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Abstract Article Info.

Cadmium selenide (CdSe) nanocrystals, modified with water-soluble L-cysteine and

known as CdSe/Cys nanocrystals, were synthesized using L-cysteine as a stabilizing Keywords:

agent. This synthesis process ensured the formation of highly stable nanocrystals with CdSe Quantum Dots, L-
desirable properties for various applications. The CdSe/Cys nanocrystals were cysteine, Biosensors,
carefully studied using advanced methods to understand their structure, composition, Nanomaterials,  Optical
and optical features in detail. The peak that shows the preferred (111) orientation of  Properties.
L-cysteine-capped CdSe matches the usual core components, as indicated by the XRD

pattern. On the other hand, the peaks at (220) and (311) are not as prominent. Article history:
Photoluminescence (PL) spectroscopy was conducted to study the optical properties Received: Jul.08, 2024

of the CdSe/Cys nanocrystals. The PL spectra's strong fluorescence emission showed Revised: Nov. 09, 2024
these nanocrystals' excellent quantum efficiency. The emission peak was sharp and  Accepted:Nov.26, 2024
well-defined, highlighting the uniformity in size and composition of the synthesised Published:Jun.01,2025
nanocrystals. The study revealed the robust fluorescence of the spherical CdSe/Cys

nanoparticles, with an average diameter of 2.3 nm. Modifying the surface of CdSe

nanoparticles with cysteine improved their water solubility and biocompatibility.

1. Introduction

The extensively studied cadmium selenide (CdSe) quantum dot (QD) is a prominent
I1-VI semiconductor QD with diverse applications in fields, such as photovoltaics, LEDs,
sensors, photodynamic therapy, and biomarkers [1-7]. Their unique properties, stemming
from quantum confinement, enable these applications [8]. With a tunable energy band
gap across the visible spectrum, their size and shape can be modified during synthesis.
Various researchers were reported distinct methods for producing CdSe QDs. Their
synthesis was achieved through radiation chemical, hydrothermal, sonochemical,
microwave-assisted, conventional chemical reduction, and photochemical techniques.
The photochemical synthesis method is the most significant of these techniques as it does
not require hazardous chemicals or strict laboratory conditions [9-15]. QDs have been
surface passivated and stabilized using a range of capping agents, including biomolecules,
such as polysaccharides, DNA, proteins, and amino acids, among others, to limit their
development and boost their stability for various applications [16, 17]. Interestingly, thiol
(-SH) group-containing compounds have been employed extensively for chalcogenide
QD capping. For example, capping agents for CdSe, CdS, CdTe, and so on frequently use
L-cysteine, an amino acid with a thiol (-SH) group [18-21]. Cysteine is an essential amino
acid in proteins, recognized for its thiol group, which enables disulfide bond formation
and imparts unique structural qualities. Its molecular structure, which includes amino,
carboxyl, and thiol groups commonly found in proteins, makes cysteine an excellent
model for research. The chemical structure of cysteine consists of a central carbon atom
bonded to an amino group (NH2), a carboxyl group (COOH), a hydrogen atom, and a side

© 2025 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
article distributed under the terms of the Creative Commons Attribution 4.0 International License
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chain containing a thiol group (—SH). The thiol group, attached to the B-carbon (the
second carbon in the side chain), gives cysteine its unique properties, allowing it to form
disulfide bonds. This thiol (-SH) group enables cysteine residues in proteins to link
together, contributing to protein structure and stability. Using L-cysteine as a capping
agent, CdS/CdSe core-shell quantum dots were produced and employed as selective
fluorescent probes for Cu?* ions [22]. An innovative method was introduced for the
effective synthesis of CdSe nanoparticles in aqueous solutions, with L-cysteine used for
passivation [23]. The newly developed CdSe/L-cysteine quantum dots enable biological
labelling in aqueous environments. An eco-friendly process for making color-tunable
CdSe nanocrystals has been recorded, using ascorbic acid as a reducing agent and L-
cysteine as a capping agent [24]. CdSe quantum dots demonstrated cytotoxic effects [25].
However, diverse biomolecules can effectively inhibit it by serving as surface
passivating/capping agents [26, 27]. This work aims to synthesize and characterize L-
cysteine-modified CdSe quantum dots to develop highly sensitive and specific optical
biosensors.

2. Experimental Work

Various materials, including 99.9% pure sodium sulfide (Na;SOs), cadmium
chloride (CdCly), selenium (Se), and sodium sulfide (Na>S), were supplied from Sigma-
Aldrich without further purification. CdSe colloids were synthesized by mixing CdCl»
(solution 1) and Na»SeSOs (solution 2) in a 2:1 ratio, with Se and Cd ions at
concentrations of 0.02 and 0.04M, respectively. In a three-neck flask, the Cd solution
(heated at 60°C for 30 minutes) was added first, followed by the Se solution (heated at
90°C for 3 hrs). Ammonium hydroxide was added to adjust the pH to 7.2-7.4, and argon
gas was cycled through the mixture for 30 minutes to produce CdSe nanoparticles (CdSe-
NPs60 mg L-cysteine was dissolved in 2 mL of 0.1 mol L' NaOH and added to 1 mL of
1 umol L' CdSe QDs (as shown in Fig. 1) in DI water, then stirred for 60 minutes. After
30 minutes of treatment under room temperature, the organic phase was removed and the
material was filtered through a 0.2 um filter to create thin films for surface morphology
analysis. The ligand exchange with cysteine was carried out in a biphasic approach by
mixing QDs in diluted water with phosphate-buffered saline (PBS) and L-cysteine
solution. The mixture was stirred vigorously, resulting in phase transfer from the organic
to aqueous phase within 30 minutes. The QDs were then precipitated twice with ethanol,
re-dissolved in PBS at pH 7.4, and analyzed. QD-Cys formed macroscopic aggregates
overnight at room temperature. Storage at 4°C in the dark extended the stability of the
samples for only 24 hrs. The aggregation was caused by ligand dissociation and
spontaneous oxidation, leading to cysteine dimer formation. Nanoparticles were
characterized by X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR).
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Figure 1: CdSe quantum dot synthesis [25].
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3. Results and Discussion
3. 1. X-ray diffraction (XRD)

After capping with L-cysteine, the XRD peaks in Fig. 2 became clearly visible,
confirming the successful capping of CdSe with L-cysteine. This observation is primarily
attributed to the fact that the peak corresponding to the preferred (111) orientation of L-
cysteine-capped CdSe coincides with the shared components of the core structure. The
(111) peak is typically the most intense and represents the most stable and preferred
crystalline orientation in the material. In contrast, the peaks at (220) and (311) show lower
intensity, which can be attributed to the specific interactions between the L-cysteine
molecules and the quantum dot core. These interactions may lead to the partial
suppression or broadening of these peaks, resulting in lower intensity than that of the
(111) peak. Such behavior highlights the influence of the capping agent on the structural
and optical properties of the CdSe quantum dots, providing insights into the interaction
between the capping molecules and the core material [28].
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Figure 2: XRD pattern for CdSe capped L-Cysteine.

3. 2. Fourier-Transform Infrared (FTIR) measurements for CdSe with and
without cysteine

FTIR spectroscopy was conducted to determine whether the powder sample of pure
L-cysteine and L-cysteine-capped CdSe QDs had been capped. Fig. 3 shows the FTIR
patterns for CdSe QDs and CdSe capped L-Cysteine. Peaks at 2800-3300 cm™* point to
the NHz group [29]. Three potential binding sites for L-cysteine are the carboxylate
groups (COOH), amino (NH), and thiol (SH). The confirmation of the zwitterionic form
of L-cysteine is evident through the strong bands observed in the free form of L-cysteine
at 1571 cm, attributed to the NH2 asymmetric bending, and at 1480 and 1385 cm™,
corresponding to the COOH asymmetric and symmetric stretching. The NHz symmetric
and asymmetric vibrations are indicated by the broad band at 2850 and 3130 cm?,
respectively, while the NHs rocking vibration mode appears at 1120 cm™, and the C-N
stretching is depicted at 1045 cm™. The vibrations S—H stretching and bending
frequencies were detected at approximately 2580 and 960 cm™?, in that order. These S-H
bands are absent from the FTIR spectra of CdSe capped by L-cysteine. This results from
the S—H bond cleaving and the creation of a new Cd-S bond. This observation provides
clear evidence of the surface bonding of L-cysteine with the CdSe QDs. The broad band
in the 2760-3450 cm™* is found to be simple blue shifted to 2730-3430 cm™2. This is due
to the N-H and N-H-O stretching, which may arise because of H-bonding in the alkaline
pH of the reaction mixture. The characteristic frequency at 1385 and 1570cm™
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corresponds to COO-symmetric stretch and NH2 asymmetric bending mode,
respectively, are present in both spectra but have less intensity [30].
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Figure 3: FTIR patterns for CdSe QDs and CdSe capped L-Cysteine.

3. 3. FESEM of CdSe with and without cysteine

The Field Emission Scanning Electron Microscopy (FESEM) images, shown in Fig.
4 (a and b), reveal the surface morphology of pristine CdSe quantum dots both with and
without L-cysteine capping. The uncapped CdSe QDs exhibited spherical, uniform shapes
with an average size of less than 10 nm, confirming the successful synthesis of CdSe
quantum dots. The shell structure of CdSe was verified, and the surface of the sample
appeared smoother compared to uncapped CdSe. When L-cysteine was added to the
precursor solution, acting as a capping agent, the QDs became more uniform in size, and
the average particle size increased to approximately 13 nm. The images, particularly in
Fig. 4 (a), displayed aggregates of well-defined granules, suggesting that the QDs were
closely packed together. The presence of L-cysteine not only improved the uniformity of
the nanostructures but also had an impact on the overall size distribution of the particles.
This indicates that L-cysteine plays a crucial role in stabilizing the QDs, preventing
agglomeration, and enhancing their structural consistency. These findings are consistent
with previous reports on the impact of surface passivation in controlling the morphology
of CdSe QDs [31, 32].

D1 =10.92 nm

3. 4. UV-Visible Absorption Studies
The UV-Vis absorption spectra were observed at different UV photo-irradiation
durations to study how the absorption properties of the reaction mixtures evolve over time
under light exposure. The duration of UV exposure can affect the size, surface properties,
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and the formation of quantum dots, which influences the optical absorbance. This helps
understanding the kinetics of quantum dot formation and the impact of irradiation time
on their optical behavior, particularly when modifying the precursor and L-cysteine
concentrations. Fig. 5 illustrates the absorption spectra obtained at different photo-
irradiation periods for the solution with 0.3 mM L-cysteine, 2% (v/v) acetone, 2-propanol,
and 1 mM of each precursor (Cd:Se = 1:1). The graph indicates an increase in absorbance
with prolonged photo-irradiation [33].
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Figure 5: UV-Vis absorption spectra of CdSe QDs synthesized with the precursors 1 mM each
and L-cysteine 0.3 mM upon UV photo-irradiation at different time intervals.

This clearly confirms that there is a growth of CdSe QDs during photo-irradiation
over time. The particle size of these quantum dots was determined using the Scherrer
equation (D = kA/BcosO). The parameters were set: K to 0.9, A to 0.154 nm, B as the
full width at half-maximum (FWHM), and 6 as the Bragg diffraction angle. The
determined particle size ranges from 10 to 13 nm, which aligns well with the findings of
the XRD analysis [28]. The reaction mixture comprising 1 mM [Cd(NHz3], 0.5 mM SeSO;
(Cd:Se = 2:1), 0.3 mM L-cysteine, 2% (v/v) acetone, and 2-propanol has also undergone
similar time-dependent absorption experiments as shown in Fig. 6. The creation of CdSe
QDs was shown to be finished in ten minutes, while it took up to an hour for the reaction
mixture comprising 1 mM of each precursor and 0.3 mM of L-cysteine to form fully.
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Figure 6: UV-vis absorption spectra of CdSe QDs synthesized with Cd, Se and L-cysteine 1,
0.5 and 0.3 mM, respectively, upon photo-irradiation at different time intervals.
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It was noticed that the synthesis of CdSe QDs was complete even at an early time
of light irradiation using 0.5mM[Cd(NH3)], 1mM SeSO: (Cd:Se=1:2), 0.3mM L-cysteine
together with acetone and 2-propanol each 2%(v/v). However, the QDs, in this case, were
unstable and aggregated, leading to the formation of larger particles in the solution. Thus,
it became evident that CdSe QDs are better capped with L-cysteine at a greater Cd:Se
ratio of 2:1, which increases the quantum dots stability. But at a lower Cd:Se ratio of 1:2,
the QDs are weakly capped with L-cysteine, which makes it easy for them to aggregate
to form larger particles. The FTIR investigations provided evidence that L-cysteine has a
larger affinity for Cd than Se and that it attaches to the surface of Cd atoms, which
explains these observations [33].

3. 5. Fluorescence Spectra

The fully-grown CdSe QDs fluorescence spectra were measured at room
temperature with an excitation wavelength of 400 nm, as shown in Fig. 7. These CdSe
QDs were synthesized using different reaction mixtures containing varied concentrations
of precursors [Cd(NH3)] and SeSOz]: (a) 1 mM each (Cd:Se=1:1), (b) 1 and 0.5 mM
(Cd:Se=2:1), (c) 1.25 and 0.5 mM (Cd:Se=2.5:1), and (d) 1.5 and 0.5 mM (Cd:Se=3:1)
with 0.3 mM L-cysteine. The fluorescence spectra observed were broad, spanning from
480 to 750 nm, with a peak emission at 580 nm and a full width at half maximum of 150
nm. As the Cd:Se ratio in the reaction mixture increased, the emission intensity also
increased. This phenomenon is probably due to enhanced surface passivation by L-
cysteine with Cd, resulting in reduced surface trap states in the CdSe QDs and an
elevation in the Cd content [34].
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Figure 7: Steady-state fluorescence spectra of CdSe QDs synthesized with different
concentrations of the precursors, (a)1,1; (b)1, 0.5; (¢) 1.25, 0.5; and (d)1.5, 0.5mM; andL-
cysteine0.3mM upon UV photo-irradiation at room teperature.

3. 6. In Vitro Toxicity Study

The CdSe QDs in this study were synthesized from two separate precursor
compositions: (i) 1 mM [Cd(NHs)] and (i1) 1 mM [SeSO:]. When exposed to ultraviolet
light, 0.5 mM SeSO: was used in water-based solutions containing 2% acetone and 2%
propanol, with or without 0.3 mM cysteine. Using Chinese Hamster Ovary (CHO)
epithelial cells, the biocompatibility of the CdSe QDs generated under various conditions
was assessed by tracking the cells' vitality 48 hrs after they were added. Based on the data
presented in Fig. 8, the cytotoxic effects were concentration-dependent when uncapped
QDs with stoichiometry ratios of 1:1 and 2:1 were introduced to the cells. At all
concentrations tested, the cytotoxicity of the 2:1 ratio was higher than that of the 1:1 ratio
(1-4 g/ml). Capped QDs at concentrations up to 5 g/ml (1:1 and 2:1) showed no signs of
toxicity. Despite observing a rise in toxicity with capped QDs at higher concentrations 10
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g/ml, it remained significantly lower than that of the corresponding uncapped QDs. This
difference is attributed to the smaller particle size in the 2:1 ratio, which is expected to
yield a larger surface area and a higher quantity of Cd on the surface. Thus, when
comparing a 1:1 to a 2:1 ratio, concentration and surface effects lead to increased
cytotoxicity. Remarkably, quantum dots capped at 2:1 showed reduced cytotoxicity
compared to those capped at 1:1, indicating the superior capping efficacy of L-cysteine
at higher Cd concentrations. These findings align with known absorption and
fluorescence characteristics of quantum dots. Therefore, capping is validated as an
advanced approach to modify the toxicity of synthetic CdSe QDs, rendering them suitable
for specific biological uses [35].
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Figure 8: Cytotoxicity of CdSe QDs synthesized with different concentrations of the
precursors and L-cysteine 0.3 mM under UV photo- irradiation, prepared under different
conditions in CHO cells as determined by the MTT assay. Values are mean + SEM (n = 4).

4. Conclusions

The photochemical synthesis of L-cysteine-capped CdSe quantum dots in water
was successfully achieved using very low precursor concentrations. A 2% (v/v) mixture
of acetone and 2-propanol was added to the primary reagents, sodium selenosulfate and
ammoniated cadmium sulfate. UV photoexcitation of acetone and hydrogen atom
extraction from 2-propanol led to the formation of 1-hydroxy-2-propyl radicals, which
then initiated the synthesis of CdSe quantum dots. The quantum dot formation process,
including photo-irradiation, was completed in a few minutes. Varying the precursor
concentrations in the reaction mixtures allowed for control over the room-temperature
fluorescence of the quantum dots. Increasing the Cd concentration enhanced both the
fluorescence intensity and the lifetime of the CdSe quantum dots, suggesting that L-
cysteine molecules were more effective at passivating the surface of Cd-rich quantum
dots. Furthermore, L-cysteine-capped CdSe quantum dots exhibited lower cytotoxicity
compared to their uncapped counterparts.
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