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We report a simple naked eye colorimetric detection assay developed for the small molecule creatinine
using the surface passivation of gold nanoparticles (AuNPs) which is conjugated with a creatinine binding
aptamer. The selective binding of creatinine to aptamer sequences causes a decrease in the catalytic

activity of AuNPs, and the color change time of the 4-nitrophenol reduction was used for the

quantitative colorimetric detection of creatinine. Herein, the surfaces of AUNPs acted as the catalyst for
the reduction of 4-nitrophenol (yellow) to 4-aminophenol (colorless), and the passivation with creatinine
bound aptamer sequences delayed the reduction. The developed assay was able to detect creatinine in
a linear range of 2-20 mM with a limit of detection of 0.87 mM. The developed colorimetric assay was
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very selective and repeatable and could detect creatinine in the presence of interfering biomolecules.

Moreover, the assay showed excellent results for the analysis of creatinine in artificial urine samples. The
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1. Introduction

Chronic kidney disease (CKD) affects about 13% of the global
population, and millions of people die every year as a result of
a lack of access to economical treatment.' Excessive accumu-
lation of electrolytes and waste products in the human body can
pose significant health risks in the case of advanced chronic
renal diseases. Diabetes and high blood pressure are the major
causes of CKD, along with glomerulonephritis (damage to the
glomeruli), recurrent kidney infections and others.> The most
used biomarker for the screening and diagnosis of CKD is
creatinine, and it can be excreted from blood into sweat, saliva
and urine.** The kidneys use glomerular ultrafiltration to
remove creatinine from blood plasma and maintain body
homeostasis. However, declined kidney function leads to a cor-
responding increase in creatinine levels. The normal range of
creatinine levels in human urine is 6-19 mM per day, and
kidney dysfunction can alter these values.>*

CKD can be diagnosed using many tests, including blood,
urine, routine check-ups and biopsies. Some of the common
methods/techniques used for the detection of creatinine are
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developed assay can be used as a point of care (POC) device for the naked eye detection of creatinine
within few minutes without any instrument support.

liquid chromatography-mass spectrometry,” electrochemical
methods,* high performance liquid chromatography
(HPLC),"*** spectrophotometry*> and others. Although these
tests are extensively used as diagnostic methods, they have
several limitations as they require costly equipment and expe-
rienced technicians and are time-consuming. Most hospitals do
not have access to these testing facilities round the clock.
Hence, affordable and accurate diagnosis of kidney diseases,
even in remote settings, is highly essential.

Optical sensors offer several key benefits, including high
sensitivity, rapid response times, and non-invasive detection,
making them particularly advantageous in clinical monitoring.**
Unlike electrochemical sensors, optical sensing platforms can
often operate without direct contact with the sample, reducing
the risk of contamination and improving their applicability in
sensitive environments, such as biological systems.'*> Among
the optical sensors, colorimetric approaches for studying
biomolecules are becoming increasingly popular owing to their
cost-effectiveness, excellent sensitivity, specificity, and visibility
to the naked eye.'® Gold nanoparticles (AuNPs) are one of the
most investigated nanomaterials for colorimetric biosensing
applications owing to their easy fabrication, outstanding
biocompatibility, promising chemical stability, and versatile
optical properties."” In addition, AuNPs show high extinction
coefficients and size-dependent surface plasmon resonance
(SPR) properties, which enable them to be used in colorimetric
detection methods.'® One of the unique visual characteristics of
AuNPs is the obvious change in the color from red to blue during
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aggregation, and this color variation is very sensitive and could
serve as a signal in optical biosensors.' By utilizing these prop-
erties, AUNPs have also been extensively explored for the optical
detection of DNA**' proteins,”>* and tiny molecules.>®**
Furthermore, AuNPs have garnered extensive attention and
research across various domains, such as healthcare,”** agri-
culture,” and the food industry.*

There are several reports on optical biosensors for creatinine
using AuNPs as the detection probes.*'* Xia et al. used citrate-
stabilized AuNPs as a sensing platform with polyethylene glycol
(PEG) as a decorator, and Hg”" as a linker to form a stable
colorimetric probe system (PEG/Hg>'-AuNPs).*' Similarly, Du
et al. developed an optical sensor for creatinine using the
coordination system of adenosine/creatinine with Ag" on an
AuNP surface.*” A quick, easy, and affordable “switch-on/off”
biosensor for the colorimetric detection of creatinine with
superior sensitivity and selectivity was introduced by Chhillar
et al. using Zn>*/AuNPs nanocomposite.** In another work,
Tirkey et al. developed a simple specific colorimetric and spec-
trophotometric sensor for detecting creatinine and utilizing
citrate-capped AuNPs.** Similarly, He et al. used citrate-capped
AuNPs for the quantification of creatinine by evaluating the
aggregation of AuNPs in the presence of creatinine.®®

Specific molecules with binding affinity to the analyte, such as
peptides and aptamers, can be used for the development of optical
sensors.*”*® In this regard, Feng et al. used specific peptides with
binding affinity to creatinine to determine creatinine present in
urine.*® Here, the assay was based on the aggregation of AuNPs
induced by the interaction between AuNPs and peptides in the
presence of creatinine. This aggregation caused a change in the
color of the solution, and using this assay, creatinine could be
detected with very low LOD (24.9 ppb) values. All these reported
optical sensors for creatinine use a spectrophotometer for the
quantitative detection of creatinine. However, only qualitative
detection was possible in these reported sensors even though the
colour change was visible to the human naked eye. To avoid the
use of specific costly equipment and trained technicians, we need
to develop an optical sensor that allows for the quantitative
detection of creatinine with the naked human eye.

Functionalizing AuNPs with deoxyribonucleic acid (DNA) has
been widely explored, and the optical properties of DNA-modified
AuNPs (DNA-AuNPs) have been applied to develop colorimetric
sensors with human naked eye detection capabilities.** Consid-
ering the specific binding of DNA aptamers with target analytes,
a simple and efficient colorimetric detection system for lysozyme
was introduced by Kim et al. using aptamer-AuNP conjugates.*®
Here, the AuNPs were modified with specific aptamers to the
lysozyme, and the correlation between the catalytic properties of
the AuNPs and the exposed surface area of the AuNPs for the
catalytic reduction of 4-nitrophenol (4-NP) was used to sense the
lysozyme. The binding of specific aptamers with lysozyme could
mask the catalytic surface of the AuNPs and slow down the
reduction of 4-NP. The delay in color change time (CCT) can be
used for the quantitative detection of lysozyme, and the developed
sensor was able to detect lysozyme with a LOD of 16 nM with the
naked eye. Using a similar strategy, an optical sensor for ultra-
sensitive colorimetric detection of NF-«B protein at picomolar
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levels was introduced by Rasheed et al.** They used the specific
binding of NF-kB to a DNA aptamer sequence, and these highly
selective interactions promoted the passivation of the catalytic
AuNP surfaces and decreased the reduction of 4-NP. The corre-
lation between the NF-kB concentration and the visualized color
change in the reduction rate of 4-NP was used for the naked eye
quantitative detection of NF-kB with a LOD of 6.39 pM. In these
two reports, the authors used high molecular weight protein
targets (NF-kB = 65 kDa and lysozyme = 14 kDa) to develop the
colorimetric sensors that mask the surface of AuNPs. To the best
of our knowledge, there are no reports demonstrating the color-
imetric sensing of small molecules with less than 1 kDa molecular
weight using the surface passivation strategy. Because masking of
the AuNP surface obviously depends on the size of the analyte, the
sensitivity of the developed sensor should be an issue if the small
molecules are used for the passivation of the AuNP surface.

In this study, we develop an assay for the colorimetric
detection of a small molecule, creatinine (molecular weight of
113 Da), using DNA aptamer-AuNP conjugates. An aptamer
specific to creatinine was used to conjugate the AuNPs, and the
surface passivation of AuNPs depends on the concentration of
creatinine on the surface. Consequently, the color change time
(CCT) was delayed with respect to the concentration of creati-
nine, and this CCT of 4-NP reduction was used for the colori-
metric detection of creatinine with our naked eye. To the best of
our knowledge, this is the first report that comprehensively
examined the naked eye detection of small molecules, especially
creatinine, using the specific aptamer to conjugate the AuNPs.
The simplicity, selectivity, and affordability of the proposed
assay make it suitable for point of care (POC) applications for
the quantitative detection of small molecules.

2. Experimental section

2.1. Materials

Sodium borohydride (NaBH,), 4-nitrophenol (4-NP), Tween 20,
trisodium citrate dihydrate, sodium chloride (NaCl) and potas-
sium chloride (KCI) were purchased from NICE Chemicals Private
Ltd. (Kochi, Kerala, India). Creatinine was purchased from
MyBioSource (SanDiego, USA). urea, uric acid, glucose, gold(m)
chloride trihydrate (HAuCl,-3H,0) and tris(2-carboxyethyl)
phosphine (TCEP) were purchased from Sigma-Aldrich (St.
Louis, USA). Milli-Q water was used throughout the experiments
(ELGA PURELAB Quest UV, 18.2 MQ). A 0.1 M phosphate buffer
(PB) solution was prepared by dissolving di-sodium hydrogen
phosphate anhydrous and sodium dihydrogen phosphate mon-
ohydrate in Milli-Q water. DNA aptamer oligonucleotide
sequences were purchased from Barcode Biosciences, India. The
single stranded DNA (ssDNA) aptamer used for the study is 5'-
thiol CGACGGTGGCCTATTAAATAGCTTTAGTTTAAGAAAAGTAA-
TAGGGGGTGTCG-3'.*> The ssDNA is denoted as DNA afterwards
in the manuscript for simplicity.

2.2. AuNP synthesis

The AuNPs were synthesized using a procedure reported previ-

ously.*** Initially, 50 mL aqueous solution containing
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0.254 mM of HAuCl,-3H,0 was vigorously stirred and boiled.
Subsequently, 38.8 mM of trisodium citrate solution (0.94 mL)
was added quickly. The solution transitioned from light yellow
to wine red. Following the change in color, the reaction mixture
was continuously boiled for an additional 5 min before gradu-
ally cooling to room temperature. The AuNPs were purified by
centrifugation at 14 000 rpm for 15 min, followed by storing in
the refrigerator until further use.

2.3. Synthesis of DNA-AuNPs

Initially, 5 pL of concentrated TCEP was used to deprotect the
monothiol-modified DNA aptamer strands (1 uM, 0.1 mL).
Subsequently, the 0.1 mL AuNP solution was mixed with the
deprotected DNA aptamer, followed by buffering to a pH of 7.4
and salting (0.15 M NaCl and 0.01% Tween 20). The final
reaction mixture was incubated for 5 h at room temperature to
obtain the DNA-AuNPs. The purified DNA-AuNPs were ob-
tained by centrifugation for 25 min at 15 000 rpm, followed by
redispersion in a buffer solution containing 0.15 M NacCl, 0.01%
Tween 20 and 100 mM phosphate buffer (PB) at pH 7.4. UV-
visible spectra of AUNP and DNA-AuNP conjugates were ob-
tained using the BioTek EPOCH2NS instrument (Agilent Tech-
nologies, USA) in the range of 250-700 nm.

2.4. Detection of creatinine

The DNA-AuNP solution (0.1 mL, 1.5 nM) was mixed with
a 0.1 mL solution of creatinine prepared in 0.1 M PB solution,
and the mixture was incubated for 2 h at room temperature. The
mixture was then mixed with a 4-NP solution (0.2 mL, 0.01 M),
to which a freshly made NaBH, solution (0.2 mL, 0.25 M) was
added. The color-change time (CCT) to change the color from
yellow to colorless was noted with different concentrations of
creatinine. The concentration of creatinine was changed from 2
to 20 mM to plot CCT vs. the concentration of creatinine.
Common interfering biomolecules, such as NaCl, KCl, urea,
uric acid and glucose, were added to the assay in place of
creatinine, and the CCT was measured to investigate the
selectivity of the assay. Artificial urine was prepared as per
protocol reported earlier** by mixing urea, uric acid, KCI, NacCl,
CaCl,, NazC¢Hs0,-2H,0, NH,Cl, K,C,0,-7H,0, NaH,PO,-
-2H,0 and Na,HPO,-2H,0 as per the reported protocol. The
components are dissolved in 100 mL of double-distilled water
using a magnetic stirrer at room temperature. The artificial
urine samples were diluted with PB solution (in the ratio of 1:
20), spiked with known concentrations of creatinine and used
for the real sample analysis.

3. Results and discussion

3.1. Characterization of AuNPs

The addition of sodium citrate to the gold salt solution under
boiling conditions changes the color of the solution from pale
yellow to wine red, signifying the formation of AuNPs via tri-
sodium citrate reduction. The modification of AuNPs with
creatinine specific binding DNA aptamer sequence was per-
formed by adding AuNPs and DNA aptamer solutions, followed
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by incubation for 5 h at room temperature. The DNA-AuNPs
were formed through Au-S interaction between the thiol-
modified aptamer and AuNPs and the DNA aptamer-modified
AuNPs were denoted as DNA-AuNPs. The SEM images of the
AuNPs and DNA-AuNPs are depicted in Fig. S1.T The presence
of spherical AuNPs of size 10-15 nm was confirmed with SEM
images. In the SEM image of DNA-AuNPs, a film-like layer was
found covering the spherical AuNPs, and this may have
contributed to the AuNP surface covered in aptamer via the thiol
linkage. This analysis was further validated by the elemental
composition of DNA-AuNP and AuNPs with EDS (Fig. S21).
Additionally, the presence of sulfur in DNA-AuNP indicates the
presence of a thiol group in the sample, which in turn indicates
the formation of aptamer-modified AuNPs. The TEM images of
AuNPs and DNA-AuNPs are illustrated in Fig. 1(a) and (b),
which shows that the presence of spherical particles of size
ranges from 10 to 15 nm.

The synthesized AuNPs were further characterized by UV-
visible spectroscopy, which showed an absorption peak ob-
tained at 521 nm (Fig. 1(c)), thus confirming the formation of
AuNPs. The modification of AuNPs with creatinine specific
binding DNA aptamer sequence was done by adding AuNPs and
DNA aptamer solutions, followed by incubation for 5 h at room
temperature. The DNA aptamer-modified AuNPs were denoted
as DNA-AuNPs, and the absorption peak shifted to 523 nm,
which confirmed the modification of aptamer DNA on the
AuNPs. The FTIR spectra of DNA, AuNPs and DNA-AuNPs are
shown in Fig. S3.1 The FTIR spectra of AuNP show a peak at
1632 cm ™' corresponding to the anti-symmetric stretching of
the carboxyl group in the capped citrate, and a broad peak in the
range of 3200-3350 cm ™' represents the vibration of hydroxyl
groups.”” The FTIR spectra of DNA also show a peak at
1634 cm ', which can be attributed to O=C thymine and

a) b)

b

mﬂ.

©)

— AuNPs
— DNA-AuNPs

Absorbance (a.u.)

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 1 TEM images of (a) AuNPs and (b) DNA—AuUNPs. The scale bar
corresponds to 10 nm. (c) UV-visible spectra of AuNPs and DNA-
AuNPs.
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Fig. 2 (a) Scheme showing the reduction reaction of 4-NP to 4-AP. (b) UV-vis spectra of 4-NP, intermediate and 4-AP. (c) UV-vis spectra
showing the AuNP-induced catalytic reduction of 4-NP to 4 AP. (d) UV-vis spectra showing the slow reduction of 4-NP to 4 AP in the absence of
AuNPs.

Masking the catalytic
surface of AuNPs

O 4-Aminophenol

ssDNA-AuNP

.

No masking Fast

4-Aminophenol

Schemel Schematic showing the sensing mechanism of the developed sensor. Creatinine binds to the DNA aptamer conjugated on AuNPs and
masks the catalytic surface of AuNPs, and the CCT is delayed. The other analytes do not bind to the aptamer, and no masking of the catalytic
surface of AUNPs occurs, which results in a rapid color change.
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Fig. 3 (a) CCT with varying concentrations of NaBH,4 with 0.01 M 4-

NP and 1.5 nM AuNPs. (b) CCT with varying concentrations of AuNPs
with 0.01 M 4-NP and 0.25 M NaBH,. (c) CCT with varying concen-
trations of DNA aptamer with 0.25 M NaBHy, 1.5 nM AuNPs and 0.01 M
4-NP.

adenine vibrations.* In addition, a peak at 3267 cm ™" can be
attributed to the stretching vibrations of OH and NH bonds of
the amino acids.* Additionally, a peak at approximately
2400 cm ™' in the DNA can be assigned to the presence of thiol
modification in the DNA.**®* The FTIR spectra of DNA-AuNP
show the presence of characteristic peaks of DNA and AuNPs,
confirming the formation of DNA-AuNPs.

3.2. AuNP-induced catalytic reduction of 4-NP

A schematic diagram showing the reduction reaction of 4-NP
converted to sodium 4-nitrophenolate ion and then into 4-
aminophenol (4-AP) is shown in Fig. 2(a). Under neutral
conditions, 4-NP displayed an absorption peak at 317 nm, and
the peak shifted to 400 nm after the addition of an aqueous
NaBH, solution due to the generation of sodium 4-nitro-
phenolate ion, as shown in Fig. 2(b). The absorption peak at
400 nm was diminished within few min in the presence of
AuNPs, and a new peak at 299 nm was formed, which was

a) o b) ——DNA-AuNPs
AuNPs o -
g T ~——DNA-AuNPs + creatinine
AuNPs + creatinine
—_~ o~
2 3
@ “
<~ <
=
g H
= =
g L g
= <

400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 4 (a) UV-vis spectra showing the interaction between AuNPs and
creatinine. Inset: the photograph showing the aggregation and
subsequent color change. (b) UV-vis spectra showing the interaction
between DNA-AuUNPs and creatinine. Inset: the photograph showing
the DNA conjugation on AuNPs, and there is no aggregation.
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Fig. 5 (a) The CCT versus concentration of creatinine of the devel-
oped assay with varying concentrations from 0 to 20 mM. (b) Photo-
graphs capturing the reaction mixtures at 0, 5, and 8 min.

associated with the formation of 4-AP. In addition, the complete
disappearance of the peak at 400 nm further indicated
a reduction of 4-NP to 4-AP. The surface of AuNPs could act as
a catalyst for this reaction, which was indicated by the rapid
color change in the presence of AuNPs in the reaction mixture.
The UV-vis spectra showing the rapid reduction in the presence
of AuNPs are depicted in Fig. 2(c). The CCT of the reaction was
only few min in the presence of AuNPs under optimized
conditions with a complete reduction of 4-NP, as evidenced by
the disappearance of the peak at 400 nm. However, in the
absence of AuNPs, it took more than 24 h for the reaction to
complete because there was no significant change in the
absorption even after 24 h (Fig. 2(d)). This AuNP-induced
reduction reaction can be visualized by the change in the
color of the solution from yellow to colorless, and the time
required for the color change to colorless is denoted as the color
change time (CCT).

3.3. Sensing mechanism

It was found that the AuNP-induced catalytic reduction of 4-NP
to 4-AP within few min and the surface of AuNPs acted as the
catalyst for the reduction. It is assumed that if the surfaces of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of optical sensors developed for creatinine detection

Nanomaterial Method Linear range LOD Ref.
Citrate capped-AuNPs UV-visible spectrophotometry 26.5-70.7 uM 26.5 pM 35
Citrate-stabilized AuNPs UV-visible spectrophotometry 0.1-20 mM 80 uM 36

PVP-coated and PVA-coated AgNPs UV-visible spectrophotometry 0.03-1 mg dI™* and 0.01-1 mg dI™" 0.024 mg dI"" and 0.014 mg dl~* 49

Citrate-capped AgNPs
Gluconic acid-stabilized AgNPs
L-Cysteine stabilized CuNPs
Zn** AuNPs-based biosensor

DNA aptamer-AuNP conjugates  Naked eye detection

b
) Do
9
’E s /.\//
- E8
~ -
: (= RSD =2.78%
3} 57
= o)

-

n

1 2 3 4 5
Sample Number

Fig. 6 (a) Selectivity of the sensor towards various interfering
biomolecules (the inset shows a photograph of the reaction mixtures
at 0 and 5 min). (b) Plot showing the reproducibility of the developed
sensor.

AuNPs are passivated, there would be a delay in the reduction
reaction time, which depends on the coverage strength of the
surface masking. To prove this, the AuNPs were modified with
creatinine aptamers so that the creatinine binds to the aptamer
and blocks the catalytic surface of the AuNPs, leading to delayed
CCT. The delaying of CCT is proportional to the concentration
of creatinine present in the reaction mixture, as the coverage
strength improves with increased creatinine concentration. The
schematic showing the sensing mechanism is illustrated in
Scheme 1. The analytes other than creatinine do not bind to the
creatinine aptamer and hence no masking of the catalytic
surface of AuNPs. Consequently, we observed a rapid color
change in the reaction mixture.

3.4. Optimization of various parameters

The reaction conditions were optimized by varying the
concentrations of NaBH,, AuNPs, and DNA aptamers. The
impact of NaBH, was assessed by varying the concentration of
NaBH, from 0.125 to 1 M in the presence of 1.5 nM AuNPs and
0.01 M 4-NP (Fig. 3(a)). Because NaBH, acts as a reducing agent,
the reduction reaction fastens with the increased concentration
of NaBH,, and hence the CCT was inversely correlated with the
NaBH, concentration. The reaction was found to be very fast at
higher concentrations (0.75 and 1 M) of NaBH,, and it was
difficult to distinguish the CCT at these higher concentrations.
The reaction was completed in 1.5 min with 0.5 M NaBH,, and
the reaction was completed in around 4 min with 0.25 M
NaBH,. Hence, the 0.25 M NaBH, was taken as the optimum
concentration of the NaBH, for further experiments.

© 2024 The Author(s). Published by the Royal Society of Chemistry

UV-visible spectrophotometry 0-4.2 pM

UV-visible spectrophotometry 0.3-50 nM

UV-visible spectrophotometry 0.333-5.33 uM
UV-visible spectrophotometry 0.0001-0.005 mg mL ™"
2-20 mM

66 nM 50
0.2 nM 51
0.454 nM 52
2 pg mL™* 34
0.87 mM Our work

To optimize the catalyst concentration, the concentration of
AuNPs was altered between 0.5 and 5 nM by keeping 0.25 M
NaBH, and 0.01 M 4-NP in the reaction. It was found that
a higher concentration of AuNPs led to a faster reaction as it
provided more catalytic surfaces, which indicated faster color
change. The color change was not distinguishable with an AuNP
concentration of 2 nM or higher, as depicted in Fig. 3(b). The
CCT with 1.5 nM of AuNPs was found at around 4 min, and it
was taken as the optimum concentration of AuNPs.

The optimization of the DNA aptamer concentration was
also carried out by varying the aptamer concentration from 0 to
8 uM. The optimum concentrations of 0.25 M NaBH, and
1.5 nM AuNPs were used for this optimization analysis by
keeping the concentration of 4-NP at 0.01 M. The CCT was
increased with increasing concentrations of DNA aptamer
because a higher DNA concentration resulted in higher passiv-
ation of the surface of AuNPs. The CCT was found to be around
5 min at 1 pM DNA aptamer, and the CCT remained almost
unchanged after the concentration of 4 uM of DNA aptamer, as
shown in Fig. 3(c). Hence, the optimum concentration of DNA
was selected as 1 uM because it gave a color change of around
5 min. Based on these optimization experiments, subsequent
experiments were conducted using 0.25 M of NaBH,, 1.5 nM
AuNPs and 1 uM DNA aptamer in the reaction mixture.

To validate the conjugation of DNA on the surface of AuNPs,
we evaluated the interaction between creatinine with bare
AuNPs and DNA-AuNPs. When creatinine interacts with bare
AuNPs, aggregation occurs and the color of AuNPs changes
from wine red to blue, as shown in Fig. 4(a). The citrate-reduced
AuNPs give a significant negative charge to the AuNPs, which
attract the positively charged creatinine molecules.*® This
binding process neutralizes the overall charges on the particles
and diminishes the distance between them, which results in
aggregation. However, in the presence of a DNA aptamer on the
surface of AuNPs, creatinine binds to the aptamer on the
surface of AuNPs so that there is no direct interaction with
AuNPs and no aggregation; hence, AuNPs remain stable with
awine red color, as shown in Fig. 4(b). This result confirmed the
binding of DNA aptamer on the surface of AuNPs.

3.5. Creatinine detection

To develop the proposed assay sensor, the DNA-AuNPs were
incubated with creatinine with varying concentrations for 2 h,
followed by adding an aqueous solution of 4-NP and NaBH, to
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Spiked creatinine Found creatinine Recovery Standard deviation
Sample (mM) (mM) (%) (%)
S1 10 9.05 90.5 0.89

10 9.16 91.6

10 8.94 89.4
S2 20 19.98 99.9 4.57

20 19.41 97.05

20 21.57 107.85

evaluate the catalytic reduction of 4-NP to 4-AP. The CCT of the
reaction was noted with varying concentrations of creatinine
from 0 to 20 mM. It was found that the CCT increased with
enhanced creatinine concentration as the surface passivation of
AuNPs increased with higher concentrations of creatinine.
Fig. 5(a) depicts the calibration curve of the system, correlating
the CCT with creatinine concentration ranging from 2 to
20 mM. As shown in this figure, a significant difference in the
CCT compared to the control was observed even for the 2 mM
creatinine concentration. The corresponding photographs of
the reaction mixture after particular time intervals are depicted
in Fig. 5(b). The color of the mixture turned colorless after 5 min
for the control samples, and this color change was delayed in
a concentration-dependent manner with increasing concentra-
tions of creatinine. However, almost all the reaction mixtures
changed their color after 8 min except for the highest few
concentrations, confirming that the catalytic reaction was
almost completed for a higher concentration of up to 20 mM.
The capability of the assay for the quantitative detection of
creatinine at higher concentrations was evaluated using 20-
100 mM creatinine concentrations. The calibration plot
between CCT versus the concentration of creatinine and the
corresponding photographs of the reaction mixtures at different
time intervals are illustrated in Fig. S4.T As shown in Fig. S4,7 it
is confirmed that the developed assay can be used to detect
creatinine at higher concentrations of up to 100 mM.

The calibration plot was fitted linearly with a calibration
equation of CCT (min) = 0.142 x Conc. (mM) + 5.704, with an R
value of 0.97. The limit of detection (LOD) was calculated using
the equation LOD = 3 x ay,/m, where oy, for six blanks (which
was found to be 0.041) as 0.87 mM. The LOD obtained for the
developed assay sensor was compared with other optical
sensors developed for the detection of creatinine (Table 1). It is
evident from Table 1 that the developed assay sensor provided
satisfactory and consistent results for the detection of creati-
nine levels. The LOD of 0.87 mM obtained for the sensor is
significantly lower than that typically observed in physiological
ranges. The LOD could be minimized by further optimizing the
concentration of various parameters, including the concentra-
tions of NaBH,, AuNPs, DNA aptamer and 4-NP. Another
important feature of the developed sensor is naked eye detec-
tion, in which creatinine levels can be detected quantitatively
with the human eye without using any instruments. This
capability holds significant clinical importance in terms of
point of care diagnosis with a substantial reduction in process

33790 | RSC Adv, 2024, 14, 33784-33793

costs and avoiding several limitations associated with conven-
tional methods.

3.6. Selectivity and reproducibility of the assay sensor

The selectivity of the developed assay was assessed by intro-
ducing various coexisting interfering molecules (NaCl: 74.09 mM,
KCl: 46.81 mM, urea: 300 mM, uric acid: 2.3 mM, glucose: 5 mM)
in place of creatinine. The results of the selectivity experiment are
shown in Fig. 6(a), which demonstrate that only creatinine binds
to the DNA-AuNPs, while there is no interaction between inter-
fering biomolecules and DNA-AuNP. This was confirmed by the
delayed CCT only in the presence of creatinine, and the CCT was
almost similar to the control (in the absence of creatinine) for all
other interfering molecules. The color change occurred quickly
with interfering molecules due to the lack of passivation of the
AuNP surfaces as there was no interaction between interfering
biomolecules and DNA-AuNP. Hence, the developed sensor was
found to be highly selective to creatinine in the presence of
interfering molecules with concentrations similar to physiolog-
ical levels. To assess the reproducibility of the sensor, five inde-
pendent assays were conducted with 20 mM creatinine under
optimum conditions, and the CCT was observed. The observed
CCT was approximately 8 min in all the experiments with an RSD
value of 2.78%. This indicates that the developed assay is highly
reproducible (Fig. 6(b)).

3.7. Real sample analysis

The practical application of the developed assay was also tested
with artificial urine samples after spiking the known concen-
trations of creatinine. The artificial urine samples were diluted
with PB solution (in a ratio of 1:20) before spiking the creati-
nine, and the CCT assay was observed at two different concen-
trations of creatinine (10 mM and 20 mM). The recovery results
from the real sample analysis are presented in Table 2, which
showed an 89-107% recovery for creatinine with a standard
deviation of 0.89-4.57%. This validates the capability of the
developed assay for the detection of creatinine in complex real
samples.

4. Conclusion

We developed an easy-to-use and effective colorimetric assay
that could detect creatinine with high sensitivity and selectivity
with our naked eye. The catalytic activity of AuNPs along with
the specific binding of DNA aptamer enables the colorimetric

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sensing of creatinine. The specific binding aptamer for creati-
nine was used to conjugate the AuNPs, and the catalytic activity
of the AuNP surface decreased as the creatinine concentration
increased due to an increase in the masking of the AuNP
surfaces. This delayed the CCT of the reduction of 4-NP to 4-AP,
and this delay in CCT was used to quantify the creatinine
concentrations. The developed sensor showed a LOD of
0.87 mM with a linear range of 2-20 mM. The developed
colorimetric assay was highly selective, repeatable, and func-
tional in the presence of interfering biomolecules, and the assay
showed excellent results for the analysis of creatinine in artifi-
cial urine samples. The main feature of the developed assay is
that the quantitative detection of creatinine is possible within
few minutes with our naked eye without any instrument or
technician support, and this will be highly beneficial for the
clinical diagnosis of CKD.
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