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Abstract:

Quantum Yield (QY) is essential for assessing the efficacy of fluorescent nanomaterials, especially for
biosensing, bioimaging, and optoelectronic applications. It indicates the efficacy with which a material emits
light when excited, and this efficacy directly influences our ability to detect and visualize biological activities
at the molecular scale. The present study evaluated how bioconjugation of biologically relevant compounds
to quantum dots (QDs) can influence their QY. We used cadmium telluride (CdTe) QDs capped with
mercaptopropionic acid and nitrogen-doped graphene QDs (GQDs) as model systems. These were combined
with folic acid, thiamine, cobalamin, bovine serum albumin, and DNA via EDC/NHS coupling chemistry.
Our results indicated that QY is significantly influenced by the type of biomolecule and its concentration.
While CdTe Qds exhibited superior intrinsic QY, GQDs displayed enhanced stability and biocompatibility,
with certain conjugations significantly increasing their fluorescence. These findings underscore the
significance of surface chemistry in modulating the optical properties of QDs. The present research
thoroughly examines changes in QY during conjugation, providing essential insights for the development of
advanced nanoprobes that are both fluorescent and stable, as well as biologically responsive. The research
establishes a basis for developing modified, high-efficiency fluorescence systems for diagnostic, sensing,
and therapeutic purposes.

Keywords: Cadmium telluride quantum dots (CdTe), Graphene quantum dots (GQDs),
Bioconjugation, Quantum Yield

Abbreviations: Fluorescence Spectroscopy (FS), Quantum Dots (QDs), cadmium telluride (CdTe-MPA),
graphene quantum dots (GQDs)

1. INTRODUCTION
In the field of photochemistry, photophysics, and nanobiotechnology, the QY is a fundamental measure.

Primarily in the form of fluorescence, this shows how effectively absorbed photons are converted into
observable emission. QY provides an exact quantitative measurement of the brightness and performance of
a luminous material '. The expression is the ratio of emitted photons to absorbed photons. A high QY ratio
is absolutely necessary to guarantee sensitivity, reproducibility, and signal quality across several
applications, including photovoltaics, optoelectronics, imaging, and sensing. QY directly governs the
efficacy of photon-driven processes and serves as a benchmark for evaluating materials used in light-
harvesting, emission-based sensing, and bioimaging '?. In fluorescence-based biosensors, for instance,
higher QY translates into more intense signals, improving detection limits and ensuring reliable performance
in complex environments 3. In live-cell imaging, high-QY fluorophores facilitate better resolution with lower
excitation power, minimizing phototoxicity while preserving sample integrity *. In optical devices and LEDs,


mailto:
mailto:jatinderatwork92@gmail.com
mailto:hemasai.biotech@gmail.com
mailto:surajonenonly@gmail.com
mailto:mahimathakur282000@gmail.com
mailto:barnwal@pu.ac.in
mailto:gurpalsingh.ips@gmail.com
mailto:pavitraranawat@gmail.com
mailto:barnwal@pu.ac.in
mailto:gurpalsingh.ips@gmail.com
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00084c

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 10:09:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

QY determines energy efficiency and stabilgFerPliddVaRskimizing QY is essential for advancing both Page2of24

scientific exploration and commercial translation of luminescent nanomaterials °. While Otto Warburg
applied these ideas to study photochemical efficiency in biological systems, early 20th century pioneers like
Max Planck laid the groundwork for quantum theory. From this moment in time, the concept of the quantum
yo-yo originates. QY has become a key performance measure in the evolution of photoluminescence (PL)
based technology. With the development of QD, semiconductor nanocrystals defined by unique energy levels
and size-tunable optical characteristics deriving from quantum confinement processes, the relevance of this
subject has expanded dramatically '-¢7. QDs provide several notable benefits when compared to conventional
fluorophores including broad absorption spectra, narrow emission bands, outstanding photostability, and
notable Stokes shifts. QD's efficacy in practical uses is fundamentally related to their QY. Higher quantum
yield not only boosts signal strength but also enhances spatial and temporaP'résélution °iisfeal-time
applications. Optimizing QY has thus become central to advancing various photonic tools, from clinical
diagnostics to environmental sensors 3. Furthermore, QY serves as a guiding parameter in the rational
design of nanomaterials, helping researchers fine-tune structure function relationships for specific end uses.
The photophysical characteristics of QDs, particularly their QY, are known to be profoundly influenced by
surface chemistry. Biomolecular functionalization using proteins, peptides, aptamers, or nucleic acids has
emerged as a promising strategy for potentially enhancing both the optical performance and biological
compatibility of QDs %12, By attaching biomolecules to the QD surface, it is anticipated that surface traps
could be passivated, nonradiative decay minimized, and water solubility improved, all of which may
contribute to significant increases in QY. Additionally, the functional groups present in biomolecules are
expected to facilitate favorable electronic interactions at the QD interface, stabilizing excitons and potentially
increasing radiative efficiency '>!4. Importantly, the conjugation of biomolecules to QDs is hypothesized to
offer dual benefits: not only improving QY but also enabling precise targeting in biological environments 1.
Such enhancements are especially relevant for applications in molecular diagnostics, cellular imaging, and
biosensing, where both strong fluorescence and biological specificity are required 618, Despite the well-
recognized cytotoxicity associated with cadmium-based quantum dots, CdTe QDs were intentionally
selected in this study as a model high quantum yield system for fundamental photophysical investigations
rather than for translational or clinical applications. Their exceptionally bright emission and well-
characterized surface chemistry make CdTe QDs a widely accepted reference platform for systematically
examining how surface bioconjugation influences quantum yield. Importantly, all applications discussed in
this work are strictly limited to in-vitro diagnostic and analytical sensing contexts, where the nanomaterials
are not administered to living organisms. Under such controlled conditions, CdTe QDs remain a commonly
used and effective tool for high-sensitivity fluorescence studies. In parallel, graphene quantum dots (GQDs)
were included as a representative carbon-based nanomaterial to address biocompatibility-related concerns
and to provide a comparative framework. This dual-material approach enables direct evaluation of how
different core compositions respond to identical bioconjugation strategies, while highlighting GQDs as a
potential low-toxicity alternative for future diagnostic translation.

In this work, we aim to systematically investigate how the QY of CdTe QDs and GQDs is affected by
conjugation with DNA aptamers, peptides, and proteins. CdTe quantum dots and graphene quantum dots
were selected as representative materials to explore this modulation in QY.

2. MATERIAL AND METHODS

METHODS:

2.1 Synthesis and Characterization of CdTe QDs and GQDs: The synthesis and characterization of
the QDs have been described in the supplementary file.

2.2 Bioconjugation of QDs with Folic Acid (FA)/ Bovine Serum Albumin (BSA) /Thiamine /
Cobalamin/ DNA/ Cholesterol and Cholecalciferol

To facilitate ligand specific bioconjugation, CdTe QDs and GQDs, each prepared at a concentration of 1
mg/mL, were first activated using carbodiimide chemistry. Specifically, 25 pL of N’ ethyl carbodiimide
hydrochloride (EDC; 400 mM in methanol) and 25 pL of N hydroxysuccinimide (NHS; 100 mM in
methanol) were added under constant stirring at room temperature (RT) and incubated for 30 minutes.
Following activation, the CdTe MPA QDs and GQDs were incubated with varying concentrations (1 pM, 2
uM, 5 uM, 25 uM, 50 uM, and 100 uM) of selected ligands including FA, BSA, thiamine, cobalamin, DNA,
cholesterol, and cholecalciferol, prepared in phosphate buffered saline (PBS; pH 7.4).
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was performed under strictly controlled conditions. The reaction mixtures were kept in dark conditions to
protect the EDC/NHS activated intermediates from light-induced decomposition, maintained at a
temperature of 0-4 °C, and continuously stirred (30 minutes) to facilitate homogeneous interaction
between the activated quantum dots and ligands. The reactions were conducted in phosphate buffer (pH
7.4) to maintain physiological conditions, ensuring stability of both the nanoparticle surface and the
biomolecules throughout the coupling process. These controlled parameters were found to yield reproducible
conjugation efficiency and stable fluorescent properties in all bioconjugated samples '°. Post conjugation,
the QDs were purified by centrifugation at 14000 rpm for 15 minutes to remove unbound ligands. This
washing step was repeated three times to ensure complete removal of excess free FA, BSA, thiamine,
cobalamin, DNA, cholesterol, and cholecalciferol. All other experimental conditions were maintained
consistently across samples. View Article Online

DOI: 10.1039/D6MA00084C
2.3 Measurement of QY
The fluorescence QY (®F) was determined using the comparative method. Here, the @ of a sample was
calculated by comparing the fluorescence intensity of unconjugated and conjugated CdTe-MPA QDs and
GQDs to the reference sample @ (Rhodamine 6G) using Equation 1. Therefore, the fluorescence QY of the
unknown is obtained from the product of the QY of the reference 2°.

Qs - Qr(Ar/As) (Es/Er) (s/Mr)* O]

Q = Fluorescence QY

n = Refractive index of the solvent

A = Absorbance of the solution

E = Integrated fluorescence intensity of the emitted light

Subscripts ‘r’ and ‘s’ refer to the reference and unknown fluorophore respectively

3. Results and Discussion

3.1. Synthesis and Characterization of CdTe-MPA QDs and GQDs

3.1.1. Synthesis of QDs

CdTe QDs (Figure 1A) and GQDs (Figure 1C) were synthesized as discussed in the methods sections of
supplementary file, owing to the distinct advantages offered by these methods, as enumerated in the
supplementary file.

Figure 1: Photographic image of QDs. A) CdTe-MPA QDs showing different emission colors during
synthesis (L,Il) 15 min, (Green); (IIL,1V) 30 min, (Green-Yellow); (V,VLVII) 45 min, (Yellow); (VIII) 60
min, (Yellow-Orange); (IX) 75 min (Orange-red); (X) 90 min,120 min (Red). B) GQDs after synthesis
under visible light C) GODs showing blue emission colour under UV light.

3.1.2. Bioconjugation of QDs with Folic Acid (FA)/ BSA/ Thiamine (Vitamin B;)/ Cobalamin (Vitamin
B1,)/ DNA/Cholecalciferol/cholesterol:

The conjugation of cadmium telluride mercaptopropionic acid quantum dots (CdTe-MPA QDs) and
graphene quantum dots (GQDs) with various biomolecules was achieved using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) chemistry. Initially, the
quantum dots were activated using EDC/NHS, generating a reactive NHS ester intermediate. Upon reaction
with biomolecules containing primary amine groups, an amide bond was formed, leading to the successful
attachment of the biomolecule to the QD surface. EDC, a zero-length crosslinker, was utilized due to its

widespread use and efficiency in producing stable conjugates under controlled conditions with high yields
21,22 23.

3.1.3. Fluorescence spectroscopy
Fluorescence properties of the synthesized QDs were evaluated using a spectrofluorometer. CdTe-MPA QDs
exhibited a strong emission peak centered at 630 nm upon excitation at 390 nm, consistent with size-
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dependent optical behavior commonly reporteddieriéldAdvaanscrystals and corresponding to their orange-red
fluorescence. This observation is supported by the particle size characterization provided in the
Supplementary Information, which confirms the nanoscale dimensions of the CdTe-MPA QDs, rather than
relying on PL data alone to infer quantum confinement effects. In contrast, GQDs displayed excitation-
dependent emission behavior, with maximum excitation and emission observed at 335 nm and 423 nm,
respectively. The emission spectra of both types of QDs were narrow and symmetrical, indicating good
spectral resolution and signal clarity. These optical characteristics suggest that CdTe QDs and GQDs are
suitable candidates for use as fluorescent probes in analytical and biomedical applications?*2°.

View Article Online
DOI: 10.1039/D6MA00084C
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Figure 2: PL spectra of a) CdTe-MPA QDs and b) GQDs

3.1.4. Effect of concentration on emission intensity

As illustrated in Figure 3a, hydrophilic CdTe-MPA QDs exhibit a strong and well-defined emission peak
centered at approximately 614 nm when excited in the 380-400 nm wavelength range. A progressive
reduction in quantum dot concentration leads to a corresponding decrease in photoluminescence (PL)
intensity, indicating a direct and systematic relationship between concentration and emission output. A slight
shift in the emission wavelength is also observed at different concentrations, which can be attributed to
excitation-related effects and variations in surface electronic states rather than changes in particle size,
consistent with reported behavior for semiconductor quantum dots. Similarly, Figure 3b presents the
emission characteristics of graphene quantum dots (GQDs), showing a prominent emission peak at 422 nm
under excitation at 335 nm. An increase in GQD concentration results in a proportional enhancement of
fluorescence intensity, reflecting the additive contribution of emissive centers within the system. This
concentration-dependent fluorescence response highlights the stable and predictable optical behavior of
GQDs. Overall, the observed trends for both CdTe-MPA QDs and GQDs confirm that fluorescence intensity
scales directly with quantum dot concentration while maintaining consistent emission characteristics.
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Figure 3: Effect of concentration on PL of a) CdTe-MPA QDs and b) GODs
3.1.3.5. Fluorescence spectroscopy of conjugated QDs
The emission spectra of nonconjugated and ligand-conjugated QDs, illustrated in Figures 4, showcase

distinct PL features that vary based on the specific ligands and their concentrations. Figure 4A(1) illustrates
that as the concentration of FA conjugated CdTe-MPA QDs increases from 1 uM to 50 uM, a gradual
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decrease in emission intensity is observed, along with a slight shift of the emission peak toward longer
wavelengths. This behavior is attributed to surface modifications introduced during the FA bioconjugation
process. The attachment of FA molecules alters the surface electronic environment of the quantum dots,
leading to the formation or modulation of surface trap states and enhanced nonradiative recombination
pathways, which collectively result in partial fluorescence quenching. The minor redshift in emission is
therefore associated with excitation-related effects and surface-state interactions rather than changﬂes in the
intrinsic band-edge energy levels or core structure of the CdTe quantum dots. Suchsurfiace fumetionalization-
induced photoluminescence changes have been widely reported for CdTe-based quantum dots and are
consistent with established literature on ligand-QD interactions. Conversely, Figure 4A (i1) illustrates that
FA-conjugated GQDs exhibited a rise in fluorescence intensity that was influenced by concentration, likely
resulting from the interactions between FA and NH sites in nitrogen-doped GQDs 2628, In Figure 4A (iii),
we can see that as the concentration of BSA increased, the emission intensity of the BSA-conjugated CdTe
MPA QDs decreased, accompanied by a slight redshift 2%3°. On the other hand, Figure 4A(iv) shows that
GQDs exhibited a different pattern, where the conjugation with BSA resulted in a rise in PL intensity. This
increase is associated with the formation of amide bonds that contribute to stabilizing the surface 332,
Furthermore, Figure 4A (v) illustrates that when thiamine is linked to CdTe MPA QDs, there is a marked
reduction in intensity from 1 uM to 50 uM, with the most significant shift happening between 1 uM and 5
uM. Figure 4A (vi) illustrates a comparable pattern of quenching that depends on concentration in thiamine-
conjugated GQDs. This indicates that a shared mechanism is likely responsible for the reduction of
photoluminescence due to surface interactions. Figures 4B(i) and 4B(ii) illustrate that as the concentration
of cobalamin-conjugated CdTe MPA QDs and GQDs increased to 100 uM, there was a noticeable decrease
in emission intensities and slight redshifts. This suggests that the bioconjugation process led to alterations in
the surface electronic properties. Following this trend, Figures 4B (ii1) and 4B (iv) illustrate that DNA-
conjugated CdTe MPA QDs and GQDs showed a consistent decline in fluorescence intensity as the
concentration increased from 1 pM to 10 uM. This indicates that when DNA binds to the QDs, it changes
their surface, which in turn affects how they emit light 33. In contrast to these ligands, Figures 4B(v) and
4B(v1) indicate that mixing cholesterol and vitamin D3 with CdTe MPA QDs did not result in any significant
changes in the emission spectra across various dosages, implying minimal to no interaction. In a similar vein,
Figures 4B (vii) and 4B (viii) for GQDs displayed intricate yet somewhat unclear spectral characteristics. It
appears that the quenching we see is likely caused by protonated groups attracting photoexcited electrons,
rather than a direct interaction between the ligands and the quantum dots. The results indicate that the optical
characteristics of both CdTe MPA QDs and GQDs are significantly affected by the kind and amount of
bioconjugated ligands used. When there are groups that donate electrons or interact on the surface, it alters
the electronic transitions, which then influences the fluorescence output. This holds significant promise for
how they could be used in biosensing and diagnostic tools.

A(l) A(ll)
q 2500
3000 - GQDs —— CdTe-MPA
—wﬁ —— CdTe-MPA-FA 1 uM
2500 - ——GQDs-FA25 1M 2000 —— CdTe-MPA-FA 2 M
= _%ﬁ " ) —— CdTe-MPA-FA 5 uM
< ——GQDs-FA 1 1M N —— CdTe-MPA-FA 10 uM
;5 2000 | S 1500 —— CdTe-MPA-FA 25 uM
g § CdTe-MPA-FA 50 uM
2 1500 Z
E g
E £ 1000
g 1000 %
= £
500 - A~ 5004
Yy
0 T T T T
400 450 500 550 0 T T T T T T

Wavelength (nm) 550 600 650 700

Wavelength (nm)


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00084c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 10:09:09 AM.

(cc)

A(iii)

Materials Advances

3000

2500

Photoluminescence (a.u)
— — )
(=3 n =3
(=3 (=3 (=3
=} =} =}
1 1 1

500

——GQDs
—— GQDs-BSA 50 uM
—— GQDs-BSA 25 uM
GQDs-BSA 10 uM
—— GQDs-BSA 5 UM
——GQDs-BSA 2 UM
GQDs-BSA 1 UM

A(V)

T T T T
400 450 500 550
Wavelength (nm)

3000

2500

[

=3

=3

<
1

1500

Photoluminescence (a.u)
—
=
=3
>
1

500

——GQDs
GQDs-Thiamine 50 pM
GQDs-Thiamine 25 pyM

—— GQDs-Thiamine 10 pM
GQDs-Thiamine 5 pM

—— GQDs-Thiamine 2 pM

—— GQDs-Thiamine 1 pM

B(i)

6000

5000

-

=3

=3

<
1

Photoluminescence (a.u)
»
>
>
=]
1

—GQDbs
GQDs-Cobalamin 50 pM
GQDs-Cobalamin 25 \M

—— GQDs-Cobalamin 10 yM
GQDs-Cobalamin 5 M

—— GQDs-Cobalamin 2 pM

—— GQDs-Cobalamin 1 uM

0 - T T T T T T T
400 450 500 550
Wavelength (nm)
B(iii)
1 GQDs
3000 —— GQDs-DNA 10 uM
GQDs-DNA 5 M
] —— GQDs-DNA 2 yM
2500 —— GQDs-DNA 1 yM
£} ]
g
3 2000
]
3 ]
2
g 1500
] ]
=
£ 1000
]
=
= ]
500
0 T T T T T T T
400 450 500 550

Wavelength (nm)

T ™

A(iv)
2500
—— CdTe-MPA
J —— CdTe-MPA-BSA 1 uM
—— CdTe-MPA-BSA 2 uM
2000 —— CdTe-MPA-BSA 5 uM
—_ —— CdTe-MPA-BSA 10 uM
z E —— CdTe-MPA-BSA 25 uM
~ —— CdTe-MPA-BSA 50 uM
S 15004
=
-7
9 4
8
=
E 1000
=
8 4
=
A& 5004
Article Onli
] 00084
0 = T T T
550 600 650 700
Wavelength (nm)
A(vi)
2500
—— CdTe-MPA
T —— CdTe-MPA-Thiamine 1 uM
20004 —— CdTe-MPA-Thiamine 2 pM

1500

Photoluminescence (a.u)

—— CdTe-MPA-Thiamine 5 uM

—— CdTe-MPA-Thiamine 10 pM
—— CdTe-MPA-Thiamine 25 pM
—— CdTe-MPA-Thiamine 50 pM

500
0 T T T
550 600 650 700
‘Wavelength (nm)
B(ii)
2500
—— CdTe-MPA
J —— CdTe-MPA-Cobalamin 1 uM
—— CdTe-MPA-Cobalamin 2 uM
2000 —— CdTe-MPA-Cobalamin 5 uM
—— CdTe-MPA-Cobalamin 10 pM|
= ] —— CdTe-MPA-Cobalamin 25 M|
&8 —— CdTe-MPA-Cobalamin 50 uM|
& 1500 1
=
Q
9 4
3
=
E 1000 -
=
S J
=
& 500
0 T T T
550 600 650 700
Wavelength (nm)
B(iv)
2500
—— CdTe-MPA
1 —— CdTe-MPA-DNA 1 pM
—— CdTe-MPA-DNA 2 uM
2000+ —— CdTe-MPA-DNA 5 uM
= —— CdTe-MPA-DNA 10 uM|
E: J
S 1500
=
5}
>3 J
s
=
‘E 1000
=
3 4
2
A& 500
0 T T T T T T T
550 600 650 700

Wavelength (nm)

Page 6 of 24


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00084c

Page 7 of 24

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 10:09:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances
B(v) B{)w)

2500
——GQDs S CdTe-MPA
3500 GQDs-Cholesterol 50 tM ——CdTe-MPA-Cholesterol 1 M
] GQDs-Cholesterol 25 uM T CdTe-MPA-Cholesterol 2 puM
. ——— CdTe-MPA-Cholesterol 5 uM
3000 GQDs-Cholesterol 10 uM 2000 - CdTe-MPA-Cholesterol 10 uM
GQDs-Cholesterol 5 uM CdTe-MPA-Cholesterol 25 uM
—_ 1 —— GQDs-Cholesterol 2 uM ’;\ CdTe-MPA-Cholesterol 50 uM
;, 2500 H —— GQDs-Cholesterol 1 uM 3
E 1 2 1500
S 2000 5]
g 2
3 ] @
£ =
E 1500 £ 1000
S ] 2
£ E
=& 1000 g
] A& 5004
500 View Artl nline
1 DOI: 10.1039/D6MAOO L
0 T T T T 0= T T T T T T T
400 450 550 550 600 650 700
Wavelength (nm)
Wavelength (nm)
B(vii) B(viii)
1 ——GQDs 2500 ——CdTe-MPA ]
3000 -] GQDs—Cholecalciferol 50 pM éji:m:zhglzf:ﬂf:z} ; t}’fq‘
GQDs-Cholecalciferol 25 uM CdTe-MPA-Cholecalciferol 5 pM
—— GQDs-Cholecalciferol 10 pM 2000 4 CdTe-MPA-Cholecalciferol 10 uM
25004 GQDs—Cholecalciferol 5 pM - —— CdTe-MPA-Cholecalciferol 25 uM
= —— GQDs—Cholecalciferol 2 pM = (‘;dTe‘-MPA-Chole‘zifnlzf!lfro] 35uM
8 GQDs—Cholecalciferol 1 pM 8 CdTe-MPA-Cholecalciferol 50 pM
3 2000 $ 1500
= =
o <
9 9
g Z
£ 1500 2
'S 1000
£ g
S =
£ 1000+ S
E 2
A& 5004
500 /f
”/
0+—— T T T T T T T — 0= T . T T T T T
350 400 450 500 550 600 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 4: PL spectra of non-conjugated and ligand-conjugated QDs, including CdTe-MPA QDs and
GQDs, under various ligand concentrations. The ligands used for bioconjugation include FA (Figure
4A(i), 4A(ii)), BSA (Figure 4A(iii), 4A(iv)), thiamine (Figure 4A(v), 4A(vi)), cobalamin (Figure 4B(i),
4B(ii)), and DNA (Figure 4B(iii), 4B(iv)), along with cholesterol and cholecalciferol (Figure 4B(v),
4B(vi),4B(vii), and 4B (viii)). The spectral responses exhibit ligand-specific variations in emission intensity
and bathochromic shifts upon excitation, highlighting the surface interaction and bioconjugation
behavior of both QD types.

3.1.3.5.5 Fourier-transform infrared spectroscopy (FTIR)
FTIR spectroscopy was utilized to verify the surface functionalization of CdTe-MPA QDs and GQDs with

diverse biomolecules, including FA, BSA, thiamine, cobalamin, DNA, cholesterol, and cholecalciferol. In
the FA-conjugated CdTe QDs (Figure 5A), a notable shift in the carbonyl stretching vibration from 1561.37
cm! in non-conjugated QDs to 1640.54 cm! was found, signifying the establishment of an amide bond (-
CONH) 343, Likewise, GQDs conjugated with FA (Figure 5B) exhibited extensive N-H and O-H stretching
bands about 3440 cm’!, in addition to C—N vibrations within the range of 1100 - 1400 cm™! 3637, thereby
affirming effective conjugation 3. The conjugation of BSA was demonstrated by the emergence of amide I
and II bands within the range of 1639.4 — 1654.32 cm™! for CdTe QDs 3! (Figure 5C) and approximately
1640 cm! for GQDs (Figure 5D), in addition to C-N stretching at around 1400 cm™! 42, Thiamine-conjugated
CdTe QDs demonstrated a shift in the -C=0 band to 1640.12 cm™! (Figure 5E) 45, whereas thiamine-GQDs
(Figure 5F) exhibited broad N-H and O—H stretching about 3400 cm™! and C-H stretching at approximately
2924 cm™, signifying effective coupling. The FTIR spectra of conjugated CdTe QDs for cobalamin exhibited
a carbonyl peak shift to 1604.11 cm™! (Figure 5G), while GQDs demonstrated wide absorption in the 3200 —
3500 cm! region, indicative of O-H and N-H groups (Figure 5H). DNA-functionalized CdTe QDs
demonstrated a — C=0 shift to 1642.2 cm! (Figure 51), while DNA-GQDs (Figure 5J) revealed novel peaks
at 2086 and 1643 cm’!, in addition to a broad O-H/N-H stretch near 3400 cm!, suggesting potential hydrogen
bonding or covalent connections 3*#-45, The FTIR spectra of cholesterol and cholecalciferol exhibited
neither carboxylic acid (-COOH) or amide (-CONH) bands, indicating an absence of covalent attachment to
CdTe QDs (Figure 5K, 5L). In GQDs containing cholesterol (Figure 5M), peaks at 3740 and 3460 cm™! (O-
H) and 2923-2960 cm™! (C-H) signified non-covalent interactions. Graphene quantum dots (GQDs)
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combined with cholecalciferol (Figure 5N) exhibited peaks at 2075 cm™! (C=C), 1456 cm™! (C-H bending),
and a pronounced C=C alkene stretch at 1642 cm’!, indicating successful interaction under optimum
conditions 6. The FTIR analyses together validated the selective and effective functionalization of QDs and
GQDs with several physiologically pertinent ligands, facilitating their prospective application in targeted
delivery and bioimaging.
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Figure 5: FTIR spectra showing the surface functionalization and bioconjugation of QDs, including
CdTe-MPA QDs and GQDs, with various biological ligands. Subfigures illustrate FTIR spectra of (A)
(i)CdTe-MPA QODs, (ii)FA, and (iii)FA-conjugated CdTe-MPA QODs; (B) (i)GQODs, (ii)FA, and (iii)FA-
conjugated GQODs; (C) (i) CdTe-MPA QDs, (ii)BSA, and (iii) BSA-conjugated CdTe-MPA QDs; (D) (i) BSA,
(ii) GODs, and (iii) BSA-conjugated GQDs; (E) (i) CdTe-MPA QDs, (ii) thiamine, and (iii) thiamine-
conjugated CdTe-MPA QDs; (F) (i)thiamine, (ii) GQODs, and (iii) thiamine-conjugated GQODs; (G) (i) CdTe-
MPA QDs, (ii) cobalamin, and (iii) cobalamin-conjugated CdTe-MPA QDs; (H) (i) cobalamin, (ii) GOD:s,
and (iii) c@balamin-conjugated GQDs; (I) (i) CdTe-MPA QDs, (ii) DNA, and (iii) DNA-conjugated CdTe-
MPA ODs} (J) (i)DNA, (ii) GODs, and (iii) DNA-conjugated GODs. Negative control FTIR spectra of non-
binding ligands: (K) (i) CdTe-MPA QDs, (ii) cholesterol, and (iii) cholesterol-mixed CdTe-MPA QDs; (L)
(i) GODs, (ii) cholesterol, and (iii) cholesterol-mixed GQDs; (M) (i)CdTe-MPA QDs, (ii) cholecalciferol,
and (iii) cholecalciferol-mixed CdTe-MPA QODs; (N) (i) GODs, (ii) cholecalciferol, and (iii) cholecalciferol-
mixed GQDs.

4. Proposed Mechanism of QY Modulation: The modulation in QY following ligand conjugation
arises from the combined effects of surface passivation and ligand-induced electronic interactions.
Ligands possessing electron-donating functional groups (-NH,, -COOH) effectively reduce non-radiative
surface trap states, leading to enhanced photoluminescence. In contrast, bulky or highly charged ligands (e.g.,
DNA, thiamine) can introduce localized dipolar electric fields or m—m stacking interactions that perturb
excitonic recombination, resulting in partial fluorescence quenching. Supporting evidence from FTIR and
PL spectra (Figures 4 and 5) confirms the successful covalent attachment of biomolecules and the
corresponding shifts in emission behavior. The FTIR results demonstrate characteristic amide bond
formation, verifying ligand coupling to the QD surface, while PL spectral red shifts indicate slight
modifications in surface potential and electronic density near the band edge. These observations collectively
support that ligand conjugation modulates QY primarily through trap passivation and electronic
coupling effects, establishing a mechanistic link between surface chemistry and photophysical performance
47-50

5. Measurement of QY

Mean PL QYs of the CdTe-MPA QDs, N-GQDs and conjugated QDs were measured using rhodamine 6G.

5.1.  Control Experiments and Ligand Specificity of QY Modulation: To confirm that the observed
quantum yield (QY) modulation was specific to covalent bioconjugation, control experiments were
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GQDs were used as baseline controls and showed consistent emission intensity and QY under identical
experimental conditions. In contrast, bioconjugation with ligands containing amine groups such as folic acid,
BSA, thiamine, cobalamin, and DNA which produced distinct variations in QY, confirming the occurrence
of covalent coupling through EDC/NHS-mediated amide bond formation. Non-reactive ligands, including
cholesterol and cholecalciferol, which lack primary amine functionality, were employed as negative controls
and exhibited negligible changes in fluorescence intensity or QY. FTIR spectra further supported this
observation by showing characteristic amide I and II bands only in amine-bearing conjugates, while control
samples displayed no such features. These results collectively confirm that QY modulation occurred
exclusively in ligand systems capable of covalent conjugation and not due to nonspecific adsorption or
environmental effects, validating the ligand-specific nature of the observed optical behavior 31734,

5.2. Measurement of QY of FA-conjugated QDs View Article Online
Table 1 displays the QY of nonconjugated and FA-conjugated QDs. The plot of QY 4t VAot ¢8hentrations
is shown in Figure 6A and 6B. Therefore, as shown by the results, the QY of conjugated QDs (CdTe-MPA-
FA 50uM) over non-conjugated one was about 51.2%. Since QY is a measurement of fluorophore optical
quality, the resulting values of QY suggested that the QDs fluorescent properties had been substantially
retained even after conjugation with folic acid 3. Therefore, as shown by the results, the QY of conjugated
GQDs (GQDs-FA 50uM) over non-conjugated ones was about 54.4%. This value indicates that the
fluorescence efficiency of these conjugated GQDs remains relatively high compared to non-conjugated
GQDs, indicating that the conjugation process not only preserves but also potentially enhances the
fluorescence characteristics of the GQDs.
Table 1: QY of nonconjugated and FA-conjugated QDs

Relative Relative
S.No. Sample Quantum SEM Sample Quantum SEM
Yield (%) Yield (%)
1. CdTe-MPA 100% 2.19 GQDs 100% 3.06
CdTe-MPA-FA 91.7¢9 2.77 GQDs-FA 1 2.27
2. © o QDs 91.7%
1uM uM
CdTe-MPA-FA 83.39 2.52 GQDS-FA 2 2.79
3. © o Q 83.3%
2uM uM
CdTe-MPA-FA 72.6% 2.06 GQDs-FA 5 3.62
4. 75%
SuM uM
CdTe-MPA-FA 64.39 2.49 GQDs-FA 5 3.09
5. © & QDs 66.7%
10uM uM
6 CdTe-MPA-FA 57.1% 2.37 GQDs-FA 25 60% 3.55
. 25uM uM °
CdTe-MPA-FA 51.29 2.68 GQDs-FA 50 2.2
7. © & QDs 54.4%
50uM uM
A)  Quantum Yield Modulation by FA (Mean * Error) B) Quantum Yield Modulation by FA (Mean ° Error)
3'% 2
~ 80 > 80
E 70 g 7
3 2 50
2 % g
2 2 g 30
& 10 © 20
§ 0 § 10
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Figure 6: A) Plot of QY of CdTe-MPA QDs and CdTe-MPA-FA QDs at different concentrations B)
Plot of QY of GQDs and GQDs-FA QDs at different concentrations

5.3. Measurement of QY of BSA-conjugated QDs
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Table 2 displays the QY of BSA-conjuga,\t/leacieré‘}llsdAcril\gr?égiljugated QDs. The plot of QY at various
concentrations is shown in Figure 7. The results indicate that, when compared to non-conjugated QDs, the
QY of conjugated QDs (CdTe-MPA-BSA 50uM) was approximately found to be 61.9%. QY values showed
that the QDs' fluorescent characteristics had thus largely survived conjugation . The results indicate that,
when compared to non-conjugated GQDs, the QY of conjugated GQDs (N-GQDs-BSA 50 uM) was found
to be 63.9%. This value indicates that the fluorescence efficiency of these conjugated GQDs remains
relatively high compared to non-conjugated GQDs indicating that the conjugation process not only preserves

but also potentially enhances the fluorescence characteristics of the GQDs.

Table 2: QY of nonconjugated and BSA-conjugated QDs
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S.No. Sample Quantum SEM Sample Quantum SEM
Yield (%) Yield (%)
1. CdTe-MPA QDs 100% 3.07 N- GQDs 100% 3.73
CdTe-MPA-BSA 2.4 GQDs-BSA 1 3.74
2. © 95.2% QDs 95.6%
IuM uM
CdTe-MPA-BSA 2.2 GQDs-BSA 2 2.63
3. © 89.3% QDs 91.7%
2uM uM
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SuM uM
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Figure 7: A) Plot of QY of CdTe-MPA and CdTe-MPA-BSA at different concentrations B) Plot of
QY of GQDs and GQDs-BSA at different concentrations

5.4.

Measurement of QY Thiamine-conjugated QDs
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QY at various concentrations. The QY of conjugated QDs (CdTe-MPA-Thiamine QDs 50uM) compared to
non-conjugated ones was found to be 58.3%. Therefore, the fluorescent properties of the QDs had thus been
largely preserved even after conjugation, as shown by QY values . The QY of conjugated GQDs (GQDs-
Thiamine GQDs 50 pM) compared to GQDs ones was found to be 58.3%. The findings indicate that the
thiamine and GQDs mixture suggests that negatively charged GQDs electrostatically interact with the
positively charged quaternary nitrogen in thiamine's thiazole ring. This interaction starts destabilizing and
aggregating the GQDs with increased concentrations 7. This lower QY indicates that, at certain
concentrations, thiamine may significantly affect the fluorescent properties of the GQDs.

Table 3: QY of nonconjugated and Thiamine-conjugated QDs

View Article Online
DOI: 10.1039/D6MA00084C

Relative Relative
S.No. Sample Quantum Sample Quantum SEM
Yield (%) Yield (%)
1. CdTe-MPA QDs 100 2.51 GQDs 100% 4.01
2.09 GQDs - 2.64
CdTe-MPA-
2. o 92.9% Thiamine I |  93.3%
Thiamine 1uM
uM
2.18 GQDs- 4.07
CdTe-MPA- ..
3. . e. 85.7% Thiamine 2 86.1%
Thiamine 2uM
uM
2.79 GQDs- 3.84
CdTe-MPA-
a. -~ 78.6% Thiamine 5 |  78.9%
Thiamine SuM
uM
CdTe-MPA- 276 GQDs- 23
5. .. 71.4% Thiamine 10 71.1%
Thiamine 10puM
uM
CdTe-MPA- 231 GQDs- 3.64
6. .. 64.3% Thiamine 25 63.9%
Thiamine 25uM
uM
2.7 GQDs- 3.01
CdTe-MPA- ..
7, e 58.3% Thiamine 50 | 58.3%
Thiamine 50uM M
u
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Figure 8: A) Plot of QY of CdTe-MPA and CdTe-MPA thiamine at different concentrations B) Plot of
QY of GQDs and GQDs-BSA at different concentrations

5.5.

Measurement of QY Cobalamin-conjugated QDs
The QY of nonconjugated and cobalamin-conjugated QDs is shown in Table 4. Figure 9 displays the plot of
QY at various concentrations. The QY of conjugated QDs (CdTe-MPA-Cobalamin QDs 50uM) compared
to non-conjugated one was found to be 66.7%. Therefore, as shown by the results fluorescent properties of
the QDs had been largely preserved even after conjugation with cobalamin 3¢, The QY of conjugated GQDs
(GQDs-Cobalamin 50 uM) compared to non-conjugated ones was found to be 66.7%. Therefore, the
fluorescence characteristics of the GQDs remained stable despite conjugation with cobalamin.

Table 4: QY of nonconjugated and Cobalamin-conjugated QDs

) Relative
Relative Quantum
S.No. Sample Quantum SEM Sample . o SEM
Yield (%) Yield (%)
(%)
1. CdTe-MPA QDs 100% 2.52 N- GQDs 100% 3.07
CdTe-MPA- GQDs-
2. Cobalamin QDs 96.4% 2.06 Cobalamin 97.2% 2.53
IuM QDs 1 uM
CdTe-MPA- GQDs-
3. Cobalamin QDs 92.9% 3.06 Cobalamin 93.3% 3.58
2uM QDs 2 uM
CdTe-MPA- GQDs-
4. Cobalamin QDs 86.9% 2.25 Cobalamin 87.8% 3.93
SuM QDs 5 uM
CdTe-MPA- GQDs-
5. Cobalamin QDs 79.8% 3.12 Cobalamin 80.6% 2.67
10uM QDs 10 uM
CdTe-MPA- GQDs-
6. Cobalamin QDs 72.6% 2.19 Cobalamin 73.3% 4.07
25uM QDs 25 uM
CdTe-MPA- GQDs-
7. Cobalamin QDs 66.7% 2.97 Cobalamin 66.7% 3.46
50uM QDs 50 uM
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Figure 9: A) Plot of QY of CdTe-MPA QDs and CdTe-MPA-Cobalamin QDs at different
concentrations. B) Plot of QY of GQDs and GQDs-Cobalamin at different concentrations

5.6. Measurement of QY of DNA-conjugated QDs

The QY of nonconjugated and DNA-conjugated QDs is shown in Table 5. Figure 10 displays the plot of QY
at various concentrations. The QY of conjugated QDs (CdTe-MPA-DNA QDs 50uM) compared to non-
conjugated ones was found to be 58.3%. Therefore, the fluorescent properties of the QDs had thus been
largely preserved even after conjugation with DNA 5. The QY of conjugated GQDs (GQDs 50 uM)
compared to non- conjugated ones was found to be 60%. Therefore, the fluorescence characteristics of the
QDs remained stable despite conjugation with DNA molecules. The decrease to 40% in QY indicates that
DNA conjugation introduces some degree of quenching or alteration in the fluorescence properties of the
GQDs

Table 5: QY of nonconjugated and DNA-conjugated QDs

Relative Relative
S.No. Sample Quantum SEM Sample e Quantum SEM
Yield (%) Yield (%)
1. CdTe-MPA QDs 100% 2.73 N- GQDs 100% 2.4
) CdTe-MPA-DNA 94% 2.64 GQDs-DNA 94.4% 3.53
) QDs 1uM QDs 1 uM
3 CdTe-MPA-DNA 86.9% 2.58 GQDs-DNA 88.9% 3.23
' QDs 2uM QDs 2 pM
4 CdTe-MPA-DNA 79.8% 2.37 GQDs-DNA 80.6% 3.61
) QDs 5uM QDs 5 uM
5 CdTe-MPA-DNA 71.4% 2.78 GQDs-DNA 72.2% 3.95
) QDs 10uM QDs 10 uM
6 CdTe-MPA-DNA 64.3% 2.97 GQDs-DNA 65.6% 3.39
. QDs 25uM QDs 25 uM
- CdTe-MPA-DNA 58.3% 2.16 GQDs-DNA 60% 222
) QDs 50uM QDs 50 uM
A) Quantum Yield Modulation by DNA (Mean ° Error) Quantum Yield Modulation by DNA (Mean ° Error)
2 ' 3 ‘22
> 80 > 80
g 70 E 7
g 60 g 60
5 50 5* 50
g 40 g 40
§ 30 ;;; 30
o zfg

CdTe QDS 1

Concentr ation (pM) Concentratlon (|.IM)



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00084c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 10:09:09 AM.

(cc)

Materials Advances

Figure 10: A) Plot of QY of CdTe-MPA QDs and CdTe-MPA-DNA QDs at different concentration;
B) Plot of QY of GQDs and GQDs-DNA at different concentrations

5.7. Measurement of QY of Cholecalciferol mixed QDs

Table 6 displays the QY of cholecalciferol conjugated QDs. QY at different concentrations is plotted in
Figure 11. In comparison to non-mixed CdTe-MPA QDs, the QY of mixed QDs (CdTe-MPA-
Cholecalciferol 50uM) was therefore found to be 94.8%. As a result of the findings, whi¢h indicate that
cholecalciferol and CdTe-MPA QDs mixture has little to no impact on the fluorescent properties of QDs, it
is assumed that there is no interaction between the cholecalciferol and CdTe-MPA QDs 3. In comparison to
nonconjugated GQDs, we found that the QY of mixed QDs (N-GQDs-Cholecalciferol 50 uM) is 96.1%. The
findings indicate that the cholecalciferol and GQDs mixture suggests a different interaction. This lower QY
indicates that, at certain concentrations, cholecalciferol may significantly affect the fluorescent properties of
the GQDs.

Table 6: QY of nonconjugated and Cholecalciferol-conjugated QDs

Relative
S.No. Sample Quantum SEM Sample ample Relative SEM
Yield (%) Quantum
Yield (%)
1. CdTe-MPA QDs 100% 2.19 N-GQDs 100% 2.67
0 _ 0
) CdTe-MPA- 99.5% 2.4 Chdi(i]c)isfeml 1 99.4% 3.05
) Cholecalciferol 1uM
uM
0 _ 0
. CdTe-MPA. 98.8% 2.49 o 1GZﬁDisf - 98.9% 2.46
’ Cholecalciferol 2uM orecalctiero
uM
0 _ 0
) CdTe-MPA.- 98.1% 2.93 ChOIGC::(iIC)isfeml . 98.3% 2.56
) Cholecalciferol 5pM
uM
CdTe-MPA- 97.1% 2.3 GQDs- 97.8% 3.86
5. Cholecalciferol Cholecalciferol 10
10pM uM
CdTe-MPA- 96.4% 2.29 GQDs- 97.2% 3.72
6. Cholecalciferol Cholecalciferol 25
25uM uM
CdTe-MPA- 94.8% 2.6 GQDs- 96.1% 2.63
7. Cholecalciferol Cholecalciferol 50
50uM uM
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Figure 11: A) Plot of QY of CdTe-MPA QDs and CdTe-MPA-Cholecalciferol QDs at different
concentrations, B) Plot of QY of GQDs and GQDs-Cholecalciferol at different concentrations

5.8. Measurement of QY Cholesterol-conjugated QDs

Table 7 displays the QY of Cholesterol conjugated QDs. QY at different concentrations is plotted in Figure
12. In comparison to non-mixed CdTe-MPA QDs, the QY of mixed QDs (CdTe-MPA-Cholesterol 50uM)
was therefore found to be 81%. As a result of the findings, which indicate that Cholesterol and CdTe-MPA
QDs mixture has little to no impact on the fluorescent properties of QDs, it is assumed that there is no
interaction between the Cholesterol and CdTe-MPA QDs 7. In comparison to non-mixed GQDs, we found
that the QY of conjugated GQDs (GQDs-Cholesterol 50 pM) is 88.9%. The findings indicate that the
Cholesterol and GQDs mixture suggests a different interaction. This lower QY indicates that, at certain
concentrations, cholesterol may significantly affect the fluorescent properties of the GQDs.

Table 7: QY of nonconjugated and Cholesterol-conjugated QDs

Relative Relative
S.No. Sample Quantum SEM Sample ample | Quantum SEM
Yield (%) Yield (%)
1. CdTe-MPA QDs 100% 2.49 N-GQDs 100% 39
9 - 1)
CdTe-MPA- 97.6% 2.46 GQDs 98.9% 271
2. Cholesterol
Cholesterol 1uM
1uM
9 - 0
CdTe-MPA- 94% 2.02 GQDs 97.2% 3.19
3. Cholesterol 2uM Cholesterol
g 2uM
9 - 0
CdTe-MPA- 9L.7% 2.73 GQDs 95.6% 325
4. Cholesterol 5uM Cholesterol
g SuM
Y - 0
CdTe-MPA- S 2.27 GQDs 93.3% 3.56
> Cholesterol 10uM Cholesterol
" 10uM
9 - 1)
CdTe-MPA- 84.5% 3.06 GQDs 91.7% 2.92
6. Cholesterol 25uM Cholesterol
g 25uM
9 - 0
CdTe-MPA- s1% 2.38 GQDs 88.9% 234
7 Cholesterol 50uM Cholesterol
3 50uM
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Figure 12: A) Plot of QY of CdTe-MPA QDs and CdTe-MPA-Cholesterol QDs at different
concentration, B) Plot of QY of GQDs and GQDs-Cholesterol at different concentrations

6. Generality and Broader Applicability of QY Modulation: The observed QY modulation is
primarily governed by surface chemistry and conjugation efficiency, rather than being exclusive to CdTe
or GQDs. In this study, both quantum dots possessed carboxyl (-COOH)-terminated surfaces, which
enabled EDC/NHS-mediated amide bond formation with ligands containing amine (-NH3) groups such
as folic acid, BSA, thiamine, cobalamin, and DNA. The resultant surface modification altered the local
electronic environment and radiative recombination pathways, leading to the observed QY variations. We
therefore anticipate that similar ligand-dependent modulation can occur in other carboxyl-functionalized
quantum dot systems, including CdSe, ZnS, CdS, carbon dots, and doped graphene dots, provided the core
surface states and conjugation chemistry are comparable. In systems where the QD surface lacks reactive —
COOH groups, or where the ligand does not possess complementary —NH, or reactive moieties, such
modulation is expected to be minimal due to the absence of effective electronic coupling or covalent bond
formation. Hence, the phenomenon is not material-specific but surface chemistry-dependent. The extent
and direction of QY modulation will ultimately vary with the core composition, degree of surface
passivation, and electronic nature of the conjugated ligand, all of which dictate the strength of electronic
communication between the QD surface and the attached biomolecule. These insights establish a generalized
framework that can be extended to other QD ligand systems, providing a predictive basis for tailoring
fluorescence performance through controlled surface functionalization 336,

7. Summary and Conclusions

Aforementioned studies establish that QY is not a static property of quantum dots (QDs), but a highly tunable
characteristic that can be precisely controlled through surface bioconjugation. By systematically examining
the effects of biologically relevant ligands-including folic acid, thiamine, cobalamin, BSA, and DNA-on the
PL of both CdTe-MPA QDs and nitrogen-doped graphene quantum dots (GQDs), we revealed distinct and
material-dependent trends. Particularly CdTe-MPA QDs, which possess strong intrinsic fluorescence,
exhibited a concentration-dependent decrease in QY after conjugation, likely due to the formation of non-
radiative recombination pathways from surface-bound ligands acting as quenching sites. In contrast, GQDs,
despite their initially lower QY, demonstrated remarkable fluorescence stability and, in some cases, even
enhancement-particularly when conjugated with folic acid or BSA. This contrast underscores the profound
influence of both the nanomaterial’s core composition and the nature of the surface ligand on optical
performance.

Crucially, these findings have significant implications for the field of diagnostics. The ability of GQDs to
retain or even improve their fluorescence after bioconjugation makes them especially promising for advanced
imaging, biosensing, and diagnostic applications where signal stability and minimal fluorescence loss are
essential. By leveraging QY modulation, researchers can design tailored nanoprobes that maximize
brightness for imaging or enhance sensitivity for biosensing, thereby improving the reliability and precision
of diagnostic assays. Furthermore, this approach allowed us to systematically explore and understand how
the properties of the fluorophore-such as photostability, emission intensity, and environmental
responsiveness-can be fine-tuned through surface chemistry. This insight is invaluable for the rational design
of next-generation nanoprobes, enabling the customization of optical properties to meet specific biomedical
or technological requirements. The stability of the conjugated quantum dots (QDs) was evaluated to assess
their potential for biomedical applications. All ligand-conjugated CdTe-MPA and graphene quantum dots
(GQDs) were stored at 0-8 °C in the dark and monitored over a period of three months. Periodic
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photoluminescence (PL) measurements revealed no significant change in emission intensity or spectral
position, confirming that the conjugates remained optically and colloidally stable under these storage
conditions. The results indicate that the prepared QD-ligand systems retained their fluorescence
characteristics and structural integrity, demonstrating excellent storage stability suitable for potential
bioimaging and diagnostic applications.

The ability to tune the QY through controlled bioconjugation has direct implications for molecular
detection, biosensing, and fluorescence-based in-vitro imaging. By modulating QY, fluorescence intensity
and signal stability can be optimized for specific analytical and diagnostic purposes, ?gl}%m?hvgigggilglproved
sensitivity and contrast in detection assays. All experiments in the present study were conducted under in-
vitro conditions only, as our focus was to establish reproducible fluorescence control through ligand
conjugation. At this stage, in-vivo studies are not planned, since such investigations would require
extensive toxicological and biosafety evaluations prior to biological administration. It is also important to
note that CdTe quantum dots (QDs), being heavy-metal-based, possess inherent cytotoxic potential and
were therefore utilized solely for optical characterization and in-vitro analysis. In contrast, graphene
quantum dots (GQDs) offer superior biocompatibility, chemical stability, and non-toxic behavior,
making them more suitable for future biological imaging and diagnostic applications. These findings
highlight how controlled QY tuning can bridge the gap between nanomaterial engineering and biomedical
imaging design, enabling more reliable and biocompatible fluorescence-based sensing platforms.

Overall, this work not only provides a comparative evaluation of QY modulation across different QD types
and bioconjugates but also offers a practical roadmap for optimizing the balance between fluorescence and
biological ligand stability. As the demand for precise, sensitive, and biocompatible nanomaterials continues
to rise in medical diagnostics and related fields, the ability to control and optimize QY after functionalization
will be a defining factor in the success of future nanotechnologies. By demonstrating how QY can be
dynamically tuned and preserved, our study lays a strong foundation for future research into smart,
responsive, and translational quantum dot-based systems, ultimately advancing the field of functional
nanomaterials.

8. Placing the Findings in the Context of Current Research

The results presented here contribute to a clearer understanding of how surface chemistry influences the
modulation of quantum yield (QY) in nanomaterials. Similar ligand-dependent fluorescence variations have
been reported previously for semiconductor and graphene quantum dots, where the extent of surface
passivation and the strength of ligand-core electronic coupling were shown to play a crucial role in governing
photoluminescence behavior. In agreement with these earlier studies, the present work confirms that QY
modulation is largely driven by ligand-controlled surface interactions and electronic communication between
the conjugated biomolecule and the QD surface. More importantly, this study extends existing understanding
by providing a reproducible experimental framework for systematically tuning fluorescence efficiency
through targeted bioconjugation. These insights strengthen the broader perspective that precise control of
surface chemistry offers a practical route to designing QD-based materials with predictable, stable, and
optimized emission properties for sensing and imaging applications =64,

9. Data Availability and Reproducibility Statement: All experimental details, synthesis procedures,
and characterization data required for reproducibility have been provided in the main manuscript and
the Supplementary Information file. The supplementary materials include complete
photoluminescence (PL) spectra, FTIR data, and step-by-step methodological details for each
conjugate preparation. In addition, the raw spectral data supporting the findings of this study are
available from the corresponding authors upon reasonable request. Together, these materials ensure
full transparency and reproducibility of the reported results.
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