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Abstract

This study presents the development of a simple, rapid, and highly selective
colorimetric detection method for cysteine based on its interaction with a
Chromium (111) chloride hexahydrate and diphenylcarbazone (DPC)
complex. The sensing mechanism relies on the ability of cysteine to reduce
the Cr-DPC complex, leading to a distinct color change from purple to green.
This reaction completes within 30 minutes and is easily visible to the naked
eye, allowing preliminary detection without sophisticated instrumentation.
Cysteine detection is clinically significant due to its relation to cystinuria, a
rare inherited disorder characterized by defective renal reabsorption of
cystine and other dibasic amino acids. Excess cystine in the urine leads to
the formation of cystine stones, causing recurrent kidney stone episodes,
pain, and potential kidney damage. Monitoring cysteine or cystine levels in
urine is essential for early diagnosis and effective disease management in
cystinuria patients. Interference studies using physiologically relevant
urinary analytes (urea, creatinine, amino acids, ions, glucose, etc.)
demonstrated no significant interference, confirming the system’s high
selectivity toward cysteine. pH studies further validated the sensor’s stability
under varying urine-like conditions. The colorimetric response gradually
intensified up to 9 hours due to complex stabilization but diminished slightly
at 24 hours, likely due to environmental degradation. As a future perspective,
a portable Arduino Mega 2560-based analytical device is proposed,
integrated with a TCS230 color sensor programmed to convert RGB data to
HSV values for higher accuracy.. Such a system would be highly beneficial
for cystinuria patients, enabling routine monitoring of cysteine levels to
prevent stone formation, improve treatment outcomes, and reduce hospital

visits
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Chapter 1

Introduction

Accurate and accessible methods for detecting biomolecules are critical for
advancements in clinical diagnostics, environmental monitoring, and
quality control. Here, we have presents the development of a colorimetric
assay for the detection of cysteine, utilizing the unique chemical interaction
between chromium chloride, diphenylcarbazide (DPC), and cysteine!. This
complex exhibits characteristic chromogenic properties, which are further
modulated upon interaction with cysteine. Cysteine reacts with the Cr-DPC
complex, leading to a shift in the color gradient from reddish-purple to green
colour , with the RGB green intensity directly correlating to cysteine
concentration?. The assay's visual response was analyzed using RGB (Red-
Green-Blue) image processing, focusing on the green channel intensity to
quantify cysteine levels. The chemical reactions and the resulting
chromogenic shifts were systematically studied to establish a reproducible
trend. The RGB data will be further processed in MATLAB to create a
calibration model mapping RGB intensity to precise concentrations®.Future
goals will include the use of Al models such as XGBoost* and Scikit-learn®,
to improve the reliability of image analysis by addressing variations in
lighting and sample conditions. Moreover, efforts are underway to integrate
this assay into a portable detection system using Arduino-based technology,
paired with a mobile application for real-time image capture and data
processing®. This comprehensive approach combines chemical analysis,
computational modelling, and engineering design to create a robust, user-
friendly platform for cysteine quantification. The proposed system is
expected to bridge the gap between laboratory-based methods and field-
ready diagnostic tools, offering significant potential for applications in
resource-limited settings. The most frequent genetic cause of paediatric
nephrolithiasis is cystinuria. Since the genetic abnormality affects the

reabsorption of cystine and three other amino acids (arginine, lysine, and



ornithine) in the renal proximal tubule, it is regarded as a heritable
aminoaciduria’. Because cystine is an amino acid that is poorly soluble at
normal urine pH, patients with this illness have higher excretions of cystine
in their urine, which can lead to the formation of cystine calculi. SLC3A1
and SLC7A9, which encode the two subunits of the heterodimeric
transporter, are the two genes that have been identified as disease-causing
thus far 7 . This condition's clinical manifestations are only associated with
nephrolithiasis. Although late diagnosis is frequent, the diagnosis is
typically made in infancy or adolescence. Of the 41 individuals with a
positive Brand test, 39 (1.9%) had pathological cystinuria confirmed. While
the age of stone beginning was 21.8 +/- 12.4, the mean age of cystine stone
patients was 38.1 +/- 15.8 years. Six patients were seen at the onset of renal
stones, whereas 85% of cases had recurrent stones. The ratio of men to
women was 1.0.62. The patient experienced 18.5 +/- 35.8 stone bouts on
average, with 4.1 +/- 4.3 years between the first recurrence. Five years
following the initial kidney stone, 83% of cases recurred. In addition, we
looked at 85 individuals of 24 families whose relatives had cystine stones.
Only five (21%) of the twenty-four family members who had high cystine

excretion had cystine calculi @,

The development of sensitive and cost-effective methods for detecting and
quantifying biomolecules is a critical need in analytical chemistry and
biosciences. Colorimetric assays, which rely on visually detectable or
spectrophotometrically measurable color changes, have gained prominence
due to their simplicity, reliability, and potential for point-of-care
applications. Among various chemical systems used in colorimetric
detection, the interaction between CrCls and DPC can emerged as a versatile

tool, owing to its ability to form a distinct, chromogenic complex.

DPC is know for its ability to form a stable, colored complex with chromium
ions, particularly Cr(\V1) and Cr(111). This complex exhibits unique spectral

properties, making it an ideal candidate for use in quantitative analysis®. In



this study, we explored how this Cr-DPC complex interacts with varying
concentrations of cysteine, an essential amino acid with significant
biological and industrial importance. The interaction results in noticeable
shifts in the color intensity of the solution, creating a color gradient that can
be quantified for analytical purposes®. Cysteine accurate measurement is
essential in various fields, including clinical diagnostics, pharmaceutical
quality control, and environmental monitoring. Leveraging the reactivity of
cysteine with the Cr-DPC complex, we developed a straightforward and

efficient colorimetric assay to determine cysteine concentrations.

A key advantage of the developed Cr-DPC-cysteine assay lies in its ability
to produce a visually distinguishable green color gradient that corresponds
to different cysteine concentrations. This shift in color intensity, which
arises from the interaction between cysteine and the Cr-DPC complex,
provides a basis for accurate quantification. To enhance the precision of the
analysis, the RGB (Red-Green-Blue) color model***® was employed to

capture and analyse the colour variations across the concentration range.

Using RGB analysis, the green channel intensities of the assay solutions
were extracted and correlated with cysteine concentrations. Images of the
solutions were captured under consistent lighting conditions using a
standard phone camera, ensuring accuracy. The green intensity values were
then processed using Color Grab'*%°application, this enabled the
development of a calibration curve that directly linked the green channel
intensities in a way that when concentration of cysteine increases the
corresponding green channel intensity was increasing, to the corresponding
cysteine concentrations. This analysis approach not only minimized human

error but also allowed for precise and reproducible data interpretation.






Chapter 2

Review of Past Work and Problem Formulation

Cystine is amino acid, composed of dual cysteine molecules bonded via a
disulfide bond. In this disease faulty trans-epithelial transporters of the
dibasic amino acids, ornithine, cystine, arginine, lysine, and (“COLA amino
acids”) within each the renal proximal tubules and the intestinal tract. But
due to its low solubility at physiological urinary pH, over-excretion of
cystine in the kidney ends in the remarkable-saturation of cystine inside the
urine and formation of cystine crystals and sooner or later stones. Stone
formation in cystinuria is due to free solution crystallization'®. Cystinuria is
an autosomal recessive disease'’; however, some heterozygote carriers have
an autosomal dominant, incomplete penetrance appearance with elevated,
but typically non-pathological urinary cystine excretion, but because of this
abnormality, prior,to genetic analysis cystinuria sufferers havebeen phenot
ypically classified as both type I or non-type I (type Il or type I11) based on
urinary excretion and Gl absorption®® of cystine within the parents (obligate
heterozygotes) of sufferers Non-type | carrier can present with
symptomatic cystine stones, even though not often. The physiology of
cystine absorption is concept to include precise amino acid transporters
inside the kidney and GI tract Cystine and the dibasic amino acids are
absorbed from the urinary lumen into the proximal tubules through
covalently linked heterodimer amino-acid transporters—rBAT and B(0,+)
AT—found on the luminal face of each the Gl tract and the proximal tubules
of the kidney*®.

Excessive urinary cystine levels are indicative of cystinuria®®, that's
characterised through impaired reabsorption of cystine in the kidneys. This
circumstance can lead to recurrent Kkidney stones, often presenting
symptoms which includes flank pain, hematuria, and urinary tract
infections?!. Monitoring cystine levels helps prevent complications related

to kidney stones, which include urinary obstruction, chronic kidney
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disorder, and acute renal failure due to stone-associated blockages. Early
detection permits for timely interventions, which include improved fluid
intake and dietary adjustments®2. As the cystinuria results in urinary growth
in L-cystine stage and growth of cystine stones?3, L-cystine is for that reason
the maximum considerable biomarker for the accurate and early analysis of
cystinuria®®. Therefore, keeping their levels in check is vital for early
prevention, analysis and treatment. 2° The purpose of the project is to design
a sensitive and practical colorimetric assay for detecting cysteine
concentrations by utilizing the interaction between cysteine and a Cr-DPC
complex. This assay will produce a visually distinct color gradient that
correlates with cysteine levels. The assay's readout will rely on RGB
analysis, where images of the reaction mixtures are captured using a
standard camera under uniform lighting conditions. The green channel
intensity from these images is extracted and analyzed to establish a
quantifiable trend corresponding to cysteine concentration. To refine the
accuracy of this method, MATLAB will be used to model the colorimetric
responses and generate calibration curve. This curve will serve as the
baseline for mapping the RGB intensities to specific cysteine
concentrations. In the long term, this research aims to translate the
laboratory-based assay into a portable and user-friendly device. By
integrating the assay with an Arduino-based detection system, a device will
be developed to capture, process, and analyze images directly. The
integration of a mobile application will further simplify the workflow,

allowing users to obtain real-time cysteine concentration readings.
Contemporary Diagnostic Approaches for Cystinuria Detection

The detection of cystinuria has evolved significantly in recent years,
incorporating both established techniques and innovative methodologies
that enhance diagnostic precision, safety, and clinical applicability. These

methods are employed for both preliminary screening and confirmatory



diagnosis, with advancements improving sensitivity, specificity, and overall

reliability.
1. Urinalysis and Microscopic Crystal Identification

Routine urine examination remains an essential diagnostic tool.
Microscopic evaluation of urinary sediment frequently reveals hexagonal,
flat cystine crystals—hallmarks of cystinuria—which are observed in a
substantial proportion of untreated individuals. These crystals are
considered pathognomonic for the disease. Additionally, urinalysis may
reveal a characteristic sulfurous odor, often described as reminiscent of

rotten eggs, due to the sulfur-rich nature of cystine.?
2. Preliminary Qualitative Tests

One of the earliest screening methods for cystinuria is the sodium
nitroprusside test, which induces a purple coloration upon reacting with
elevated concentrations of cystine in urine. Although it allows for rapid
detection, the test is prone to false-positive results and has limited
sensitivity, reducing its diagnostic utility. Consequently, it is now regarded
as obsolete for routine clinical use. To enhance test safety and reliability,
recent modifications involve the use of borohydride as a reducing agent

instead of cyanide, improving the method's feasibility in clinical settings.
3. Quantitative Assessment of Urinary Cystine

The quantification of cystine excretion over a 24-hour period remains the
cornerstone of cystinuria diagnosis. Analytical techniques such as ion-
exchange chromatography and liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) are employed to accurately measure
cystine levels, along with associated dibasic amino acids including
ornithine, lysine, and arginine. In recent developments, amperometric
detection methods using silver electrodes have emerged as cost-effective

and straightforward alternatives. These electrochemical approaches allow



for direct cystine measurement and hold promise for point-of-care

applications.
4. Assessment of Cystine Solubility and Supersaturation

The cystine capacity test evaluates the extent to which a patient's urine can
solubilize an added quantity of solid cystine. This test provides a functional
assessment of cystine saturation and is especially relevant in patients
undergoing treatment with thiol-based agents, where conventional
supersaturation testing may not yield reliable results. Despite being
technically demanding, the test offers high diagnostic value. Alternatively,
cystine supersaturation can be directly calculated using software models
based on urinary composition, which assists in evaluating stone formation

risk and tailoring therapeutic strategies.
5. Analysis of Stone Composition

The definitive characterization of urinary calculi, especially to confirm
cystine content, is achieved using techniques such as Fourier-transform
infrared (FTIR) spectroscopy and X-ray diffraction. These methods provide
precise molecular and crystalline analysis, essential for the accurate

classification of stone types and guiding appropriate management.
6. Radiological Detection of Cystine Stones

Imaging plays a critical role in identifying cystine urolithiasis. Non-contrast
computed tomography (CT) is considered the most sensitive and specific
modality for stone detection?’. Cystine calculi typically exhibit low
radiodensity, generally less than 800 Hounsfield units, rendering them
faintly radio-opaque. While CT is the gold standard, ultrasonography is
often preferred in pediatric populations and during pregnancy due to its non-
ionizing nature. It can detect larger calculi and complications such as
hydronephrosis. Plain abdominal radiography (KUB) is less sensitive, as
cystine stones are only mildly radiopaque and may be overlooked on

standard X-rays.



7. Molecular Genetic Testing

Genetic confirmation of cystinuria involves identifying mutations in the
SLC3A1 and SLC7A9 genes, which encode subunits of the amino acid
transporter responsible for cystine reabsorption in the renal tubules. Next-
generation sequencing (NGS) platforms are increasingly utilized for this
purpose, offering comprehensive analysis capable of detecting both point
mutations and larger genomic alterations. NGS surpasses traditional Sanger
sequencing in scope and resolution. Additionally, multiplex ligation-
dependent probe amplification (MLPA) and real-time polymerase chain
reaction (PCR) techniques are employed to identify large-scale deletions or
duplications within the target genes, further enhancing diagnostic

accuracy.?®
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Chapter 3

Experimental

e Reagents
All reagents used were analytical grade. Chromium chloride
hexahydrate (CrCls.6H.0), 1,5-Diphenylcarbazone (C13H12N4O), L-
Cystine (CeH12N204S2), were purchased from SRL. All glassware
and magnetic stirrer bars were cleaned using freshly prepared aqua
regia (HCI/HNO:s, 3.1), followed by thorough rinsing with ultrapure
water and air drying.

e Instrument
UV-vis spectra were obtained using a UV-vis Spectrophotometer
(SHIMADZU UV-vis 2600 PC, Japan) with baseline correction in
the range of 200800 nm. Fourier Transform Infrared (FTIR) spectra
were recorded on a Thermo Scientific Nicolet iS10 (USA) in
Attenuated Total Reflectance (ATR) mode, with baseline correction

applied over the wavenumber range of 4000400 cm™.

For the detection of different concentration of cysteine, complex is
prepared by adding chromium chloride and diphenyl carbazide in optimum

ratios.
3.1. Preparation of DPC Solution

The DPC solution was prepared by dissolving 2 mg of DPC in 1 mL of
99% ethanol to achieve a concentration of 2 mg/mL. This corresponds to
a molar concentration of approximately 8.26 mM, calculated based on the
molecular weight of DPC. The solution was mixed thoroughly to ensure
complete dissolution of the DPC in ethanol, and care was taken to avoid
exposure to light, as DPC is light-sensitive. The prepared DPC solution was

stored in a foil wraped container at room temperature.

11



3.2. Preparation of Chromium Chloride Solution

A stock solution of 1 M chromium chloride (CrClz) was prepared by
dissolving the required amount of chromium chloride in deionized (DlI)
water at room temperature. For the assay, the stock solution prepared was
of 1 mM concentration by mixing 10 mL of DI water with 1.33gm of
chromium chloride. The solution was mixed thoroughly to ensure
homogeneity. The diluted solution was stored at room temperature in a

sealed container to minimize contamination or evaporation.
3.3. Preparation of Cysteine Stock Solution

A 1 mM stock solution of cysteine was prepared by first dissolving the
121mg of cysteine in 1N HCI. The acid was used to make cysteine soluble
in the solution. Once the cysteine was fully dissolved, the solution was
diluted to a final volume of 10 mL using citrate buffer. The citrate buffer
was specifically chosen to maintain the pH of the solution within the range
of 6 to 6.4, which is ideal pH of urine. The final cysteine solution, at a
concentration of 1 mM, was stored at 4°C and used for preparing a range of

cysteine concentrations for the assay.
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Chapter 4

Results and discussion

4.1. U V-Visible spectra and FTIR (Fourier Transform Infrared

spectroscopy) spectra of Compounds

UV-Vis spectroscopic analysis was performed to evaluate the absorption
profiles of CrCl;, DPC, cysteine, and the resulting Cr-DPC-cysteine

complex. The individual compounds exhibited distinct absorption peaks.

411 DPC

Diphenyl carbazone is an organic dye (Fig. 4). It contains two phenyl rings
form the backbone, providing hydrophobic and n-conjugated properties and
a chain with alternating nitrogen (N) and oxygen (O) atoms, including a
hydrazone (-NH-N=) group. The carbazone group is responsible for metal

ion chelation and color changes due to electron delocalization (Fig. 1).

The system's conjugated structure facilitates absorption of visible light,
making it a chromophore. This property gives the dye its ability to change
color in the presence o04f specific ions, depending on the pH and other

chemical environments.

Fig. 1. Structure of DPC

13



DPC

105
1

ce (%

0.95

: 3057
A 3249

0.85

160
1500

Transmittan

0.8
0.75
0.7
4000 3500 3000 2500 2000 1500 1000

Wave number (cm™)

Fig. 2. FTIR of DPC

DPC UV Spectra

Absorbance (AU)

= = bk W o LA

200 300 400 500 600 700
Wavelength (nm)

Fig. 3. UV-vis absorption spectrum of DPC

The FTIR spectral analysis of DPC reveals significant peaks that
provide insights into its functional groups and chemical structure (Fig.
2). A prominent peak at 3249 cm™ corresponds to N-H stretching
vibrations, characteristic of the aliphatic primary amine group present in
the molecule. This confirms the presence of the hydrazine moiety, a key
reactive site in DPC. Additionally, strong peaks observed at 1600 cm™
and 1500 cm™ are attributed to C=O stretching vibrations and the
aromatic ring structure, respectively. These peaks indicate the presence
of carbonyl groups and the aromatic framework that contribute to the

chromogenic properties of DPC.
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Fig. 4. Image of DPC dissolved in 99% ethanol

412 CrClz

Chromium chloride is an inorganic compound. It exists in multiple
oxidation states, with CrCls being the most stable form (Fig. 5). CrCls is
typically found as a dark green crystalline solid that is highly soluble in
water, forming a hydrated complex. The compound's ability to form stable

coordination complexes with various ligands makes it a versatile reagent.

Cl
Cr ) GHQO
Pl !
Cl Cl
Fig. 5. Structure of CrCls.6H,0
CrCl
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g 0.9 600'
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Fig. 6. Chromium chloride FTIR Spectra
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e The FTIR spectral analysis of CrCl: provides valuable insights into its
molecular structure and bonding. Peaks observed below 600 cm™ are
characteristic of metal-halide interactions, specifically attributed to the
stretching vibrations of the Cr-Cl bonds. These peaks confirm the strong
coordination between chromium and chlorine atoms in the compound.
Additionally, a distinct peak near 1627 cm™ corresponds to H-O-H
bending vibrations, indicating the presence of water molecules, likely

from hydration or moisture in the sample (Fig. 6).

CHROMIUM CHLORIDE UV SPECTRA
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Fig. 7. Chromium chloride UV Spectra

e The UV-Vis spectral analysis of chromium chloride (CrCls) revealed
absorption peaks at 436 nm and 621 nm, closely aligning with the
reported values of 432 nm and 621 nm. These peaks are characteristic
of d-d electronic transitions in the Cr*" ion, reflecting its octahedral
ligand field environment. The slight shift in the 436 nm peak compared
to the reported value may be attributed to variations in solvent,
concentration, or sample conditions during the analysis. This
consistency confirms the expected electronic behavior of CrCls in

solution (Fig. 7).

4.1.3 Complex of DPC and CrCl3

When CrCls is mixed with DPC in an aqueous solution, the Cr*" ion
displaces some or all of its chloride ligands to coordinate with the electron-

donating sites on DPC. Typically, the oxygen atom from the carbonyl group

16



and one of the nitrogen atoms from the hydrazine group coordinate with the
chromium centre, forming a chelate ring. This bidentate coordination

stabilizes the complex. The complex formed gives dark purple colour (Fig.
10)
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Fig. 10. Image of complex 17



4.2. Selection of complex ratio

+ Two complexes were analysed with UV-Visible spectroscopy (Fig. 8).
e 3.1 Complex. This means the ratio of DPC to CrCls is 3.1.
e 6.1 Complex. This means the ratio of DPC to CrCls is 6.1.

¢+ The UV spectra were recorded at different time intervals. 30 minutes, 1 hour,

8 hours, and 12 hours.

Observation. -Both graphs show absorbance values across a range of wavelengths
(200-800 nm). A peak around 542 nm is significant for indicating the formation
of the complex. Over time, the intensity of the peak changes, suggesting the

progress or stability of the complex formation (Fig. 11).

6:1 Complex at different time stams 3:1 Complex at different time stams

‘Wavelength (nm)

——30min 1 Hour 8 Hour 12 Hour ——30min 1 Hour 8 Hour 12 Hour

Fig. 11. - Time dependent study of different complex ratio
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4.3. Interaction of Complex with cysteine concentrations

Interaction of Complex with Cysteine
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Fig. 12. UV Spectra of interaction of cysteine and complex

The diminishing absorbance suggests that the chromophore environment of
the complex is being altered, likely due to direct interaction with cysteine.
The spectral shift in the second graph indicates that the thiol group of
cysteine is coordinating with a component of the complex, resulting in

changes to the electronic environment. The interaction appears to cause a
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visible color change, which is consistent with modifications in the complex’s

electronic transitions caused by binding of cysteine.

The binding is likely to occur through the thiol group of cysteine attaching
to the metal centre in the complex (possibly Cr in the CrCls-DPC complex),
as thiols have high affinity for metals. This interaction forms a new
coordination structure, leading to the observed spectral changes. The color
gradient reinforces the idea that the binding is concentration-dependent,
providing further support for the interaction hypothesis. The colour gradient

is shown below in Fig. 15. (A)
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Fig. 13. Visible colour gradient (A) in higher ranges and (B) lower ranges

e FTIR Analysis of interaction
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In these overlay graphs of interaction, the peak at 1043 cm™
indicates C-O or C-N bond vibrations, suggesting ligand
coordination to the metal center. Peaks in the 500-700 cm™ range
correspond to metal-oxygen or metal-nitrogen stretching,
confirming complex formation. The shift and reduction in intensities
of the characteristic peaks suggest interaction between the thiol (-
SH) group of cysteine and the complex, likely involving
coordination with the metal center, leading to structural
rearrangements. These observations confirm the formation of the
complex and its interaction with cysteine through thiol binding,

supported by significant spectral shifts (Fig. 14).

4.4.RGB Analysis
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LOD (png/ml) | LOQ(ng/ml) % RSD R?
GREEN 7.6 23 2.7 0.98
R/G 9.5 28 5.9 0.96
G/B 7.8 23 8.3 0.92

Fig. 16. -RGB Analysis and LOD, LOQ, %RSD and R?

The intensity of the green channel increases with the interaction of cysteine

and the complex, indicating a shift in the visible spectrum's green region.

e R2Value = 0.98, indicates a very strong correlation between cysteine
concentration and the green channel intensity.

e LOD (Limit of Detection) = 7.6 pg/mL. The minimum cysteine
concentration detectable using this green channel intensity.

e LOQ (Limit of Quantitation) = 23 pg/mL. The minimum cysteine

concentration quantifiable.

%RSD (Relative Standard Deviation) = 2.7%. The low %RSD suggests

excellent precision for this parameter (Fig. 16).

> R/G Ratio.

e The red-to-green (R/G) intensity ratio decreases as cysteine
concentration increases. This implies that the red intensity is

reducing relative to the green intensity, confirming the color shift.

e R2 Value = 0.96. A strong correlation between R/G ratio and

cysteine concentration.

e LOD = 9.5 pg/mL, LOQ = 28 pg/mL, %RSD = 5.9%. These
values indicate slightly reduced sensitivity and precision compared

to the green channel alone.

> G/R Ratio.
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e The green-to-red (G/R) intensity ratio increases with increasing
cysteine concentration, reinforcing the observation of enhanced

green channel intensity relative to red.

e R2Z Value = 0.92. Still a strong correlation, though slightly lower

than the green channel or R/G ratio.

e LOD = 7.8 pg/mL, LOQ = 23 pg/mL, %RSD = 8.3%. These
values show good sensitivity but slightly lower precision for this

parameter.

The results from UV-Vis spectroscopy, FTIR analysis, and RGB
colorimetric evaluation collectively confirm the interaction of the complex

with cysteine, primarily through the thiol (-SH) group of cysteine.

» UV-Vis Spectroscopy.
The UV-Vis analysis demonstrates a clear concentration-dependent
interaction between the complex and cysteine. The significant decrease
in absorbance at the characteristic peak around 542 nm indicates
structural alterations in the complex due to cysteine binding.
Cysteine's thiol group with the metal in the complex interaction disrupts
the chromophoric system, leading to changes in the optical properties of
the complex and the resulting color gradient.

> FTIR
FTIR analysis supports the structural characterization of the complex
and confirms the interaction with cysteine. The complex exhibited
characteristic peaks at 500-700 cm™, confirming metal-oxygen or
metal-nitrogen coordination, and at 1043 cm™, indicating metal-ligand
interactions. Upon interaction with cysteine, notable shifts in these
peaks were observed, suggesting the binding of cysteine to the metal
center, likely through the thiol group.
Additionally, the absence or reduction of characteristic thiol vibrations
from cysteine in the combined spectra indicates thiol-metal

coordination.
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4.5.Urine spike study
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Fig. 17. - Urine spike study
(a) Colour gradient obtained

(b) UV-Vis Spectrum

The analysis of cysteine in urine samples spiked with varying
concentrations of cysteine (0—600 pg/mL) using the complex of chromium
chloride (CrCIl) and diphenylcarbazone. In panel (A), a distinct color
gradient is observed, transitioning from deep purple at lower concentrations
to pale green at higher cysteine levels, indicating the disruption of the CrClI-
diphenylcarbazone complex by cysteine. Panel (B) presents the UV-visible

spectra of the spiked urine samples, showing absorbance patterns across
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350-700 nm wavelengths. The spectra reveal a decrease in absorbance
intensity as cysteine concentration increases, particularly around 500 nm,
which corresponds to the characteristic peak of the intact complex. This
reduction in absorbance suggests a competitive interaction or reduction
effect caused by the thiol group in cysteine, leading to decolorization. The
calibration curve derived from these data highlights the method's potential
for quantifying cysteine concentrations in biological samples with high
sensitivity and precision. The LOD, LOQ, %RSD and R2 of RGB analysis

obtained is given in Fig. 18.
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Fig. 18. RGB analysis

(a) Green channel intensity
(b) Comparative LOD, LOQ, %RSD and R?
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4.6.Interference Study
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Fig. 19 - Interference study

To evaluate the selectivity of the Cr-DPC complex toward cysteine, an
interference study was conducted using common urinary analytes at their
physiological concentrations. Analytes such as urea, glycine, histidine,
nitrite, creatinine, NaCl, K*, Cl-, Ca?*, Na*, glutathione, methionine,
tyrosine, aspartic acid, ketone bodies, homocysteine, uric acid, glucose,

protein, and ascorbic acid were tested.
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Fig. 20. RGB Analysis of inference study

The results showed no significant colour change or interaction between the
Cr-DPC complex and any interfering species, with all samples retaining the
purple colour of the complex. Only cysteine (500 pg/mL) triggered a

distinct colour change from purple to green, indicating specific binding.
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RGB analysis further confirmed that only cysteine increased the green
channel intensity, while other analytes had no effect. This demonstrates the
complex's high selectivity and strong anti-interference capability for
cysteine detection in biological samples.
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Fig. 21. Interference study of pH

Similarly, to assess the effect of pH variation on the complex’s selectivity,
interference studies were performed across pH 3 to pH 8, simulating
possible urine pH ranges. The pH was adjusted using buffer solutions. The
Cr-DPC complex maintained its colorimetric response, showing a consistent
color change from purple to green in the presence of cysteine (500 pg/mL)
at all tested pH levels. This confirms the stability and reliability of the

detection system under varying physiological pH conditions.

4.7. Time-dependent study of colorimetric reaction
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Fig. 22. Gradient obtained at different time stamp
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A time-dependent study was conducted to evaluate the colour stability of
the Cr-DPC complex with cysteine. The colour change from purple to green
appeared clearly within 30 minutes, correlating with the cysteine
concentration, and was easily visible to the naked eye. This indicates that
the reaction completes within 30 minutes, making it suitable for rapid visual
detection. Further observation at 1, 3, and 9 hours showed gradual
brightening of the green colour, likely due to slow stabilization or
rearrangement of the complex. However, a slight decrease in intensity was
observed at 24 hours, possibly due to gradual degradation, oxidation, or
precipitation of the complex. External factors like light exposure or
evaporation might also contribute to this decline. Overall, the system
provides quick detection within 30 minutes and remains stable for several

hours, with maximum colour intensity around 9 hours.

4.8. Read out method

4.8.1. Arduino Mega 2560. Microcontroller Platform

The Arduino Mega 2560 is a robust, open-source development board that is
built around the Atmel ATmega2560 8-bit microcontroller?®. It boasts 54
digital 1/0 pins, including 15 that are capable of PWM, 16 analog input
channels, and 4 hardware serial communication ports (UARTS), making it
particularly well-suited for data collection and control in multisensor
applications. With 256 KB of flash memory, 8 KB of SRAM, and 4 KB of
EEPROM, it offers ample storage and processing capability for intricate
sensing algorithms, real-time operations, and data storage®. In this project,
the Mega 2560 is utilized as the primary processing and control unit to
interface with the TCS230 color sensor, regulate timing functions for signal
acquisition®!, and send the processed RGB and HSV values to a PC interface

for analysis in real-time. Its standard 5V logic level and wide array of pins
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enable direct connection with the TCS230 module without requiring any

logic level shifting.
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Fig. 23. - Arduino mega2560

4.8.2. TCS230 Color Sensor. Optical Measurement System

The TCS230 (also referred to as TCS3200 in various models) is a
programmable device that converts color to frequency®, incorporating a
photodiode array, a current-to-frequency converter, and digital control
circuitry all within a single integrated unit. It features an 8x8 grid of
photodiodes® that are specifically filtered to detect red, green, blue, or clear
light (unfiltered). The internal multiplexing system permits the selection of
one-color channel at a time, facilitating the analysis of discrete RGB
components. The photodiodes produce a current in relation to the intensity
of the incoming light, which is then transformed into a square wave that has
a frequency directly proportional to the intensity of the light®. This
frequency output can be conveniently read using the digital input pins of an

Arduino.

To maintain precision and repeatability in colorimetric assessments, the
sensor is housed within a specially designed light-isolated chamber, which
is lined with matte white reflective paper to reduce extraneous light and
color distortion. Lighting is supplied by a constant-intensity white LED
ring, along with light diffuser sheet, ensuring that illumination remains

uniform during measurements. A cuvette holder positions the liquid sample
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at a right angle to the sensor in order to enhance spectral reflectance and

transmission properties.

Fig. 24. - TCS230 Camera sensor

4.8.3. System Integration and Workflow

The TCS230 sensor interfaces with the Arduino Mega 2560 using four
digital 1/0 pins.

e S0 and S1. Selection for frequency scaling
e S2and S3. Selection for color filter (R/G/B)

Power (USB)
=
o B

TCS3200 color sen:

Fig. 25. Circuit schematic

OUT. Frequency output signal sent to Arduino (measured using pulseln)

A microcontroller routine systematically selects each color filter using S2
and S3, retrieves the frequency for each filtered color with the pulseln()

function, and calculates the corresponding RGB values. These raw values
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are then normalized and transformed into the HSV (Hue, Saturation, Value)
color model to better align with human color perception and to enhance
interpretability in biochemical contexts.

The acquired data is transmitted to a computer interface through USB serial
communication, enabling real-time logging and optional visualization of the
data. This conFig.uration allows for semi-automated colorimetric detection
applicable to analytical tasks such as quantifying cysteine, where changes
in color due to analyte interactions with chromogenic reagents correlate to
measurable RGB/HSV values.

4.8.4. Objective-Specific Implementation

The main goal of this instrumentation system is to deliver a budget-friendly,
dependable, and real-time method for assessing colorimetric variations in
liquid samples for biosensing or chemical assay purposes. By utilizing the
programmable capabilities of the Arduino Mega 2560 along with the
spectral sensitivity of the TCS230, the system facilitates.

e High-precision detection of changes in RGB intensity>®
e Consistent and calibrated color sensing within a controlled optical

setting®®

In the context of cysteine detection through a chromophore-based
colorimetric assay, this system enables accurate quantification of gradual
color transitions in the red-blue spectrum across a broad concentration
range. The digital output nature of the TCS230 effectively minimizes analog
noise®’, while the Arduino’s robust /O management provides adaptable

integration for additional sensors or actuated control mechanisms.

4.8.5. Comparison of RGB values obtained by color grab app and

Arduino read-out

To validate the performance of the developed device, the RGB values

obtained from the TCS230 color sensor were compared with those acquired
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using the Color Grab mobile application. As shown in the Fig.ure, both

systems exhibited a strong linear correlation between green channel

intensity and cysteine concentration spiked in real urine samples, with R?
values of 0.97 for the Color Grab app and 0.96 for the device. The similarity
in slope and intercept values, confirms the device's accuracy and reliability

in detecting subtle color changes. This close agreement validates the

practical applicability of the device as a low-cost alternative for quantitative

colorimetric analysis.
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Fig. 26. - RGB values obtained by Color grab app and device
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Chapter 5

Conclusion and Scope for Future Work

This study presents a multidisciplinary approach to the development of a
portable, cost-effective colorimetric sensing system for the quantitative and
visual detection of analyte concentration, with a focus on cysteine detection
using a Chromium(l11)-diphenylcarbazone (Cr-DPC) complex. The system
integrates analytical chemistry, embedded electronics, and colorimetric
image processing through the combined use of an Arduino Mega 2560
microcontroller and a TCS230 color sensor.

Chemically, the sensing mechanism is based on the formation of a Cr-
DPC complex that undergoes a distinctive color transformation upon
interaction with cysteine. The color change—from deep purple to green—
is both rapid and concentration-dependent, occurring within 30 minutes of
cysteine addition. This reaction was shown to be highly selective, with no
observable interference from other urinary constituents, and stable up to 9
hours, with only minor fading after 24 hours. Such properties establish the
assay’s suitability for short- to intermediate-term detection in physiological

environments, especially within the pH range typical of human urine.

In this context, the Arduino-based device serves as a practical platform for
quantitative monitoring of the colorimetric change. The TCS230 sensor
measures raw RGB values from the solution contained in a cuvette under
standardized illumination conditions. These values are then converted to
HSV color space, where the hue (H) component correlates more linearly and
robustly with the concentration of cysteine, compared to raw RGB. The
HSV space effectively decouples chromatic information from brightness
and saturation, making it less sensitive to environmental lighting and sensor
noise. For enhanced user feedback, the processed HSV values are optionally
converted back to normalized RGB for digital visualization or display

output, thus combining analytical precision with human readability.
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The system successfully mapped a smooth and interpretable color gradient
ranging from purple (0O pg/mL) to brownish-yellow (90-300 pg/mL), and
finally green (400-600 pg/mL), mirroring the chemical transformation
induced by cysteine concentration. The real-time nature of this detection
process, alongside the portability and affordability of the hardware, makes
the system highly promising for point-of-care diagnostics. In particular, it
provides a viable tool for non-invasive monitoring of cysteine levels in
patients with cystinuria, supporting early detection and ongoing disease

management.

In conclusion, this work demonstrates that the integration of simple yet
effective chemistry with open-source electronics and colorimetric
processing algorithms can yield an accurate, stable, and accessible
biosensing device. Future directions may include integrating wireless data
transmission, app-based tracking, and adaptation to multiplexed detection

of other biologically relevant analytes.
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