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Colorimetric Detection Based on Localized Surface Plasmon
Resonance for Determination of Chemicals in Urine
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Colorimetric sensors based on localized surface plasmon resonance (LSPR) have attracted much attention for biosensor
and chemical sensor applications. The unique optical effect of LSPR is based on the nanostructure of noble metals (e.g.,
Au, Ag, and Al) and the refractive index of the environment surrounding these metal nanomaterials. When either the
structure or the environment of these nanomaterials is changed, their optical properties change and can be observed by
spectroscopic techniques or the naked eye. Colorimetric-probe-based LSPR provides a simple, rapid, real-time,
nonlabelled, sensitive biochemical detection and can be used for point-of-care testing as well as rapid screening for the
diagnosis of various diseases. Gold and silver nanoparticles, which are the two most widely used plasmonic nanomaterials,
demonstrate strong and sensitive LSPR signals that can be used for the selective detection of several chemicals in
biochemical compounds provided by the human body (e.g., urine and blood). This information can be used for the
diagnosis of several human health conditions. This paper provides information regarding colorimetric probes based on
LSPR for the detection of three major chemicals in human urine: creatinine, albumin, and glucose. In addition, the
mechanisms of selective detection and quantitative analysis of these chemicals using metal nanoparticles are discussed
along with colorimetric-detection-based LSPR for many other specific chemicals that can be detected in urine, such as

catecholamine neurotransmitters, thymine, and various medicines.

Furthermore, issues regarding the use of portable

platforms for health monitoring with colorimetric detection based on LSPR are discussed.
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1 Introduction

Localized surface plasmon resonance (LSPR) is a unique optical
property of noble-metal nanostructures (e.g., Au, Ag, and Al)
based on the coupling between an external electromagnetic field
and a collective electron oscillation in the conduction band of
the nanostructures.’”” The resulting local electric field is very
sensitive to structural changes (size and shape) in metal
nanostructures as well as the refractive index of the environment,
leading to detectable changes in their optical properties.!”” Gold
nanoparticles (AuNPs) and silver nanoparticles (AgNPs) have
unique optical characteristics in the visible-light region, which
enables the monitoring of their LSPR properties by ultraviolet-
visible (UV-vis) spectrometry and cameras, as well as the naked
eye.'>7!11 Colorimetric detection, benefiting from the LSPR
phenomenon of these plasmonic nanomaterials, is used for
several biosensor applications, including the detection of
chemical compounds in the human body.”!" Urine is a liquid
byproduct of the metabolism of the human body, extracted by
the kidneys as a waste solution from the bloodstream along with
excess products, such as water and sugar. Three of the main
chemicals often found in urine, namely creatinine, albumin, and
glucose, can be detected by the colorimetric method based on
LSPR. This paper discusses the most successful examples of
detection of these three chemicals from human urine. Urine
detection using LSPR has many advantages. For example, the
LSPR technique is a colorimetric detection that allows for the
observation of color change by the naked eye and quantification
by UV-vis spectroscopy. Furthermore, when using a colorimetric
probe for creatinine detection with plasmonic nanomaterials,
there is no need to use explosive picric acid, as is required in the
Jaffe-based method. We are interested in the three
aforementioned chemicals in urine because their presence is
directly related to human health conditions. Even though the
detection of these chemicals in urine samples cannot alone
provide exact diagnosis results (unlike in the case of blood
samples), it can provide useful information regarding point-of-
care (POC) testing and rapid screening for the disease diagnosis.
Moreover, this platform is cheap, making it useful for the
routine monitoring of human health. This paper also discusses
several other specific chemicals that can be detected from
human urine and colorimetric detection based on the LSPR
technique, such as catecholamine neurotransmitters, thymine,
and various medicines. Recently, portable platforms based on
colorimetric probes using LSPR have attracted much attention
for biosensor applications, including urine detection. These
platforms are also discussed in this paper.

ANALYTICAL SCIENCES JULY 2021, VOL. 37

2 Chemical Diagnosis in Urine Using Plasmonic
Nanomaterials

2-1 Creatinine

Creatinine is one of the chemicals found in human serum and
urine. It is a final product and a chemical waste molecule in the
body, because it has no useful biological function. Creatinine is
filtered by the kidneys and excreted in urine. The normal
concentration of creatinine in serum and the regular amount of
its excretion through urine are 45 - 140 uM and 0.8 - 2.0 g per
day, respectively.'”> Men have slightly higher levels of creatinine
than women due to their higher muscle mass. The determination
of creatinine levels in biological fluids is important for evaluating
renal dysfunction, thyroid malfunction, and muscle damage.!3'3
A creatinine level lower than 45 UM indicates decreased muscle
weight, which is a sign of muscular disorder.’> Meanwhile, a
creatinine level above 140 uM is a sign of renal kidney
dysfunction.'>!® The measure of the urinary creatinine level is
also essential for clinical assays of renal function. The normal
creatinine level for healthy humans ranges from approximately
4.4 - 18.0 mM.'41718 A level outside this range requires further
diagnosis to identify the type of abnormality.'*!”:'® Nonetheless,
a major advantage of using urine versus blood samples is the
simple sampling method, which generally confers no disturbance
to patient integrity.

Several methods, so far, have been proposed for creatinine
analysis, including electrochemical detection, spectroscopy, and
enzymatic  methods  coupled with  chromatographic
techniques.'*?? Colorimetric methods using the LSPR of metal
nanoparticles (MNPs, i.e., AuNPs and AgNPs) have attracted
much attention due to the unique optical properties of these
materials, which can be easily observed by a UV-vis spectrometer
or the naked eye, while the metal surface can be modified for
the selective detection of specific molecules.?*?® Since AuNPs
and AgNPs are the two most commonly used materials for this
method, we focus on their use in creatinine detection. Here, the
aggregation mechanisms of these plasmonic materials in the
presence of creatinine are discussed in detail, with aggregation
being their main principle.

2:1-1 Gold nanoparticles

The use of citrate-capped AuNPs as a colorimetric probe has
been demonstrated as a selective and sensitive method for
determining creatinine levels.?* The detection range of this
system, which covers creatinine concentrations in the range of
0.1 -20.0 mM, was previously obtained as 80 uM in buffer
solutions. The color of AuNP colloidal solutions changed from
red to blue and the LSPR peak of the AuNPs shifted from
520 - 670 nm due to AuNP aggregation in the presence of
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Fig. 1 (a) Photographic images and (b) calibration curve of AuNP
solution in the presence of 0.1 - 20 mM creatinine. (c) Histograms of
the LSPR peak shifts of AuNPs in the presence of different creatinine
concentrations in buffer (green columns) and diluted urine (red
columns) solutions. Copyright© 2015 Springer-Verlag Wien.??

creatinine. A photographic image and calibration curve of
creatinine detection in this concentration range are shown in
Figs. 1(a) and 1(b), respectively. These citrate-capped AuNPs
were particularly used for human urine detection. The response
of a AuNP colloidal solution to various creatinine concentrations
in buffer, along with the diluted urine solutions, is shown in
Fig. 1(c). This assay also showed a good selectivity over
interfering substances including various inorganic ions, small
organic compounds, proteins, and biothiols.  The results
indicated that citrate-capped AuNPs can be successfully used
for urinary creatinine detection. This method demonstrated
good recovery rates of 97 - 102%.

Meanwhile, several techniques have been developed to obtain
highly accurate values of urinary creatinine without any
interference from the other components in urine.*?* In one
technique, AuNPs were used for detecting creatinine in human
urine after its extraction using sulfonic acid-functionalized silica
gel.? A schematic of this extraction method is shown in
Fig. 2(a). The removal of the interfering effects of the urine
matrix on creatinine detection by AuNPs was achieved by
selectively inducing the adsorption of creatinine on the
functionalized silica gel. The adsorbed creatinine was then
eluted using a NaCl solution. After separating the solid, the
supernatant was used for creatinine analysis by AuNPs. This
technique could determine creatinine concentrations ranging
from 15 - 40 mg L', with a detection limit of 13.7 mg L-!. The
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Fig. 2 (a) Proposed mechanism of creatinine extraction and reaction
with AuNPs. (b) UV-vis absorption spectra of AuNPs in the presence
of creatinine extracted from different standard solutions and (c) the
calibration curve for creatinine determination. Copyright©2018
Elsevier B.V.%#

UV-vis absorption spectra and calibration curve of AuNPs in the
presence of creatinine extracted from different standard solutions
are shown in Figs. 2(b) and 2(c), respectively. This method
achieved recovery rates of 96.1 - 104.5% for the detection of
urinary creatinine.

A coordination chemistry-based AuNP platform has been used
for creatinine determination.” Du et al. developed a uric acid-
and Hg?*-modified AuNP system for the selective detection of
creatinine in a complex matrix. In AuNP solutions, the assay
revealed an obvious color change from red to blue in relation to
the creatinine concentration. Under the optimum conditions, the
detection limit of this method reached 1.6 x 10 M. For the
urinary creatinine samples, suitable recovery rates in the range
of 94.0-103.4% were obtained. Later, a mercury-free
coordination chemistry-based AuNP platform was developed by
the same research group.?® In addition, a sensor comprising
adenosine/Ag*-AuNPs was developed for selectively identifying
creatinine. Typical LSPR spectra of functionalized AuNPs with
different concentrations of creatinine, as well as the linear
relations between the LSPR intensities at a ratio of Aezonms20nm
and creatinine concentrations covering a range of 0.2 - 1.4 uM
in buffer solution and 0.2 - 2.0 uM in artificial urine, are shown
in Fig. 3. The coordination chemistry-based AuNP platforms
exhibited good selectivity, sensitivity, and obvious color changes
in the determination of creatinine.
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2-1-2 Silver nanoparticles

Colloidal solutions of AgNPs have also been used for
creatinine detection.?’?® Mohammadi and Khayatian prepared
2,2-thiodiacetic acid-capped AgNPs for determining the
creatinine concentration.”’” Creatinine induced the aggregation
of AgNPs capped with 2,2-thiodiacetic acid, while other
biomolecules did not show any effect. The color of the AgNP
solution turned green in the presence of creatinine, whose
concentration was quantified by UV-vis spectroscopy. This
colorimetric probe allowed rapid quantification of creatinine in
the concentration range of 0.01 - 1.0 uM, with a detection limit
of 3.0 nM. The selectivity of this method was also evaluated.
A good selectivity over interfering substances including cations,
amino acids, and some of other related chemicals in urine was
exhibited. This method was applied to the determination of
creatinine in urine and serum samples. The recovery rate for
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Fig. 4 (a) Photographic image of citrate-capped AgNP colloidal
solutions mixed with different concentrations of creatinine at pH 12
with colorimetric changes visible up to 10 UM creatinine concentration.
(b) LSPR spectra of citrate-capped AgNP colloidal solutions in the
presence of different creatinine concentrations ranging 0 - 12 uM. (c)
Plots depicting the relation between the As7onmuosnm €Xtinction ratio of
the citrate-capped AgNP colloids and creatinine concentration at
pH 12. Copyright©2018 Elsevier B.V.?

urinary creatinine detection using these AgNPs ranged 89.4 -
102.1%.

Citrate-capped AgNPs have also been used for detecting
creatinine in urine under alkaline conditions.?® The citrate-
capped AgNPs showed a linear correlation between the
Aeronmi03nm €Xtinction ratio and creatinine concentration in the
range of 0 - 4.2 uM, with a detection limit of 53.4 nM. This
approach required no additional surface modification of AgNPs
to simplify the synthesis method or detection. A photographic
image of AgNP colloidal solutions mixed with different
concentrations of creatinine, their typical LSPR spectra, and the
plots depicting the relation between the Agronmusoznm €Xtinction
ratio of AgNPs and creatinine concentrations at pH 12 are
shown in Fig. 4. The detailed mechanisms involved in creatinine
detection using AuNPs and AgNPs are outlined in the next
section.

2-1-3 Principle of colorimetric methods for creatinine
detection based on AuNPs and AgNPs

This paper focuses on the interaction between functionalized
MNPs and creatinine, since both AuNPs and AgNPs are the
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Fig. 5 (a) Schematic of the proposed -crosslinking reaction
mechanism of creatinine and AuNPs caused by a color change in
colloidal AuNP solution from red to blue. (b) UV-vis spectra of AuNP
colloidal solution in (1) the absence and (2) presence of 1 mM
creatinine (pH 6.0). The inset shows the photographic images of the
corresponding systems. Copyright©2015 Springer-Verlag Wien.?

most widely used materials for creatinine detection. Creatinine
has two tautomer forms and the preferred aqueous tautomer
contains three nitrogen-containing groups (Fig. 5(a)).?* The
surfaces of citrate-stabilized AuNPs are capped by negatively
charged citrate ions, which are stabilized against aggregation
through the electrostatic repulsion among the nanoparticles.
Nevertheless, the interaction between AuNPs and citrate is
weak. It has been demonstrated that citrate-capped AuNPs can
rapidly bind electron-rich nitrogen-containing compounds, such
as melamine and luminol, through a coordination interaction
between N atoms and AuNPs.3*3! Primary amines were used to
modify the faces of AuNPs.?> Nitrogen in an aromatic ring also
exhibited strong binding affinity to AuNPs.>* Therefore, when
creatinine with three binding sites was added to citrated-capped
AuNPs, the ligand-exchange reaction of creatinine and citrate
ions first occurred, decreasing the number of citrate ions on the
AuNP surface, and finally, crosslinking them.”> When the
crosslinking reaction induced AuNP aggregation, the decrease
in the LSPR of the AuNPs at 520 nm and an aggregated AuNP
peak at approximately 670 nm were observed. The LSPR
spectra and corresponding photographic images of AuNP
solutions both in the presence and absence of creatinine are
shown in Fig. 5(b).

Coordination chemistry is a widely used strategy in the
colorimetric detection of specific targets based on a AuNP
platform.?>?¢ Adenosine/Ag* complexes on the AuNP surface
can functionally recognize creatinine, as it can form complexes
with Ag* in an aqueous solution.?®3435 Adenosine/Ag*-AuNPs
demonstrates an excellent selectivity to creatinine among
various ions and biomolecules, and can be used for urinary
creatinine detection.® The m/z signals for creatinine/Ag*,
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Fig. 6 Schematic of the colorimetric assay of creatinine based on
AuNPs through the synergistic coordination chemistry of creatinine
with adenosine and Ag*. Copyright©2016 American Chemical Society.?

adenosine/Ag*, and adenosine/creatinine/Ag* complexes have
also been observed according to the mass spectroscopy results
obtained from adenosine/Ag*-AuNPs in the presence of
creatinine. These have proved the formation of an adenosine/
creatinine/Ag* complex on the AuNP surfaces. Furthermore, it
has been observed that AuNP aggregation due to complex
formation directly depends on the creatinine concentration. In
the presence of creatinine, a decrease in LSPR intensity at
520 nm was observed along with a new peak at approximately
630 nm. Moreover, a red-to-blue color change was visually
observable within 1 min (photographic image shown in Fig. 6).
A schematic of the colorimetric assay of creatinine based on
AuNPs through the synergistic coordination chemistry of
creatinine with adenosine and Ag* is shown in Fig. 6.

In the presence of creatinine, citrate-capped AuNPs can
themselves aggregate, whereas AgNPs require alkaline
conditions to drive the reaction.® Alula ef al. investigated the
effect of pH on the aggregation of citrate-capped AgNPs in the
presence of creatinine. Three distinct mixtures of AgNPs
containing (a) NaOH, (b) creatinine, and (c) a mixed solution of
creatinine and NaOH were prepared. Changes in color and
LSPR spectrum were observed only in the mixed solution
containing creatinine and NaOH (c). The color of the AgNP
colloidal solution under this condition changed from yellow to
dark blue, and a decrease in the LSPR peak at 403 nm was
observed (Fig. 7). These results indicate that alkaline conditions
are necessary to drive the interaction between creatinine and
citrate-capped AgNPs. The decrease in the LSPR peak at 403 nm
represented a decrease in the number of individual AgNPs in the
colloidal solution.  Furthermore, the observable peak at
approximately 670 nm under condition (c) represented an
aggregation of AgNPs. The degree of color change of AgNPs
and a decrease in LSPR intensity at 403 nm depended on the
concentration of creatinine. The aggregation of AgNPs in the
presence of creatinine under alkaline conditions can be explained
by the following mechanism. As two carboxylate groups of
citrate molecules are bound to the AgNP surface, only one
remaining carboxylate group is available to contribute to the
negative surface charge of the AgNPs. Citrate-capped AgNPs
maintain their stability under alkaline conditions because that
carboxylate group sustains the electrostatic repulsion between
the individual AgNPs.3637 The amino tautomer is a
thermodynamically stable form of creatinine, even under
alkaline conditions.® Thus, hydrogen bonds are exposed to
carboxylate groups of citrate, and an intermolecular hydrogen
bonding network is formed between surface-bound creatinine
molecules that effectively crosslink the citrate-capped AgNPs,
leading to aggregation.?®

MNPs can be used not only for colorimetric detection, but
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also in several other ways. The following is an outline of the
other techniques in which MNPs, especially AuNPs, have been
used for creatinine detection: dynamic light scattering (DLS)
and surface-enhanced Raman spectroscopy (SERS).*40 A
sensitive and selective approach for creatinine detection using
calix[4]arene-functionalized AuNPs detected by DLS has been
developed.* The fast response of this material to creatinine is
attributed to hydrogen bonding and the electrostatic interaction
between the amine group of creatinine and the calix[4]arene
compound, which can be used to quantify the creatinine
concentration. The SERS technique has been used for detecting
several chemicals in urine, including creatinine, albumin, and
urea.** To achieve this, AuNPs were trapped in the nanochannels
of a Blu-ray digital versatile disc (BRDVD), a structure that
demonstrates stable and reproducible SERS signals. In case of
creatinine, the minimum concentration that could be detected
using this technique was 0.2 ug mL-!, while the minimum
concentrations of albumin and urea were 0.1 and 0.6 ug mL™,
respectively. As the SERS spectra obtained from this substrate
were stable and the minimum concentrations of the tested
chemicals were lower than the normal range detected in human
urine, the SERS technique using this substrate can very likely be
used for clinical purposes.

Colorimetric detection using paper-based platforms and
fluorometric probes has also led to several attractive and
practical methods for creatinine detection.*'*> The recovery of
creatinine from spiked samples obtained using this technique
was found to have an excellent range. These colorimetric
platforms also provide a simple and rapid detection of creatinine
with a low consumption of reagents. Nevertheless, the
colorimetric approach using the LSPR of plasmonic materials
reveals obvious changes in color that can be observed by the
naked eye and quantified by a UV-vis spectrometer, making it
even more attractive.

2-2 Albumin

Normally, urinary protein is formed of albumin, which is a
soluble protein, and constitutes about one half of the blood
serum protein. The albumin present in urine is abnormal, as it
should be retained in the bloodstream by the kidneys. Albumin
may be detected in urine but the concentration should be lower
than 0.3 mg dL-'.4# High concentrations of albumin in urine
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indicate that protein is leaking through the vascular membranes
of kidneys.**#* The standard methods for precisely determining
the amount of albumin in urine are immunoassay methods,
including microfluidic immunoassay.**#° Recently, colorimetric
sensing platforms based on plasmonic materials have been used
to quantify urinary albumin.¥3%3!  These platforms are
inexpensive, have a convenient sensor array, and can be further
developed into portable devices for POC diagnosis.

In one study, colloidal AgNP solutions were used for the
detection of microalbuminuria in urine.¥* AgNPs were deposited
on a glass slide by an evaporation technique, and then
functionalized by 11-mercaptoundecanoic acid to form a self-
assembled monolayer (SAM) on the AgNP surfaces. The SAM-
functionalized AgNPs were consecutively functionalized by
EDC/NHS and anti-albumin antibody. Schematic of preparation
of LSPR sensor chips for albumin detection is shown in
Fig. 8(a). Since this technique was based on immunoassay, the
assay provided high selectivity and specificity to albumin.
A series of albumin solutions with concentrations ranging from
1 ng mL!' - 1 ug mL-!' were detected. The sensor chips were
incubated at different concentrations of albumin 30 min prior to
recording the LSPR spectra. When the albumin concentration
was increased, a blueshift in the LSPR peak of AgNPs was
observed (Fig. 8(b)). Under optimum conditions, this technique
led to a wide concentration range with a detection limit of
1 ng mL-'. Furthermore, this technique can be used to determine
the albuminuria of a patient within a short assay time without
sample purification.
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An AuNP-based colorimetric method using a membrane disk
was also developed for the determination of albumin content in
artificial urine.®® Figure 9(a) shows a schematic of the micro-
concentration device containing a Nafion® membrane disk. The
upper plastic plate contains the center reservoir connected to
two side reservoirs through channels. An electrode is immersed
in each of the two side reservoirs for the application of an
external electric field. The upper inset of this figure shows the
concept of albumin sensing using this device. Under alkaline
conditions, when the AuNP solution was spiked with albumin,
the anionic albumin hindered the concentrated AuNPs from
aggregating and their color remained red. Without steric
hindrance of the absorbed albumin, AuNPs aggregated and the
color turned to blue. The color change of the concentrated
AuNPs caused by the albumin concentration was monitored
using a camera. Figure 9(b) shows typical photographic images
of the concentrated AuNPs in artificial urine with spiked
albumin at concentrations of 20 (left) and 0.1 uM (right). The
chromatic values of red, green, and blue at the most color-
condensed locations, where the arrows point within the circle
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Fig. 10 (a) Color map for pure Lys and HSA at various concentrations
and their mixtures spiked in human urine. (b) HCA for the corrected
R, G, and B values on the sensor array. Copyright©2017 The Royal
Society of Chemistry.>!

areas (Fig. 9(b)), were measured. Plots of the adjusted
intensities of the red chromatic values versus albumin
concentrations ranging from 0.1 - 20 uM and a corresponding
linear fit are shown in Fig. 9(c).

In one study, a colorimetric probe using AuNPs was developed
for detecting multiple proteins.>! Using five different
concentrations of NaCl solutions, AuNP colloidal solutions
exhibited different aggregation behaviors for different proteins
due to their different ionic strengths, leading to a diverse color
change. In this system, the target protein was first mixed with
AuNPs, and then, different concentrations of NaCl solution
were added to the mixture. As the AuNPs would exhibit
different aggregation behaviors under different ionic strengths,
as well as in the presence of different proteins, colorimetric
patterns were obtained from each sample. The observable
patterns were recorded using a smartphone camera, and the
digital images were used for the investigation. This sensing
system could not only discriminate 12 types of protein but also
discriminate pure protein and the mixture of proteins in urine.
Lysine (Lys) and human serum albumin (HSA) at various
concentrations, as well as their mixture in urine samples, could
further be distinguished through smartphone image acquisition
and the colorimetric sensor array image could be further
processed using hierarchical cluster analysis (HCA). The color
map for pure Lys and HSA at various concentrations and their
mixtures spiked in human urine and HCA for the corrected R,
G, and B values on the sensor array are shown in Fig. 10.

MNPs have also been used for urinary protein detection using
the SERS technique.>> A molecularly imprinted polymer (MIP)-
based plasmonic immunosandwich assay was developed for
glycoprotein detection. A gold-based boronate affinity MIP
array was used to specifically extract the target glycoprotein
from complex samples. The extracted glycoprotein was then
labeled with boronate affinity silver-based Raman nanotags.
For sandwich-like complexes, the surface plasmon wave
generated from the plasmonic nanoparticles enhanced the SERS
signal of glycoprotein. The glycoprotein detection was achieved
in solutions down to 2.9 x 10-'* M. This technique was further
employed for detecting glycoprotein in human urine. More
recently, an SERS technique using AuNPs trapped in the
nanochannels of a BRDVD has been used for albumin
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detection.* A Raman peak at 1208 cm™' corresponding to the
C-N stretching mode of albumin was detected from the mixture
of artificial urine and albumin solutions. The minimum
concentration of albumin that could be measured using this
technique was 0.1 ug mL-'.  Given the specific molecular
information provided by Raman spectroscopy, this technique
can be used clinically for albumin detection well below the
normal concentration range of urinary albumin.

Another interesting point regarding urinary protein is its
interference in creatinine detection. Given a high protein
concentration in urine, it can be difficult to detect creatinine
using colorimetric-probe-based AuNPs because the protein
hinders the AuNP aggregation. Recently, we have developed a
colorimetric probe using an AuNP colloidal solution to detect
creatinine in the urine of proteinuria patients.>* Color changes
in the AuNP colloidal solution in the presence of varying
concentrations of creatinine and HSA showed different features
and could be detected using a hyperspectral imaging technique
and a smartphone camera. The relevant concentration ranges of
creatinine and HSA were 5-200 and 50 -250 mg dL-,
respectively. Contour plots of the red and blue chromaticity
levels were obtained using color mapping of the mixture
solutions containing AuNPs with creatinine and HSA. Two-
dimensional fitting equations obtained from the contour plots
were adopted to determine the creatinine concentration in the
urine of proteinuria patients. This practical technique can be
used for rapid screening, and further developed as a household
biosensing device for urinalysis.

2-3 Glucose

Normally, the blood glucose level is used as a clinical indicator
of diabetes. Nevertheless, it is inconvenient and painful to draw
blood by hand pricking, and this procedure may lead to infection.
In contrast, the use of urine glucose is much simpler and safer.
In addition, the presence of glucose in urine is a more direct
indicator of serious cases of diabetes. When the glucose
concentration in urine ranges 500 - 1000 mg L' (2.8 - 5.6 mM),
the urine test is positive.>* A colorimetric assay for urinary
glucose detection has attracted much attention because of its
low cost, visuality, and potential for on-site detection. Although
several colorimetric glucose sensors have achieved satisfactory
sensitivity, their real practicability is limited by the requirement
of complex sample pretreatment, such as centrifugal separation.>>-8

Radhakumary and Sreenivasan undertook an impactful study
on the colorimetric method using AuNPs for urinary glucose
detection.” To enable AuNPs for glucose detection,
they were functionalized with the thiol chemical of
16-mercaptohexadecanoic acid (16-MHDA) and then glucose
oxidase (GOD) using carbodiimide chemistry. The GOD-
functionalized AuNPs was with selectivity toward glucose.
A color change of the GOD-functionalized AuNPs from red to
blue was observed upon interaction with glucose. When the
carboxylic group ((COOH) of 16-MHDA was conjugated with
the amino group of GOD, the LSPR peak showed a redshift.
When glucose solutions in a concentration range of 10 -
100 pg mL-' were added, the LSPR peaks were shifted from
535 - 569 nm, indicating AuNP aggregation. The reaction was
instant, and no incubation time was required between glucose
and GOD-functionalized AuNPs. LSPR spectra of the GOD-
functionalized AuNPs in the presence of glucose at various
concentrations from 10 - 100 g mL-' are shown in Fig. 11(a).
To determine the capability of this method for urinary glucose
detection, glucose solution was spiked into the urine sample,
which was then mixed with GOD-functionalized AuNPs. The
LSPR peak redshift for 21 nm is shown in Fig. 11(b).
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Fig. 11 (a) LSPR spectra of GOD-functionalized AuNPs, revealing
redshift upon reactions with different quantities of glucose at various
concentrations of 10 - 100 pg mL-!. The inset of (a) shows the relation
between the wavelength shift and the glucose concentration. (b) LSPR
spectra of GOD-functionalized AuNPs (black line) and GOD-
functionalized AuNPs with 50 pg mL! glucose spiked into the urine
sample. Copyright©2011 American Chemical Society.”

Recently, gold nanorods (GNRs) have also been used for urine
glucose detection. Enzymatic reaction-mediated etching of
GNRs was developed for on-site detection of urine glucose.
With the catalysis of MoO4*, GNRs were efficiently etched by
H,0,, which was generated by the glucose-GOD enzymatic
reaction. An evident blueshift of the LSPR peak of the GNRs
was observed by a UV-vis spectrometer. Furthermore, a color
change of the GNR solution from blue to red was easily
observed by the naked eye. Under optimal conditions, an
excellent sensitivity toward glucose was obtained with a
detection limit of 0.1 uM. The visual detection of urine glucose
in the urine sample revealed the applicability of this method for
determining the health status of diabetes patients. Figure 12(a)
shows a photographic image of colloidal GNR solutions mixed
with different concentrations of glucose, revealing colorimetric
changes of up to a 30-uM glucose concentration. The change in
the LSPR spectra of the colloidal GNR solutions in response to
an increasing glucose concentration and plots depicting the
relation between AA the of GNRs and glucose concentrations
ranging from 0.3 - 30 M are shown in Figs. 12(b) and 12(c),
respectively. A 500-fold dilution of the original sample was
prepared using a buffer solution. Different glucose concentrations
were spiked into healthy human urine, and the color responses
of GNRs to different concentrations of glucose were observed
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Fig. 12 (a) Photographic image of colloidal GNR solutions mixed
with different concentrations of glucose. (b) Change in LSPR spectra
of colloidal GNR solutions in response to glucose concentration. (c)
Plots depicting the relation between the A1 of GNRs and the glucose
concentration. (d) Photographic images of different concentrations of
glucose spiked into healthy human urine (top) and a comparison of
urine test results among three healthy persons (group I) and three
diabetes patients (group II). Copyright©2017 Elsevier B.V.%

(Fig. 12(d), top). When the glucose concentration in the urine
was higher than 2.8 mM, the detection result was considered to
be positive for diabetes. Urine samples from three healthy
volunteers and three diabetes volunteers were tested. Comparing
the results with the standard color (Fig. 12(d), top), diabetes
patients could be distinguished from healthy individuals. The
photographic images of GNRs in the case of healthy individuals
(Fig. 12(d), group I) and diabetes patients (Fig. 12(d), group II)
are shown in Fig. 12(d). This confirms that this method can be
used for detecting glucose in urine for diabetes diagnosis.

An alternative colorimetric probe for urine glucose detection
is an oxidase-like activity method.’*>®  The visible color
observable based on this method is not due to LSPR.
Nevertheless, this method takes advantage of the catalytic
activity of palladium nanoparticles to enhance the oxidation
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reaction, leading to a color change in the analyzed solution.
The color change caused by this method can be observed by the
naked eye and quantified by a spectrometer. The detection of
urine glucose using this method was achieved for a glucose
concentration range of 50 - 100 mg dL-!, making it practically
applicable.

2-4 Other chemicals in urine

The colorimetric method based on the LSPR of MNPs can
also be used to detect other chemicals in urine, such as
catecholamine neurotransmitters,” thymine,®' medicines (e.g.,
cimetidine),®? and biothiols.®* A high-performance colorimetric
sensor array has been developed for the detection of
catecholamines including neurotransmitters, such as dopamine,
epinephrine, and norepinephrine based on reducing the ability
for silver deposition on the GNR surface.® The blueshift of the
longitudinal LSPR peak of GNRs creates a unique pattern for
each neurotransmitter. Distinct patterns correlated with each
neurotransmitter were collected by recording the absorbance
spectra of GNRs at different concentrations. A color map and
chemometric methods, including HCA, principal component
analysis, and linear discrimination analysis, were employed to
analyze the array responses. The detection limits of this
technique for dopamine, epinephrine, and norepinephrine were
5.0, 1.0, and 1.0 ug mL"!, respectively. The proposed colorimetric
array could be used to differentiate individual neurotransmitters
as well as their mixtures in urine samples.

The qualitative and quantitative determination of thymine in a
DNA standard and urine samples have also been investigated
using AuNPs as a label-free colorimetric sensor.®’  The
mechanism for thymine detection was demonstrated through the
color change of AuNPs from pink to blue, caused by the shift of
the LSPR peak. The linear range obtained for the quantitative
determination of thymine was found to be 10 - 1200 ng mL"!
with a detection limit of 3 ng mL-!. This technique can be used
to detect thymine in urine in a concentration range of 46.6 -
101.2 ng mL-". The accuracy of this method was calculated by
spiking thymine into urine samples, leading to recovery rates in
the range of 93.5 - 96.3%.

A colorimetric sensor for cimetidine detection based on
D-xylose-hindered AuNPs has also been developed.®? Cimetidine
is a stomach acid reducer used to treat and prevent certain types
of stomach ulcers. It acts primarily on H-2 receptors on parietal
cells, competitively inhibiting the action of histamine and gastric
acid secretion. Cimetidine causes AuNP aggregation due to the
formation of a strong covalent Au-N bond. When the cimetidine
concentration increased, the LSPR peak was found to shift from
533 - 680 nm and the color of the solutions changed from red to
blue due to AuNP aggregation. This method exhibited a wide
detection range with low detection limits of 1.0 X 103 M in
water and 3.0 X 10-* M in human urine.

3 Portable Platforms Based on Colorimetric
Probes Using LSPR for Human Health
Monitoring

The development of a diagnostic device for POC application is
one of the most challenging objectives in the clinical field. This
paper provides information regarding portable devices based on
colorimetric methods, while focusing on those based on the
LSPR of MNPs for urine detection.!!5%6+%  Portable-platform-
based colorimetric probes can also be used for immunosensing
systems, such as those used for cancer detection® and sepsis
diagnosis.% This platform can also be very useful for health
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monitoring based on the detection of compounds in biomolecules
produced from the human body, such as lactate in oral fluid and
sweat,®® salivary cortisol,’” chloride in sweat,® albumin,>
glucose,'! and uric acid.®

The 3D-printing technology is a powerful tool for developing
several portable sensing platforms, including colorimetric
probes for biosensor applications.!670 A disposable minicartridge
was printed by a 3D printer to detect chemiluminescence derived
from the enzyme-coupled reaction of lactate in oral fluid and
sweat.®  Furthermore, lactate oxidase was coupled with
horseradish peroxidase for lactate detection. The imaging
signals and data evaluations were performed using a smartphone.
With this technique, lactate levels could be quantified within
5 min. The detection limits of this technique for oral fluid and
sweat were 0.5 and 0.1 mM, respectively. Recently, chloride in
sweat, which is a diagnostic marker for cystic fibrosis, has been
monitored by a smartphone-based fluorescence sensor.®® This
technique could detect a wide range of chloride concentrations
(0.8 - 200.0 mM) covering the concentration range necessary
for primary diagnosis of cystic fibrosis. A method for
colorimetric detection by an immunosensor based on a sandwich
strategy, which can be performed by a smartphone camera for
the detection of cancer antigen 125 (CA125), was also
developed.* This showed promising results for a screening test
of CA125 in human serum. Portable-platform-based colorimetric
detection using smartphones is a very attractive possibility for
this purpose. However, there are not many colorimetric
detections for urine using smartphones.

The following studies were conducted on portable platforms
based on colorimetric detection for diagnosing the chemicals in
urine. In one study, a microconcentrator chip was fabricated
using a Nafion® cation-exchange membrane and a camera was
used to acquire the images of AuNPs and AgNPs with albumin
from the sensor chips.”® An external electric field was applied
to induce AuNP aggregation. When the electric field was
applied, the color of the AuNPs changed from red to blue. With
albumin, the AuNP aggregation was hindered even under an
applied electric field. As the color of AuNPs in the sensor chip
changed depending on the albumin concentration, the red
chromatic value obtained from the digital image was used for
evaluating the albumin concentration. A linear correlation
between the intensity of the red chromatic value and the
logarithm value of the albumin concentration was found in the
range of 0.1 -20.0 uM. We also proposed image acquisition
from silver nanoprisms (AgNPrs) using a combination of
transmitted and scattered light for glucose detection.!!
A smartphone camera assembled with a 3D-printed chamber
was developed and used for recording transmitted and scattering
images of a solution prior to calculation of empirical absorption.
Schematics of the device and transmitted and scattering images
acquisitions are shown in Fig. 13(a). A suitable linearity
between the signal and glucose concentration was observed in
the concentration range of 20 - 100 uM, and R? and a detection
limit of 0.9869 and 19.8 UM were obtained, respectively.
Transmitted and scattering images of colloidal solutions of
AgNPrs with glucose at various concentrations and the plots of
the optical signals as a function of glucose concentration are
shown in Fig. 13(b). This system demonstrates great potential
for further development as a portable device for glucose
detection in urine for diabetes screening.

As has been discussed, one major advantage of using urine
over blood is the ease of sampling, which generally confers no
disturbance to patient integrity, unlike needle-based extraction.
Although the obtained data do not provide exact results for
diagnosis, unlike the results obtained from blood samples,
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Fig. 13 (a) 3D-printed device for recording transmitted and
scattering images of colloidal solution of AgNPrs. (b) Transmitted and
scattering images of colloidal solutions of AgNPrs with glucose at
various concentrations from 20 to 100 uM and the plots of the optical
signals as a function of glucose concentration. Copyright©2019 Japan
Society for Analytical Chemistry.!!

detection using urine is a useful technique for rapid health
monitoring and screening. Furthermore, health monitoring
using urine samples can be integrated into a smart toilet
system,”! which is a convenient method for individuals to check
their own health status at home.

4 Conclusions

Colorimetric methods based on LSPR provide simple, rapid,
real-time, nonlabelled, and sensitive detection of chemical
components in urine. These methods can be used for detecting
creatinine, albumin, and glucose in human urine and can be
extended to detect some specific chemicals that might exist in
human urine, such as catecholamine neurotransmitters, thymine,
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and various medicines. The colorimetric probes used to detect
these biochemicals in human urine have shown excellent
detection with high sensitivity, selectivity, and recovery rates.
According to all the above mentioned merits, colorimetric
probes based on LSPR are fit for use as rapid screening
techniques for the diagnosis of diseases, and can very likely be
used as household biosensors for personal health monitoring.
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