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Herein, this paper initially reports a new colorimetric Tyndall effect-inspired assay (TEA) for simple, low-
cost, sensitive, specific, and point-of-care detection of creatinine (an important small biomolecule) by
making use of silver nanoparticles (AgNPs) as model colloidal nanoprobes for visual light scattering
signaling. The naked-eye TEA method adopts negatively-charged citrate-capped AgNPs (Cit-AgNPs)
prepared by sodium citrate reduction. In the presence of alkaline conditions, the creatinine analyte can
form carbanion/oxoanion amino tautomers which in turn crosslink with carboxylate groups on the Cit-
AgNPs via a hydrogen bonding network to mediate the aggregation of such colloidal nanoprobes
showing a significantly-enhanced TE signal that was created and quantified by a hand-held laser pointer
pen and a smartphone, respectively. The results demonstrate that the resulting equipment-free method
with the TE readout could enable the portable quantification of creatinine with a detection limit of
~55 nM, which was ~90-2334 times lower than that obtained from AgNP-based colorimetric
approaches with the most common localized surface plasma resonance signaling. Moreover, it shows
a larger analytical sensitivity up to ~580.8227 signal per nM, offering ~2.4-232-fold improvement in
comparison with many of the recent instrumental creatinine nanosensors. The accuracy and practicality
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1. Introduction

Creatinine, a metabolite of creatine and final product of
nitrogen metabolism in the human body, is filtered by the
kidneys and excreted in urine.® Its concentration in human
blood or urine plays an important role in assessing renal
function and muscle damage clinically.>** The creatinine
concentrations higher than 170 uM can cause renal dysfunc-
tion,® while its level being lower than 70 uM implies decreased
muscle weight that is related with muscle disorders.*” The
analytical toolbox available for creatinine detection mainly
includes the traditional techniques such as Jaffé method,*° UV-
vis spectrophotometry,'® high-performance liquid chromatog-
raphy,” liquid chromatography with isotope-dilution mass
spectrometry,” infrared spectroscopy,®® capillary zone electro-
phoresis,"** and nuclear magnetic resonance,'® and recently-
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ranging from ca. 98.52 to 100.36% when analyzing a set of real complex human urine samples.

reported approaches like electrochemical sensors,'”*® surface-
enhanced Raman spectroscopy” and fluorescence assay.®
Although most of these methods are highly sensitive and
specific, they still suffer from the need for costly reagents and
instruments, involve complicated sample pre-treatment, and
are not suitable for point-of-care testing uses.”***

In order to circumvent these issues, some efforts have been
devoted alternatively to the development of colorimetric
approaches with merits including simpler operation and less
instrument investment for the creatinine sensing.” In recent
years, colorimetric nanosensors with colloidal nanoparticles
(primarily gold nanoparticles (AuNPs) and silver nanoparticles
(AgNPs)) have received considerable attention because of their
facile synthesis with tunable size and shape, robust nature, high
surface-to-volume ratio, and excellent biocompatibility.***” In
particular, the colloidal AuNPs and AgNPs show distinctive
chemical, physical, and distance-dependent optical properties,
namely the localized surface plasmon resonance (LSPR) which
can be easily observed by the naked eye.” In this regard, several
efficient assays have been designed recently by functionalizing
various creatinine-specific recognition molecules onto such
nanoparticles, such as calix arene,*® citrate,> 2,2-thiodiacetic
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acid,”* picric acid,**® or sodium gluconate.** The analyte typi-
cally triggers the AuNPs' or AgNPs' LSPR-related red-to-blue or
yellow-to-green (or yellow-to-purple) color change in the reac-
tion solution which allows for rapid “yes or no” qualitative
analysis. However, the LSPR-based colorimetric signaling still
suffers from unsatisfactory visually-distinguishing ability and
the requirement of expensive desktop equipment like UV-vis
spectrometer to realize quantitative determination.®® To
response these challenges, more recently, our group has used
the Tyndall effect (TE) of colloidal AuNPs to demonstrate an
alternative approach for highly sensitive, low-cost and
equipment-free quantification of metal ions including Ag"*
small biomolecules like cocaine®® and glutathione,** and inter-
feron-y protein marker* with significantly enhanced colori-
metric signaling efficiency. The TE, one of basic optical features
of a colloid which is named for the 19th-century British physi-
cist John Tyndall, generally indicates a “visible light path”
originated from the scattering of a light beam by the colloidal
nanoparticles.®?* The TE intensity positively relies on either
colloidal particles' size or concentration. In comparison, the
AgNPs are actually preferred to the AuNPs of the same size due
to their lower material cost and so on.** We also proposed an
AgNP-based TE-inspired assay (TEA) for Hg>" detection.’”
However, it could only work based on the mechanism of the
analyte-mediated nanoprobes’ degradation, which was thus
highly limited to be widely extended for the analysis of other
sorts of targets of interest.

With these insights, in this proof-of-concept study, we
describe a versatile TEA using the AgNP probes for single-step,
sensitive, specific, colorimetric detection and portable quantifi-
cation of creatinine (model analyte) in both artificial buffer
samples and real human urine samples. Its working principle
was schematically illustrated in Fig. 1. The citrate-capped AgNPs
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(Cit-AgNPs) are synthesized via hydrothermal reduction. The
corresponding colloidal solution (with a set particle level) shows
a quite weak TE response after it is illuminated using a 635 nm
red laser pointer pen (hand-held light source). Upon the intro-
duction of a creatinine sample, the aggregation of negatively-
charged Cit-AgNPs would take place through an intermolecular
hydrogen bonding network after the tautomerization of creati-
nine to its amino anionic species (carbanion/oxoanion) at the
alkaline condition (pH = 10.5),*® leading to an enhanced TE
signal. The degree of the TE enhancement is directly proportional
to the analyte concentration in the sample. The naked-eye
changes in the TE intensity enable the simple qualitative or
semi-quantitative detection of creatinine levels. Portable quanti-
tative detection can be additionally realized by using a smart-
phone for the TE readout. The main experimental factors have
been optimized in details, including AgNP concentration, NaOH
concentration, and reaction time and temperature. Under the
optimal conditions, a detection limit of ~55 nM was achieved for
the creatinine analyte, with an analytical sensitivity up to
580.8227 signal per nM which is ~232-times higher than that
obtained from the common methods with the LSPR signaling
and UV-vis spectrometer readers. Moreover, the proposed TEA
approach holds great potential to be directly extended to all
available AgNP-based colorimetric assays based on target-
triggered probes’ aggregation or dis-aggregation for the analysis
of a broad spectrum of analytes ranging from metal ions,** small
molecules,*** to proteins*! and cancer cells,* etc.

2. Experimental

2.1 Reagents and apparatus

Creatinine, ascorbic acid, cysteine (Cys), alanine (Ala), arginine
(Arg), glycine (Gly), histidine (His), proline (Pro), serine (Ser),

@  Dispersed AgNPs

@ Aggregated AgNPs

Fig.1 Schematic representation of the sensing principle of the proposed TEA method with colloidal AQNP nanoprobes for the visual creatinine

detection.
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lysine (Lys), glutamic acid (Glu), tyrosine (Tyr), tryptophan
(Trp), and valine (Val) were obtained from Sangon Biotech-
nology Co., Ltd. (Shanghai, China). Sodium citrate tribasic
dehydrate was from Shanghai Biochemical Sci-Tech Co., Ltd.
(Shanghai, China). Silver nitrate and sodium hydroxide (NaOH)
were the products of Xilong Chemical Co., Ltd. (Guangzhou,
China). All other chemicals were of analytical grade and used as
received without further purification. All stock solutions were
prepared with deionized water (with a specific resistivity = 18.2
MQ cm) produced using an ultrapure water equipment (UPS-II-
20L) of Chengdu Yuechun Technology Co., Ltd. (Chengdu,
China).

Hydrophilic polycarbonate nanoporous membranes (What-
man, ~50 nm in average pore size) were acquired from GE
Healthcare Life Sciences. The human urine samples were ob-
tained from our university hospital and filtrated with the poly-
carbonate membranes to remove potential interferences before
their analysis (informed consent was obtained from all human
subjects).

Optical characterization of dispersed and aggregated Cit-
AgNPs was conducted using a UV-vis spectrometer (Cary 50,
Varian, USA). Their morphology characterization was per-
formed on a transmission electron microscope (TEM, JEM-
2100F, JEOL, Japan). Fourier transform infrared (FTIR) spectra
were recorded with a NicoletiS10 spectrometer (Thermo, USA).
The TE signals were created with the aid of a 635 nm red laser
pointer pen (5 mW; handheld light source) that was the product
of Deli Group Co., Ltd. (Ningbo, China). All of the colorimetric
results were recorded with a smartphone.

2.2 Synthesis of Cit-AgNPs

The Cit-AgNPs were synthesized according to a previous
method® with a slight modification in which ascorbic acid and
trisodium citrate were used as the reducing agent and the
stabilizing reagent, respectively. In brief, an aqueous mixture
was prepared by mixing 4 mL of 120 mM ascorbic acid and 4 mL
of 6 mM trisodium citrate; its pH was further adjusted to 10.5
with 100 mM NaOH. Then, 80 pL of 100 mM silver nitrate was
immediately added to this colorless solution under gentle,
continuous stirring at 30 °C for 15 min, finally producing
a yellow mixture containing Cit-AgNPs (2.8 nM). After allowing
it to be cooled to room temperature, the Cit-AgNP solution was
stored at 4 °C for further use. It was experimentally found that
the freshly-prepared Cit-AgNPs may remain stable, with no
significant change in creatinine sensing, for at least 6 months.

2.3 Creatinine detection with the common method

For the common method with the LSPR signaling, 10 pL of
600 mM NaOH solution, 480 pL of the freshly-prepared yellow
Cit-AgNP solution (2.8 nM/0.7 nM) and 100 uL of creatinine
sample were mixed successively and were incubated for 30 min
at room temperature (25 °C). The color of the reaction mixture
would change from yellow to purple or red due to the creatinine-
induced Cit-AgNPs' aggregation, which allowed for visible
qualitative or semi-quantitative creatinine analysis. Then, the
absorption spectrum in the range of 300-800 nm was recorded
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for each reaction solution on an UV-vis spectrophotometer for
quantitative measurement of creatinine levels.

2.4 Creatinine detection with the new method

For the new TEA method, the same mixing procedures above
were carried out, except using 480 uL of 0.7 nM Cit-AgNP and
each of the resultant reaction mixtures was illuminated using
a red laser pointer pen (635 nm, 5 mW) to create a visual-TE
signal for simple qualitative or semi-quantitative analysis.
Moreover, each TE image was also recorded with a smartphone
for further quantitative measurement of creatinine level. The TE
intensity was defined as the average gray value (AG) of the cor-
responding image which was measured with the aid of the gray
analysis option in Image J processing software. Then, the
change of AG (AAG) for each creatinine sample was calculated
from the following equation: AAG = AGcreatinine — AGblanks
where AGgreatinine and AGpank Were obtained from a creatinine
sample and the blank sample (without the analyte), respectively.
Specificity (selectivity) experiments were performed in the same
manner but using other 12 types of amino acids instead of the
creatinine analyte, i.e., the Lys, Tyr, Gly, Pro, Val, Ala, His, Glu,
Arg, Ser, Trp and Cys.

3. Results and discussion

First, the feasibility of our new TEA method was demonstrated.
As displayed in Fig. 2A, the colloidal Cit-AgNP solution appears
a semitransparent and homogeneous yellow color (image a); its
characteristic LSPR-related absorption peaks at ~400 nm in the
corresponding UV-vis spectrum (black curve a).** From its cor-
responding TEM image (Fig. 2B, image a), most of the Cit-AgNPs
contained in the solution are monodisperse, have relatively
uniform spherical microstructures, and represent an average
particle size estimated of ca. 50 nm. Since these colloidal
nanoparticles are able to effectively scatter the light of the
635 nm laser, a clear red TE response can be observed in this
colloid (Fig. 2B, inset of image a). On the other hand, upon the
addition of 5 uM creatinine into the Cit-AgNP solution, the color
of the resulting mixture changed from yellow to pink (Fig. 24,
image b), indirectly implying the aggregation of these nano-
particle probes due to intermolecular hydrogen bonding
network formed between the analyte's carbanion/oxoanion
amino tautomers (produced in the alkaline environment) and
the exposed negatively-charged carboxylate groups of the citrate
molecules. The formation of the hydrogen bonding was addi-
tionally confirmed by the Cit-AgNPs' FTIR spectra before and
after the creatinine reaction (Fig. S1 in the ESI{).*** The
creatinine molecules contain free NH,, and their N-H stretch-
ing frequency appears between 3300-3500 cm ™. For the Cit-
AgNPs, the peak variation around 3424 cm™' can be attrib-
uted to the stretching vibration of O-H. The peak variation at
3385 cm " after the addition of creatinine to Cit-AgNPs is due to
the overlapping stretching vibration of -N-H and O-H, where
the stretching moves to higher frequencies. The peak becomes
wider and smoother, which is attributed to the formation of
hydrogen bonds between Cit-AgNPs and creatinine. The peak
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(A) UV-vis spectra and (B) TEM images recorded from the Cit-AgNP solution (a) and the reaction mixture of the Cit-AgNPs and creatinine

sample (5 uM) (b). Insets in (A) and (B) show the colorimetric results and TE results of the above two solutions, respectively.

around 2823 cm ™' is the C-H stretching vibration, while the

change in the peak around 1590 ecm ' is due to the C=0
stretching of the carboxyl group and the -N-H bending vibra-
tion of the amino group, apparently, the absorption band
appearing at 1352 cm ' shows the C-H internal bending
vibration of AgNPs. Its TEM image further offers direct evidence
of the aggregated Cit-AgNPs (Fig. 2B, image b). The mixture
solution was additionally characterized by its UV-vis spectrum,
in which the remarkable decrease in the LSPR-related extinction
centered at about 400 nm reflected a reduction in the level of the
monodisperse Cit-AgNPs, while the red-shift in the LSPR band
to around 600 nm reflected the increase in their particle size
because of the aggregation reaction (Fig. 24, red curve).** More
importantly, it was interestingly found that compared with the
initial solution, the creatinine-triggered Cit-AgNPs' aggregation
led to a dramatically-enhanced TE signal (even with a yellow
light path; Fig. 2B, inset of image b), presumably attributed to
the higher light scattering efficiency of the colloidal particles’
aggregates.

After demonstrating the sensing mechanism of the proposed
new TEA approach, main experimental factors were then opti-
mized to obtain the best signal-to-background ratio for the
creatinine detection, including AgNP concentration, NaOH
concentration, and reaction time and temperature (Fig. S2-S5
in ESIT). It was experimentally found that an assay run for the
creatinine could be completed within 30 min at room temper-
ature (25 °C) with 0.7 nM Cit-AgNP and 600 mM NaOH. Under
such optimal conditions, a series of artificial creatinine samples
with different levels ranging from 0 to 3200 nM were analyzed to
evaluate the analytical performance and advantages of the TE-
based signaling strategy, comparing with the results obtained
from the LSPR-based conventional method with UV-vis spec-
troscopy measurement in which the freshly-prepared initial
yellow Cit-AgNP solutions (ca. 2.8 nM) were adopted.

For the traditional method with the LSPR signaling, as
shown in Fig. 3A, the creatinine-induced aggregation of Cit-
AgNPs led to various color changes of the resultant reaction
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solutions from yellow to pink when the tested analyte level
increased from 0 to 3200 nM. The visual limit of detection (V-
LOD) for the analyte was estimated to be 2700 nM (Fig. 3A,
image 6), which allowed for the formation of a reaction mixture
showing a light-dark yellow color that was clearly distinguish-
able from that obtained from the blank sample (Fig. 3A, image
1). However, most solution colors of these mixtures cannot be
visually distinguished from each other during the low concen-
tration range of 0-2600 nM. Moreover, UV-vis spectra were
measured for these reaction mixtures, with results displayed in
Fig. 3C. One can see that since larger creatinine levels could
lead to higher degrees of Cit-AgNPs' aggregation, the increase in
the analyte concentration enabled the gradual decrease in the
extinction peak at 400 nm in addition to the continuous
increase in the extinction intensity at around 600 nm. As
additionally shown in Fig. 3D (blue curve), the ratios of extinc-
tion values recorded at 600 and 400 nm (Egpo/E40) Were linear
over a creatinine concentration range of 2700-3000 nM. The
quantitative LOD was calculated to be ~2600 nM according to
the 3¢ rule, defined as the concentration at the mean (3¢) of
several determinations (here, 3 determinations) of the blank
calibration.

For the new TEA method, on the other hand, the same
analytical procedures above were carried out (except using 480
uL of 0.7 nM Cit-AgNP), which results shown in Fig. 3B. Most
solution colors of these resulting reaction mixtures cannot be
clearly distinguished from each other until the analyte level
increased to 2800 nM (Fig. 3B, top, image 7), namely the V-LOD
obtained with the low level of Cit-AgNP nanoprobes. Moreover,
no meaningful changes were observed in the absorbance
measured in their corresponding UV-vis spectra (Fig. 3C, inset).
However, interestedly, after these reaction mixtures were
further stimulated with a 635 nm red laser pen, almost all of the
red scattering signals recorded from these different creatinine
samples could be visually differentiated via the target-
dependent TE responses (Fig. 3B, bottom). Stronger TE
signals were generated at larger analyte levels which resulted in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) LSPR-based colorimetric results obtained from the traditional method for assaying different creatinine samples containing analyte

concentrations from 0 to 3200 nM with freshly-prepared Cit-AgNPs (2.8 nM). (B) Colorimetric (top) and TE (bottom) results measured from the
detection of the same creatinine samples above but using 0.7 nM Cit-AgNP as the sensing probes. (C) UV-vis spectra recorded from the mixtures
shown in (A). Inset displays the UV-vis spectra of the mixtures shown in (B, top). (D) Calibration curves describing the relationships between the
AG changes (A AG, red dot curve a) of the TE results shown in (B) or the ratio of the extinction values recorded at 600 and 400 nm (Egoo/E400) in
the spectra (blue dot curve b) and the creatinine concentrations. Inset shows the relationships between the two types of signals and the analyte
levels in two linear ranges. Each error bar represents a standard deviation across three replicate experiments.

the aggregation of more Cit-AgNP nanoprobes. These results
confirmed that the TE of the Cit-AgNPs was able to offer a more
ideal colorimetric signaling efficiency than their LSPR mecha-
nism for naked-eye analysis. By comparing the assay of blank
sample (Fig. 3B, above, image 1), the V-LOD of the new TE-based
method for creatinine was defined as 2000 nM (Fig. 3B, above,
image 2). Fig. 3D further shows the calibration curve where the
AAG (AGcreatinine — AGplank) values were plotted as a function of
creatinine concentration (Cgreatinine)- The AAG value was posi-
tively linear to the analyte level over a range from 2500 to
3000 nM. The quantitative LOD was estimated to be as low as
~55 nM (30) which was ~47 times lower than that achieved by
the common LSPR signaling method (i.e., 2600 nM). In addi-
tion, compared to many other recent LSPR-based nanosensing
techniques, the developed new equipment-free TEA system
offered a ca. 90 to 2334-fold increase in the analytical sensitivity
(defined as the slope of the corresponding regression equation)
without the use of any bulky equipment like UV-vis spectrom-
eter, surface enhanced Raman spectrometer, or fluorescence
spectrometer, but just a cheap laser pointer pen and a ubiqui-
tous smartphone (Table S17).

Next, the analytical specificity of our nanosensor was evalu-
ated as another key performance factor by parallelly analyzing
a blank sample (with no analyte), 5 uM creatinine, and other 12

© 2022 The Author(s). Published by the Royal Society of Chemistry

types of amino acids (i.e., Lys, Tyr, Gly, Pro, Val, Ala, His, Glu,
Arg, Ser, Trp, and Cys; 1000 uM each) under the same optimal
experimental conditions. Fig. 4A displays that the reaction
solution from the creatinine sample shows a clear light pink
color because of the aggregated Cit-AgNPs involved. And no
significant changes in the mixtures’ yellow color can be
observed between the assays of the blank sample and other 12
types of amino acids which should show no significant effect on
the nanoprobes’ dispersion (Fig. 4B). Accordingly, quite similar
weak red TE responses were produced for either the blank
sample or the 12 cases of non-specific small molecules, leading
to almost the same low AG values of about 50 showed in Fig. 4C.
However, as expected, only the creatinine analysis resulted in
the production of a very strong TE signal and a big AG value up
to ca. 120 (Fig. 4C). These results clearly demonstrated that only
the analyte had formed amino interconversion isomers in the
alkaline environment to crosslink with the negatively charged
citrate caps on the surfaces of the Cit-AgNP probes for triggering
their subsequent serious aggregation, thus endowing the
designed sensing method with desirable high specificity
(selectivity).

Finally, the practicality of this new Cit-AgNP-based TEA
nanosensor was studied by analyzing creatinine in several
human urine samples collected from healthy volunteers. Three

RSC Adv, 2022,12, 23379-23386 | 23383
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amino acids (1000 pM each). (C) The corresponding AG values calculated from the TE signals shown in (B). Each error bar is the standard deviation

of three repeated parallel experiments.

Table 1 Recovery of creatinine in human urine samples

Found Added Total found
Sample (nM) (nM) (nM) Recovery (%) RSD? (%, n = 3)
Human urine® 0.00 2500 2510 100.36 2.85

0.00 2800 2760 98.78 1.10

0.00 3000 2960 98.52 3.99

4 Human urine was diluted 10 000 times before analysis. ?

parallel experiments were performed for each sample according
to the normal analytical procedures. As summarized in Table 1,
the recovery results obtained range from 98.52 to 100.36% with
the relative standard deviations (RSDs) in a range of 1.10-
3.99%. Such acceptable recoveries and small RSDs indicate the
relatively high accuracy and practicality of the developed
method for the analysis of real complex samples like human
body fluids.

4. Conclusions

We have developed successfully a new portable nanosensor with
a laser pointer pen and a smartphone for the naked-eye detec-
tion of creatinine in human urine by taking the advantages of
colloidal Cit-AgNPs and their TE for highly efficient colorimetric
signaling. This TEA system was based on the analyte-triggered
aggregation and subsequent TE enhancement of these light
scattering probes via an intramolecular hydrogen bonding
network that was formed between the carboxylate groups on
their surfaces and the carbanion and oxoanion amino tauto-
mers of the tested small molecules generated in an alkaline
condition. The results demonstrated well that such equipment-
free TE-based method could not only offer a ~50-fold
improvement in the colorimetric signaling efficiency in

23384 | RSC Adv, 2022, 12, 23379-23386

RSD, relative standard deviation.

comparison with the most commonly applied LSPR strategy,
but also achieve a high detection sensitivity which was ~2.4-232
times larger than that obtained from many of recently-reported
instrumental assays with various large sophisticated equipment
such as UV-vis spectrometer. We believe that the proposed
method holds a great promise to be further tailored to expend to
all available colorimetric assays with the AgNPs based on the
analyte-induced probes’ aggregation or dis-aggregation for
point-of-use analysis of metal ions,* small molecules,**°
proteins** or even cancer cells** especially in a variety of
resource-poor settings like home healthcare and on-site envi-
ronmental pollution monitoring.
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