glucose from
human sweat.”® The designed WTPAD was composed of an
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absorbent patch, a hydrophilic cotton thread, and enzyme and
colorimetric reagent modified filter paper. The color change
from slight yellow to blue by the enzyme-catalyzed reaction on
this paper makes it possible to analyze by smartphone
imaging. The sensor can detect glucose concentration in artifi-
cial sweat samples in the range from 50 to 1500 pM.

Another wearable sensor was developed by inserting it into a
diaper to determine glucose level from samples of urine. The
system consists of a surface module, reference color module,
sampling collection module, self-locking module, and reagent
pad module. The system has a self-locking system to prevent con-
tamination from subsequent urination, and it closes after the
urine enters through the sensor channel, which is attached to
the diaper. Urine was analyzed by the colorimetric reaction in
the reagent pad module to read the glucose level on the smart-
phone.""® An image was taken using a smartphone camera from
the reagent pad at least 30 minutes after the diaper was used.
The R, G, B values were analyzed with MATLAB software. The test
color was determined corresponding to the reference color of 50
x 50 pixels. Using the Euclidean equation, the Euclidean distance
(D) was obtained from the R, G, B values from the center of the
pad. Upon naked eye detection, when the D value was less than
5, the test and reference colors were reported as the same. It was
also reported that RGB values were stable from 20 min to
480 min, which is a reasonable time interval for baby and elderly
care. Similarly, a ‘tape-in-diaper sensor’ was produced, which is
attached to the diaper with the help of double-sided adhesive
tapes. First, the tapes were punched, and then the sensor was
prepared by placing fabrics filling and indicators between the
tape-layers.'”” The fabric-filled microwells were immobilized by
adding a colorimetric reagent containing GOx, HRP, potassium
iodide, and trehalose which was mixed with gelatin to avoid
leaching. After drying, different glucose concentrations ranging
from 0 to 6.0 mM were drop-cast onto the microwells. The color
of the microwells was shifted from colorless to yellow with rising
glucose concentration leading to an increment in R and G values
and decrement in the B value. More importantly, sensitivity tests
were performed using normal urine, collected from a healthy vol-
unteer, and artificial urine spiked with abnormal targets to
mimic potential diseases. Apart from phenylpyruvate, the con-
centration of which was low in the simulated urine samples, the
amounts of glucose, nitrite, and protein were found to be high
compared to the healthy urine sample. Although the sensitive
detection of phenylpyruvate is difficult by colorimetry, the detec-
tion of the absence or presence of most biomarkers in urine has
served as a platform for further clinical diagnosis.

Apart from body fluids, another non-invasive analyte used
in wearable sensors is volatile organic compounds (VOCs) in a
patient’s breath as markers to detect glucose levels. Due to the
correlation between ethanol and acetone concentrations, and
glucose levels in breath, sensors monitoring these components
have been integrated into wearable smart wristbands."'® The
lowest blood glucose level detected was 1-3 parts-per-million
(ppm) and 0-20 parts-per-billion (ppb), and the high blood
glucose level was 5-7 ppm and 35-50 ppb for acetone and
ethanol, respectively. Two commercially available metal-oxide

2796 | Analyst, 202,146, 2784-2806
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semiconductors have been employed as chemical sensors with
different sensitivities for glucose level detection. This wearable
wristband included the Arduino-based Adafruit FLORA micro-
controller platform, a GPS module, a light-emitting diode
(LED), and a rechargeable Li-ion battery.'*®

5. Invasive glucose detection

The most common and economically viable method for the
detection of glucose levels in blood can be performed through
finger-prick tests. The test strips functionalized by specific
enzymes are used to obtain chemical reactions with blood
glucose, and changes in the current between the test strip and
the reference electrode, or changes in the color of the strips."*®
Although no additional blood glucometer in a typical colori-
metric method for SMBG is needed, differences in individual
color observation lead to low accuracy measurement. To over-
come this problem, researchers are trying to make hardware
applications such as image analysis software, a computer with
a scanner or camera, and a smartphone to analyze the color
value of blood glucose strips. Smartphones are ideal candi-
dates for colorimetric detection because of their high usage
rate by a wide range of age groups, and they can be combined
with specifically developed applications. A portable colori-
metric biosensor for self-monitoring of blood glucose was
designed using an integrated glucose detection device with an
automatic glucose concentration analysis software installed on
a smartphone.'® With a light-guiding channel, the light from
the smartphone’s liquid crystal display was reflected and
guided to glucose test strips to detect color change (Fig. 10A).
The analysis software was developed by using different glucose
concentrations from 50 to 500 mg dL™" as shown in Fig. 10B.
Images of the test strip were taken by a smartphone camera
and the blood sugar of 20 diabetic patients was measured with
100% accuracy. Erenas et al.**® used a distinctive microfluidic
design combined with thread and paper capable of detecting
glucose levels from only 3 pL of whole blood (Fig. 10C-E). The
device, pTPAD, has a membrane to separates red blood cells
from whole blood. A smartphone, tablet, and digital camera
have recorded videos which were rendered as a single frame
image with Avidemux 2.6. An application was developed by the
Anaconda distribution of Python, OpenCV and Android
Studio. For the enzymatic determination of glucose, the LOD
value was found to be 48 pM and 12 pM for 12 s and 100 s
which are the required time periods for initial rate and equili-
brium measurement by using the calibration function shown
in Fig. 10F. The only drawback of this system was reported to
be activity loss of the enzymes.

6. Bioanalytes and nanostructures
for glucose detection

Due to the nature of optical methods, it is clear that there are
exciting opportunities for developing new methods and hard-
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(A) Smartphone and integrated blood glucose detection device, comprising the blood glucose test site, cover, baseplate, light guide

channel, and disposable lancet. (B) Signal reference mainlines based on the normalized value of the G signal. Reproduced from ref. 105, Copyright
2019 with permission from SPIE Digital Library. (C) Picture of the uTAD for glucose; (i) sampling region; (ii) detection region; (iii) transduction region.
(D) Picture of pTPAD for whole blood glucose: (iv) red blood cell paper-based separation membrane and sampling area; (v) detection and transduc-
tion area. (E) Case designed to contain the pnTPAD with a hole for blood sampling and a window for video recording. (F) Calibration of pTPAD
obtained from whole blood spiked samples using saturation (S) as an analytical parameter. Reproduced from ref. 106, Copyright 2019 with per-

mission from Elsevier.

7 The colorimetric

ware for smartphone applications."?
method is the most prominent for the determination of
glucose that combines camera technology and bioanalytical
science with smartphones (potentially employing enzymatic
or non-enzymatic colorimetric assays based on the conver-
sion of target analytes into color changes). Colorimetric bio-
sensors are practical, simple, and inexpensive, and can, there-
fore, be used for point-of-care diagnosis without any require-
ment for sophisticated devices. Their combination with soft-
ware to convert colorimetric data to numerical output will
broaden their potential use. Enzymes such as glucose oxidase
(GOx), glucose dehydrogenase (GDH), hexokinase, 2,2’ azino
bis(3-ethylbenzothiazoline-6 sulfonic acid) (ABTS), and horse-
radish peroxidase (HRP) participate in glucose level detec-
tion."*®* GOx is the most commonly used homodimeric
enzyme due to its high specificity to catalyze the oxidation of
glucose into gluconic acid with by-product hydrogen peroxide
(H,0,)."*%'*° Thus, the detection of glucose concentration is
carried out electrochemically by determining H,O, produced
or O, consumed. A chromogen, such as TMB, forms a colored
product that makes colorimetric determination possible by
the catalytic oxidation of H,0, with peroxidase resulting in
blue coloration.

This journal is © The Royal Society of Chemistry 2021

The optical property of localized surface plasmon resonance
(LSPR) of metal nanoparticles is quite convenient for colori-
metric detection. Colloidal silver nanoprisms (AgNPr) have
been used for glucose detection enzymatically via scattering
and transmitted light captured by a smartphone camera. RGB
scattering intensities processed on Image ] software and
20-100 pM range of linearity were reported between the green
absorption (AI,_p) light intensity and glucose concen-
tration."”* In the presence of GOx, the side product of the reac-
tion is H,O, that etches the AgNPrs causing color changes in
the solution. In this case, no chromogenic agent was needed.
The restrictive factors in studies with enzymes are the high
cost of their fabrication and purification, certain working
temperatures, short shelf life, etc., that motivate the generation
of new alternative systems with smartphone applications."*"
The temperature of 37 °C and pH 7.0 value are the maximal
catalytic activities for enzymes,'** and the result is affected by
these parameters. Therefore, novel structures and materials
are being investigated as an alternative to enzymes.
Nanomaterials are the subject of intense current research
interest for biomedical applications due to their tunable struc-
tures/activities, and ease of preparation. Nanomaterial based
artificial enzymes (nanozymes) have the potential to act as
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oxidase or peroxidase mimics.'*® Fe;0,,'** AuNPs,'**> Ce0,,'*
MoS, nanoparticles,"*”*® Cu0,"® Co;0, nanoparticles,"°
carbon-based nanomaterials,’>* > layered double hydrox-
ide,"*® and magnetic nanoparticles (MNPs)"*”**® can be used
as artificial enzymes instead of natural enzymes, where advan-
tages such as low cost, high stability, robustness, tunable cata-
Iytic activity, etc. are appealing.'*' Moreover, lower LOD values
for glucose detection have been achieved by increasing the
catalytic performance obtained due to the synergistic effects of
the combined nanozyme structures.'> It was proven that the
synergistic effect increases both the binding interaction of
glucose to the metal as well as the adsorbed oxygen in the
analyte, resulting in enhanced electron transfer.'®® However,
the uncertain mechanisms of the interactions, the complicated
synthesis of materials, the costs and nanotoxicity of some
structures, the composition, size, and shape dependent cata-
Iytic activity are factors that limit their use.'**

Metal oxide frameworks (MOFs) have porous architectures
potentially similar to natural enzymes.'®’ It is possible to
prepare MOFs that are able to catalyze oxidation reactions in
the presence of H,O, to imitate the peroxidase enzyme.'®* '
TMB is oxidized by H,0, in the presence of a MOF on which
the resulting reaction turns blue-green. The capturing con-
ditions of the color changes were kept constant by placing the
smartphone in a wooden box with two LED 6500 K lamps.

View Article Online
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Glucose determination was performed by regarding the S value
of HSV changes, resulting in a limit of detection of 2.5 pmol
L~."! As seen in Fig. 11A, another peroxidase mimic has
been used on a designed filter paper system for glucose detec-
tion by highly stable antimony doped tin oxide (ATO) nano-
particles. The blue-green color (Fig. 11B) was captured with a
smartphone by transferring to Image J software to analyze the
images by the mean gray value, and the LOD value was found
to be 21 uM (Fig. 11C)."**> A nanocomposite system based on
Co30,-CeO, was synthesized by the hydrothermal method and
was used instead of peroxidase. The color changes on the
paper-based analytical device (PAD) were subsequently moni-
tored by the Color Picker software installed on a smartphone,
and a LOD value of 0.21 pM was observed (Fig. 11D and E).
Besides, the method offers a high selectivity for glucose
against DNA, BSA, CaCl,, NaCl, MgCI,, ascorbic acid, and uric
acid which can be seen in Fig. 11F.”*

The purpose of synthesizing new ones among nano-
materials mimicking natural enzymes and testing them in
glucose determination is to increase sensitivity which is poss-
ible with the highest affinity and catalytic activity towards
TMB. For this purpose, glucose determination was achieved by
an enzyme mimetic MnFe,0,/g-C3;N, (graphitic carbon nitride)
nanocomposite material which oxidized colorless TMB to a
blue-colored product in the presence of H,0,."®® The LOD was
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Fig. 11 (A) Schematic presentation of the ATO-based paper assay. (B) Image of the ATO-based filter paper after its reaction with different concen-
trations of glucose (after the glucose reacting with GOx). (C) Calibration plot of the paper-based sensor to different concentrations of glucose.
Reproduced from ref. 115, Copyright 2019 with permission from Springer. (D) Schematic of the illustration and assay procedure of glucose detection
on the paper-based chip. (E) The glucose calibration curve plotted on a logarithmic scale. (F) The selectivity of the proposed biosensor toward
different interferences. Reproduced from ref. 71, Copyright 2019 with permission from Elsevier.
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Fig. 12 (A) 3D printed and assembled imaging box. Analytical performance of smartphone-based colorimetric detection of glucose; (B) smartphone
captured glucose testing on paper strips; (C) dose-signal curves of colorimetric based glucose detection. Reproduced from ref. 119, Copyright 2019
with permission from Elsevier.

determined as 17.3 nM using a UV-Vis spectrometer. An artifi- RGB data by using an artificial neural network in the
cial neural network-based application was used and color study, which generally causes lower accuracy as a result of
changes were imaged by a smartphone camera. It is aimed to using one of the red, green and blue channels and neglecting
test the glucose concentration of the relationships between the the others.
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Fig. 13 (A) Paper-based 3D microfluidic device for multiple bioassays and sequential fluidic manipulation. The device consists of two layers. (B)
Colorimetric bioassays and intensity analyses of glucose concentrations with three image readout instruments. Calibration curves for glucose con-
centrations of 0-50 mM were R? = 0.9781 for the scanner, 0.9686 for the microscope, and 0.9658 for the smartphone, respectively. (C) Paper-
based 3D microfluidic devices with 32 reservoirs. (D) The origami-driven paper-based microfluidic platform operating principle was tested by injec-
tion of Methylene Blue and Congo Red in water. Reproduced from ref. 124, Copyright 2015 with permission from Elsevier.
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7. Recent developments in highly
sensitive glucose sensors

The technological developments have provided new alterna-
tives to current glucose monitoring methods at an increasing
rate. Considering the number of people who have access to
smartphones and the services they provide, facilitating the
determination of diabetes using these devices will provide
great convenience. The methods using 3D-printed, screen-
printed, and polymer templates allow performing multiple
analyses to save time and cost. The simplicity of the method,
response time, stability, robustness, selectivity, and sensitivity
are the most critical parameters.

7.1. 3-D printed materials

The use of a 3-dimensional printer has gained attention due to
its potential advantages in converting designs to prototypes for
testing (and potentially manufacture if successful) at a low
cost. The main purpose of these newly designed systems is to
increase analytical performance by exploiting the imaging
capacity for the enhancement of the accuracy of smartphone
cameras. The imaging box was developed by adding a
V-shaped tube fabricated using a 3-D printer to avoid ambient
light interference directing a smartphone light as seen in
Fig. 12A."*° As proof of the contribution to analytical perform-
ance, 0.83 mM glucose determination limit under ambient

i
I- chemical

polymerization

enzymes
immobilization
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conditions was reduced to 0.67 mM with the imaging box.
Moreover, it was reduced to 0.13 mM with the use of a
V-shaped optical tube preventing the reflection of light from
the surface of the target.

The color change obtained by the enzymatic reaction was
captured with a smartphone (Fig. 12B). The analysis of the
gray-level intensities was carried out with Image J. Thus, the
detection limit of the glucose detected by the system was
improved by using imaging box and V-shaped tube produced
by a 3-D printer (Fig. 12C). As the design of the device is criti-
cal to the architecture of the system, the practical use of the
3D printers stands out to enable rapid prototyping and sub-
sequent manufacture.

7.2. Screen-printed electrodes

Screen-printed electrodes (SPEs) are preferred in biosensor
applications because they are simple, inexpensive, reproduci-
ble, and disposable and can be mass-produced. They can be
easily modified and thus allow the determination of different
analytes.'®”1%® It is also advantageous to combine screen-print-
ing and wax-printing to obtain hydrophobic surfaces with non-
toxic chemicals on substrates including plastic, ceramic,
metal, and paper.’®>'7° As seen in Fig. 13, wax-printed fold-
able, Slip-PAD designed, origami-driven paper-based 3D micro-
fluidic chips are used for glucose detection by placing on the
top layer the biological assays and on the bottom layer the
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Fig. 14 (A) Scheme of the multiplexed enzymatic assay; (i) aniline and anthranilic acid chemically co-polymerized on the polyester substrate; (ii)
enzymes immobilization by spotting the solutions onto the substrate; (iii) dropping samples; (iv) incubation with samples; (v) capture of the colori-
metric change using the smartphone’s camera (B) calibration plots analyzed by ColorLab®, a smartphone application. Reproduced from ref. 125,
Copyright 2019 with permission from Elsevier. (C) Schematic representation of the system applied to carry out the measurements. (D) Illustration of
the fabrication process and detection principle of the glucose sensor. (i) Introduction of the mixture composed of PDMS—TEOS—-SiO, NPs-TMB in
each well. (ii) Addition of the enzymes HRP and GOx. (iii) Evaporation of the water. (iv) Addition of the buffer and the glucose. (v) Change of color
produced by the oxidation of the TMB. (E) Comparison between the calibrates obtained before and after acidifying the solutions. Reproduced from
ref. 126, Copyright 2018 with permission from Elsevier.
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samples. The foldable design gives the advantage of detecting
the color changes using three different instruments, with good
results obtained for the scanner (Epson), microscope, and
smartphone, respectively. This system can be detected at the
glucose level, which is in the clinical range between 0 and
900 mg dL~'. However, a calibration that compensates the
error that may occur in photographs taken under ambient
light conditions has not been applied for the smartphone or

microscope.'**

7.3. Polymer templates

Polymer matrices are used to perform enzymatic reactions on
a solid substrate which opens the way to produce disposable
glucose meters. Transparent porous structures are a good tem-
plate for biomolecules which can be formed by polydimethyl-
siloxane with pore size distribution controlled with cross-
linkers  (triethoxymethylsilane ~(MTEOS) or tetraethyl-
orthosilicate (TEOS))."”* A poly(aniline-co-anthranilic acid)
(ANI-co-AA) composite film has been used for enzyme immo-
bilization with HRP, GOx, GOx-HRP, and tyrosinase (Tyr). Due
to the good electrical and optical properties of aniline, the
matrix was formed for enzyme immobilization by copolymeri-
zation of aniline with o-anthranilic acid to increase the solubi-
lity in the solvents."”* The color imaging analysis has been per-

A B =0 4@7 -

“ ' - -
o o — e ' e
4 / - -/ Auxiliary layer 20 2 /

Detection layer Modified detection layer Double-layered yPAD

© Chitosan e 4-AAPDHBS e 4-AAP/TOPS o TMB © Oxidase & HRP

g

Y —

-t
o
o

3

AGray-scale value

o

0.01 0.1 1 10
Concentration of analyte (mM)

Top adhesive film

Polycarbonate structural layer

Bottom adhesive film

View Article Online

Tutorial Review

formed on Android-based ColorLab® application with a 20 pM
LOD for glucose, as seen in Fig. 14A and B.'*®> A polymeric
support system (PDMS-TEOS-SiO,NPs) plays a role in immobi-
lizing the system shown in Fig. 14 with all reagents in a 96-well
microplate achieved by smartphone-based technology. The
limit of detection was 1.8 mg dL ™", and the system has good
linearity in the range of 6-88 mg dL™". The system was con-
structed up in a dark hood and iPad Mini display used as a
backlight by My Light application for the microplates. The
images were taken with a smartphone, processed in Image ]J,
and it was found that the yellow color blue channel intensity
was more suitable in the RGB color mode. For this reason, to
increase the sensitivity, the solution was acidified to obtain a
yellow color.*®

Glucose determination was performed in a 200 pL volume
channel prepared using PDMS upper and PET bottom layers.
An optical signal transducer colorimetric biosensor was devel-
oped in which the determined glucose concentration was in
the range between 0 and 10 mM. Built on signal transmission
technology consisting of a smartphone and a computer
monitor, the conversion of light intensity to signals can be
detected by the naked eye. In this optical signal converter
system, the computer screen acts as a light source and a signal
guide generator, while a smartphone is used as an optical

3000 GLU
" 2750
200f T e
2250
3.0 mmoliL 4.0 mmollL 5.0 mmolL (>) 2000
o *Green
— 1750 =Red
2 =
150.0 R*=0932 ,Blue
¥ 1250 R?=0992
Y 1000 b———
6.0 mmobL 20 40 60 8.0 100

Concentration (mmol/L)

3500 TC
3000
2500
R?= 0,002
y > 2000
3.0 mmoli. 8
© 1500 < +Green
R?=0.980 oRed

100.0 ABlue
500 R?=0.802

.
20 40 60 80 100
Concentration (mmol/L)

7.0 mmolL 8.0 mmolL

3000 16

2750
2500 '_.._.—-n'—'-‘""
R'=0885
2250
Q

cev
g
°

2.0 mmolL R*=0988 +Green
Red
1750 +Blue
1500 R*=0.965
a 1250
40 ol 10 25 40 55

Concentration (mmol/L)

Fig. 15 (A) Schematic illustration of the fabrication of the double-layered pPADs with multiple indicators for the simultaneous detection of four

analytes. (B) Left: Color photograph of the detection layer of the double-layered 3D pPAD. Right: Representative calibration curves for the detection
of glucose, uric acid, choline and lactate by using the double-layered pPAD. Reproduced from ref. 129, Copyright 2019 with permission from
Elsevier. (C) Enlarged view of the microchip. (D) Left: Captured images of a series of glucose solutions in the concentration range of 3.0-8.0 mmol
L~* detected in the microchip. Right; the linear fittings between the concentrations of GLU and the color characteristic value of the Red/Green/Blue
channels of the images. (E) Left: Images of the total cholesterol solutions (3.0-8.0 mmol L™) analyzed in the chip. Right; the corresponding linear
fittings. (F) Left: Images with the linear fittings of the triglyceride solutions (1.5-5.0 mmol L™%). Right: The corresponding linear fittings. Reproduced
from ref. 130, Copyright 2019 with permission from Elsevier.
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receiver and signal display. The increasing number of edges of
each polygon was correlated with analyte concentration.'?” The
methods that allow the detection of small amounts of samples
are popular, especially with the development of extracting
technologies from the body fluids. In one of these methods,
the embossed-paper microfluidic device was developed and
the analyte flow was facilitated from the waterproof hydro-
philic paper via a hollow channel. In order to provide these
two properties together, the paper is designed to have two-
layers. The first layer is styrene-butadiene rubber (SBR), and
the second is poly(vinyl alcohol) (PVA) or copolymer styrene-
acrylic (SA). Spontaneous capillary flow occurred through the
layers. While the color change can be observed by the naked
eye, the images taken by the smartphone are also processed in
Image J."*®

7.4. Designs for multiple analyses

Multiple analysis systems have been created to save time and
cost for analyzing multiple samples at the same time or for the
analysis of different samples of the same analyte. A double
layer pPAD shown in Fig. 15A was designed to develop a multi-
colorimeter system for the determination of uric acid, lactate
and choline as well as glucose (Fig. 15B). The enzymatic
glucose determination was performed with iPhone 6, and
images were transferred to Image J for processing. Hue values
were determined by Photoshop software, and the gray-scale
value was found to be ideal for four analytes. In this cali-
bration curve, the graph has been drawn for glucose detection
between the range of 0.01 and 10.0 mmol L™"."*° As seen in
Fig. 15C-F, a multi-index system of fan-shaped microfluidics
as another monitoring method was developed to perform
glucose, triglyceride and cholesterol analysis. Enzymatic
glucose determination was performed by processing RGB
values using an LED light source and CCD camera. Green and
blue linearity are higher than others, and reproducible results
are obtained for each analyte in the green channel."*°

8. Conclusion and future outlook

In this review, smartphone-based colorimetric glucose detec-
tion was examined based on different methods and analytes.
These methods have been evolved from invasive to non-inva-
sive and use body fluids such as sweat, tears, urine, saliva, and
interstitial fluid. With the advances in smartphone technology,
the accuracy of glucose detection has been improved signifi-
cantly. Through electronic and optical biosensors integrated
into wearable devices, e.g. patches, tattoos, stamps, wrist-
bands, or contact lenses, the body fluids can be analyzed after
the physical and biochemical data are received from the
sensors. Moreover, bioanalytes and nanostructures can be
used either enzymatically or non-enzymatically in glucose
detection. Due to stability issues during transport and storage
in enzymatic glucose measurement, non-enzymatic methods
have gained prevalence in the last decade. However, smart-
phone-based studies using non-enzymatic methods are still at
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a nascent stage. In addition, advanced methods using 3-D
printed materials, screen-printed electrodes, polymer templates,
and practical designs for multiple analyses have been developed
to enhance the sensitivity of smartphone-based sensors for
glucose measurement. The new hardware systems in smart-
phone-based platforms are emerging as personal health man-
agement tools that can be operated in resource-limited and
developing world settings, while sophisticated software
methods like artificial intelligence (Al) are trending due to their
potential applications in data processing. Machine learning and
deep learning, which are subsets of Al, will be the dominant
method for a long time due to their powerful utilities such as
automated decision-making and self-learning from the data.
The advantageous combination of sophisticated software
methods and new hardware systems will revolutionize the
concept of the smartphone-based platform from glucose
measurement to personal health management. Ultimately, the
advances in translation of hardware and software technologies
into practical, field-deployable, cost-effective, user-friendly, por-
table, and commercially available products will ensure the
success of future smartphone-based platforms.
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