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Abstract: Colloidal quantum dots (QDs) and graphene hybrids have emerged as promising platforms
for optoelectronic and biosensing applications due to their unique photophysical and electronic prop-
erties. This study investigates the fundamental mechanism underlying the photoluminescence (PL)
quenching and recovery in graphene-QD hybrid systems using single-layer graphene field-effect tran-
sistors (SLG-FETs) and time-resolved photoluminescence (TRPL) spectroscopy. We demonstrate that
PL quenching and its recovery are primarily driven by charge transfer, as evidenced by an unchanged
fluorescence lifetime upon quenching. Density functional theory calculations reveal a significant
charge redistribution at the graphene—-QD interface, corroborating experimental observations. We also
provide a simple analytical quantum mechanical model to differentiate charge transfer-induced PL
quenching from resonance energy transfer. Furthermore, we leverage the charge transfer mechanism
for ultrasensitive biosensing to detect biomarkers such as immunoglobulin G (IgG) at femtomolar
concentrations. The sensor’s electrical response, characterized by systematic shifts in the Dirac point
of SLG-FETSs, confirms the role of analyte-induced charge modulation in PL recovery. Our findings
provide a fundamental framework for designing next-generation graphene-based biosensors with
exceptional sensitivity and specificity.
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1. Introduction

Colloidal quantum dots (QDs) received significant attention in optoelectronic and sensing ap-
plications due to their high quantum yield, size-tunable band gap, narrow spectral emission, and
robust photostability [1-3]. Their integration with two-dimensional (2D) materials, such as graphene,
has opened new avenues for exploring light-matter interactions at the nanoscale [4,5]. Single-layer
graphene (SLG) exhibits a linear energy dispersion at the K and K’ points in the Brillouin zone with the
Fermi energy (EF) at the Dirac point [6,7]. The ability to tune Er in SLG with simple electrostatic gating
or through SLG-QD hybrids paved the way for SLG-field effect transistors (SLG-FETs), which have
been widely used as sensors [8-12]. Given the broad applicability of hybrid SLG-QD architectures for
biomedical sensing to next-generation photovoltaics, understanding their interaction mechanisms is of
particular interest.

Graphene is known to perturb the photoluminescence (PL) emission from a fluorophore or QDs
in its close vicinity [13-15]. Kasry et al. showed that graphene is an efficient quencher of PL emission
with quenching efficiency higher than gold [16]. Brus ef al. reported a high quench factor of ~ 25 for
an CdSe/ZnS QDs on SLG surface [17]. Similarly, Federspiel et al. demonstrated that the quenching of
CdSe QDs on MgO/ graphene substrates shows d* distance dependence [13].

The recovery of PL emission from graphene-QD hybrids has been used widely in biosensors
[18-23]. The first-ever application of quenching followed by Forster resonance energy transfer (FRET)
at the QD-graphene oxide (GO) interface for biomolecular detection was proposed by Dong et al[24].
The sensing mechanism in such sensors relies on the disruption of quenching in the presence of the
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target analyte. In this methodology, it is proposed that when the analyte binds functionalized QDs
immobilized on GO or SLG surface, the distance between the QDs and GO/SLG increases significantly
hindering FRET. Consequently, PL emission from QDs is recovered [25-29]. However, this distance-
dependent PL modulation has remained a subject of debate, particularly given the inconsistencies in
the type of graphene used (e.g., SLG or few-layer graphene, exfoliated graphene, graphene oxide or
GO, reduced graphene oxide or rGO etc). Alternative studies have proposed that PL quenching in
graphene-QD systems may be attributed to mechanisms such as charge transfer rather than energy
transfer[30-33].

In this study, we aim to clarify the underlying mechanism of PL quenching and recovery in
graphene-QD hybrid sensors. Utilizing SLG-FET measurements and time-resolved photoluminescence
(TRPL) spectroscopy, we show that quenching occurs through rapid charge transfer before optical
excitation. Our findings indicate that the fluorescence lifetime remains unchanged upon quenching,
supporting the charge transfer-induced static quenching mechanism. To further elucidate this mecha-
nism, we present a heuristic quantum mechanical model demonstrating how analyte interactions with
either QDs, SLG, or both can alter charge transfer characteristics, leading to PL recovery. This model
offers a simple understanding of the PL modulation in graphene-QD hybrids, which is crucial for the
rational design of advanced sensing platforms.

Building on the charge transfer quenching mechanism, we utilized two well-characterized bio-
logical interactions: biotin-streptavidin and immunoglobulin G (IgG)-anti-IgG antibody recognition
to develop femtomolar biosensors with dual detection capability (optical and electrical). The biotin-
streptavidin system is a model bioaffinity pair, widely used in biosensors due to its exceptionally
strong binding affinity (dissociation constant K4 ~ 10715 M). We show that when biotin interacts with
streptavidin-functionalized CdSe QDs, the resulting biomolecular interactions alter the charge transfer
dynamics between the QD and graphene, disrupting the quenching effect and restoring QD fluores-
cence. We observed a linear PL recovery with increasing biotin concentration, with significant signal
enhancement at femtomolar concentrations, highlighting the ultrasensitive nature of the detection
mechanism. Similarly, we investigated the detection of IgG, a key biomarker in immune response
and disease diagnostics. The interaction between IgG and its corresponding anti-antibody (anti-IgG)
conjugated with CdSe QDs leads to charge redistribution at the graphene interface, modulating both
optical and electrical properties. Notably, FET measurements revealed a systematic shift in the Dirac
point voltage (Vcnp) with increasing IgG concentration, confirming the doping effect of biomolecules
on the graphene channel. The recovery of PL intensity was highly sensitive to IgG concentrations
as low as 0.5 fM, underscoring the ability of our sensor to detect minute molecular changes. We
found little to no change in the decay time of anti-IgG conjugated QD/SLG hybrids in the presence of
different IgG concentrations further confirming the charge transfer mechanism.

2. Materials and Methods
2.1. Materials and Reagents

The SLG-FET sensor array (0.8 mm?), monolayer graphene on a 90 nm Si / SiO; (10 mm?)
and quartz substrate, all grown with chemical vapor deposition, were purchased from Graphenea
Semiconductor SLU. The SLG-GFET array (model: mGFET-4D) comprises 28 graphene channels with
Au metal pads passivated with 50 nm Al,O3 via atomic layer deposition. The non-encapsulated
electrode at the center of the chip enables liquid gating. CdSe QDs (Invitrogen, Cat. # Q10123MP), anti-
human IgG antibody (Ab) (Abcam, Cat.# ab109489), Biotin, bovine serum albumin (BSA), phosphate
buffered saline (PBS), and Tween20 were purchased from Thermo Fisher Scientific. Sample preparation
and CdSe QD- Antibody conjugation: A standard buffer was prepared by mixing 0.5% (v/v) of Tween-
20 and 1% (w/v) of BSA in 0.01 M PBS. This standard buffer was used as a solvent for all further
studies. A stock solution of conjugated CdSe QDs was prepared by mixing QDs with antihuman IgG
antibody (Ab) to a final concentration of 100 nM for QDs and 200 xg ml~! for Ab on a continuous
shaker for 30 mins.
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2.2. Raman Spectroscopy and Fluorescence Measurements:

All Raman and fluorescence intensity measurements were performed at room temperature using
Renishaw inVia micro spectrometer with 532 nm excitation laser at a laser power of 1 mW at the
sample at 10x magnifications. All measurements were performed in triplicates and averaged to obtain
the final spectrum.

2.3. Fluorescence Microscopy:

Fluorescence images at different stages of the experiment were captured using Zeiss Axio Imager
Al upright microscope equipped with a 120-watt metal halide lamp as a light source and Axiocam MRc
5 camera for live image recording. All imaging was carried out under Zeiss Filter set 20 (488020-0000)
with excitation 546 nm and emission in the range of 575-640 nm with 20X /40X objectives.

2.4. Time-Resolved Fluorescence Measurements:

Fluorolog®-3 spectrometer with a NanoLED 375L pulsed laser source was used for all TRPL
estudies. The detector monochromator was set at 655 nm with 15 nm bandpass for data acquisition. A
custom 3D-printed sample holder was used to mount the sample substrate inside the instrument.

2.5. Electrical Measurements:

Following the desiccation of Streptavidin/ Ab conjugated QD on the graphene surface, the
electrical measurements on the SLG-FET device were carried out using the portable printed circuit
board (PCB) readout system. Two Keithley 2400 source/measure units (SMU) were used to measure
the source-drain current Iy as a function of the gate voltage V. For the measurements, the source-drain
voltage (V;;) was kept biased at 100 mV while the gate was swept in the -1.5-1.5 V window while
measuring the Ij;. A 500 ms delay was applied between the source and measurement to stabilize
the applied gate voltage (step size- 1 mV). For all measurements, a dormancy period of 5 min. was
maintained following the analyte drop cast.

2.6. Atomic Force Microscopy:

Surface morphology of SLG-FET device was analyzed using AFM workshop TT-2 with 50 x 50 x
17 ym scanner and Budget sensor Tap190AIl-G cantilevers of tip radius <10 nm and Ases= 190 kHz in
vibrating mode. All scans were carried out in dry conditions and were analyzed via Gwyddion image
analysis software.

2.7. Density Functional Theory (DFT):

An estimation of the charge transfer between graphene and CdSe QDs was performed using
DFT-D2 approach. The calculations were performed using the Quantum ESPRESSO package with
ultrasoft pseudopotentials for a plane wave basis set. The generalized gradient approximation (GGA)
was applied with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, incorporating
London dispersion interactions. Exact parameters, including cell dimensions, k-mesh, and energy
cutoff for the plane wave basis, were obtained beforehand by optimizing each system individually.
System staking was achieved by placing 4x4 supercell size (16 Cd and 16 Se atoms each) of CdSe
system over 7x7 supercell size (98 carbon atoms) of graphene.

3. Results

Our graphene-based sensing platform uses highly photoluminescent QDs pre-coated with detec-
tion antibodies that are deposited on the surface of SLG (Figure 1). Initially, PL emission from QDs is
quenched by SLG. When the analyte binds the detection antibody, quenching is disrupted, and QD
PL is restored, enabling analyte detection in a single step. We hypothesize that the quenching and
restoration of QD PL is closely linked to the charge transfer (prior to optical excitation) between SLG
and QDs. In order to simultaneously investigate both PL quenching and charge transfer, we adopted
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the experimental approach shown in Figure la by using SLG-FETs for both optical and electrical
characterization.
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Figure 1. a) A schematic representation of the SLG-FET device and the measurement scheme showing both optical
and electrical detection. While a 532 nm incident laser excites the QDs for optical detection, transfer characteristics
are simultaneously measured using the FET channels, b) Raman spectrum of the chemical vapor deposition grown
pristine SLG sample obtained under 532 nm excitation shows a 2D band that is more intense than the graphitic
or G band consistent with SLG. The solid-line shows the fit to the experimental spectrum. AFM images of the
graphene sample (c) before and (d) after CdSe QD deposition show the increase in average surface roughness
from 90 pm to 120 nm.

The Raman spectra of single-layer graphene (SLG) on Si/SiO, (Figure 1b) exhibited the charac-
teristic sharp graphitic (G) and double-resonant harmonic of in-plane transverse optical phonon (2D)
peaks. The ratio of integrated intensities of the 2D and G-band (I;p/Ig) was found to be 3.2 from the
Raman fits. The full width at half maximum of 2D-band 27 cm™?, along with high I,p/I; value, confirms
the purity of SLG structure in the samples used in this work. The AFM images (Figure 1c-d) obtained
after air drying QDs dropcast on SLG provide a qualitative comparison of the surface morphology of
the samples, with the average root mean square roughness increasing from 90 pm to 120 nm, after the
deposition of 10 nM CdSe QDs.

CdSe QDs on a SLG exhibited ~ 94 % decline in PL intensity when compared to those on bare
Si/SiO; substrate. Such a decrease is often attributed to FRET or non-radiative transfer of an excited
electron-hole pair from the emitter (donor) to an absorbing medium (acceptor) through near-field
interactions [17,34]. Steady-state luminescence microscopy images also show a significant reduction in
the visibility of CdSe QDs on Si/SiO,/SLG/QDs (Figure 2b and c).

TRPL analysis of CdSe QDs deposited on quartz and SLG revealed a significant quenching effect
in the presence of graphene. The normalized PL decay curves were fitted to a triexponential function

—(t—tg)

3
F(t) = ZAie W, (1)
i=1

yielding three characteristic lifetimes (7 , T and 73) and their corresponding pre-exponential coeffi-
cients (A1, Ap and Aj3). A bi-exponential fit was found to be insufficient in accounting for the long
PL decay observed in our experiments. Previous studies suggested that a tri-exponential fit is often
required due to multiple factors such as the distribution in the lifetimes of QDs and lifetime blinking
[35-38]. On quartz, the short-lived component 7; exhibits a lifetime of ~ 2.5 ns with a pre-exponential
factor A; of ~ 0.98, while the intermediate (/long)-lived components T, (/73) decay with a lifetime
of 120 ns (/2500 ns) and an amplitude A;(/As) of 0.021 (/0.002). In contrast, when CdSe QDs are
deposited on SLG, A, A; and Az were significantly reduced to 0.86 and 0.003, and 0.001 respectively,
indicating strong static quenching. The quenching efficiency for each type of decay process is given by
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where i is the order of the decay process. Qéz) and Qg) were found to be ~ 0.8 and 0.45 for the second

and third decay processes suggesting significant static quenching due to the presence of SLG. Qg) for
the shorter relaxation (71) however remained small (0.12) indicating a lesser contribution to the overall

PL quenching.
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Figure 2. a) PL emission spectra obtained from 10 nM QDs dropcasted on Si/SiO; and SLG coated Si/SiO,
substrates. All data was averaged over at least three measurements. The background PL emission from bare
Si/Si0O; is also shown (green line). A magnified view of the quenched emission is shown in the inset. The
quenching of CdSe QD PL on SLG surface is clearly seen from the fluorescence microscopy images of QDs on
Si/Si0, and SLG coated Si/SiO, substrates (b-c).

Interestingly, 71 and 7, of QDs on SLG did not show significant changes suggesting that a
substantial fraction of QDs undergoes charge transfer while the remaining emissive population
experiences no modifications in its radiative recombination pathways. This behavior is consistent with
a static quenching mechanism, wherein QD excitation is suppressed due to charge transfer between
QDs and SLG prior to optical excitation rather than an increase in non-radiative decay rates typically
observed in dynamic quenching. The quenching of CdSe QDs on SLG can be understood as follows.
Let the basis states include the exciton state [¥1) of QDs and the SLG conduction state |¥;). The
system Hamiltonian can be expressed as a sum of the Hamiltonians for SLG (Hy), QD (Hgp), SLG-QD
interaction (Hj,;), and light excitation (Heyc), as shown below.

Hg = —t Z (a;‘[;]-bjo— + b;rgllig), (3)
(ij)e

where t is the nearest-neighbor hopping parameter, and a!_and b}a are the electron creation operators
on graphene’s A and B sublattices.

Hgp = Y_ Emchom, 4)
m

where c%, ¢y are the creation and annihilation operators for the exciton states in QD, and E,;, are the
discrete energy levels of QD.

Hine = Y_(Viukchdy + Vyiedicm), 6)

m,k

where V,; represents the tunneling matrix element between the QD exciton states and graphene
electronic states, and d}, d; are the creation and annihilation operators for graphene electrons.
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Hexe = ng(c:;ﬂk + a}:cm) (6)
m

where g, is the coupling constant for optical excitation and a; is the photon annihilation operator.
In the absence of excitation, one can express the system Hamiltonian in |¥;) and |¥,) basis as

Eop Vi

H= *
Vie Ek

, (7)

where Eqp is the exciton energy of QD, Ej is the energy of the electronic state in graphene, and Vj
represents the SLG-QD coupling, which facilitates charge transfer.
Diagonalization of this Hamiltonian yields hybridized energy eigenvalues,

_ Eop+E \/(EQD — E)* + 4|V |?

E ,
= 2 2

(®)

which define the modified energy states of the system due to charge transfer interactions. The
corresponding eigenstates take the form

|¥4) = cosO¥1) +sinf|¥>), )
|‘P_> = —sin9|‘f’1> + cos 9|"F2>, (10)
where the mixing angle 0 satisfies
2|mG|
tan(20) = ———. 11
(20) = an

The mixing of the QD and SLG states is controlled by 6. If V,,; = 0, then 6 =0, meaning the
eigenstates remain purely QD or SLG states. If V,,; > |Egp — Ei/|, then 6 approaches 45° meaning the
QD exciton state is strongly mixed with SLG conduction states. In these new energy eigenstates, |¥ )
and [¥_), the exciton is partially or fully delocalized into graphene based on V. As a result, QD PL
is quenched, because the exciton is not confined in the QD long enough for radiative recombination.

The charge-transfer rate is given by Fermi’s golden rule as

21
Ter = =~ Y [Vuuk|*D(Ex)é(Egp — Ex), (12)
k

where D(Ey) is the density of states of graphene. When is V,; high, the charge transfer time 1cr = rlﬁ

is very rapid, particularly when Eqp aligns with any available electronic states in graphene.

The probability that a QD is excited before charge transfer occurs is given by
r

Pexe = — (13)

1—‘exc + rCT ’

where I'exc is the photon absorption rate. When I'ct > T'exc, charge transfer dominates, and most
QDs do not undergo optical excitation, leading to the quenching of PL emission. However, decay
time remains unchanged (cf. Figure 3a) because only the fraction of QDs that remain optically active
contribute to the observed lifetime, confirming that the quenching is most likely driven by charge
transfer. Our DFT study of CdSe-SLG stacked system revealed the formation of a charge transfer
(Figure 3b-c). As shown in the charge transfer profile (Figure 3d) along the axis orthogonal to the
CdSe-SLG plane (z-axis with SLG at z=0 ), the total amount of charge transferred between SLG and
CdSe was found to be 0.18e after integrating the shaded area.
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Figure 3. a) Normalized TRPL traces of a) CdSe QDs deposited on bare quartz and SLG-quartz substrates. Solid
lines are obtained through triexponential fits. The fit parameters are shown in the inset. Measurements were taken
drop casting 5 ul of 10 nM QDs onto the substrate, followed by overnight ambient drying. (b-c) Three-dimensional
images of CdSe/SLG hybrids from Quantum Espresso with charge depletion (/accumulation) shown in blue
(/red) color, and d) Charge transfer profile along the z-axis. The total amount of charge transfer between the
graphene and the CdSe layer was calculated by integrating the shaded area.

The introduction of an analyte molecule into the QD-SLG hybrid system alters V,; leading to
weaker hybridization and a lower I'ct or a higher Pex resulting in the recovery of PL emission. Any
charge transfer between the analyte and graphene also alters the QD-SLG hybridization and results in
a shift in the Dirac point of the transfer curve. If the analyte donates electrons, graphene experiences an
increase in electron density, shifting the Dirac point toward more negative gate voltages. Conversely,
if the analyte acts as an electron acceptor, graphene becomes hole-doped, shifting the Dirac point
toward more positive gate voltages. If the analyte molecules form a dipole layer on the graphene
surface, they can introduce an effective gate potential that alters the charge carrier density without
direct doping. The combination of these effects significantly changes the transfer characteristics of the
SLG-FET, enabling the detection of molecular interactions through electrical transport measurements.
Accordingly, we performed electrical measurements on SLG-FET in a liquid gating configuration (cf.
Figure 1a).

The typical ambipolar transfer characteristics of the SLG-FET are shown in Figure 4a. The
electron (right) and hole (left) branches extend linearly from the CNP following the relation Ijs =
gm (Vg — Venp) [39,40]. The pristine SLG channel with the standard buffer exhibited Venp ~ 0.25 V
indicating that it is slightly p-doped. In general, Vcenp >0 V (/<0 V) indicates p-doping (/n-doping)
with holes (/electrons) being majority carriers.

The corresponding optical, AFM, and fluorescence images of pristine SLG-FET are shown in
Figure 4b-d. We did not observe any PL with pristine SLG. However, some PL was observed (from
areas where QD is not on the SLG channel) after the deposition of QDs (Figure 4e). A positive
shift in Venp (~0.25 V) was observed for QDs deposited on SLG implying increased p-doping or
a downshifted Fermi level (Figure 4a inset). Such a positive shift in Vcnp concurs with our DFT
calculations (cf. Figure 3b-d).

Leveraging the effects of charge redistribution between SLG and QDs, we performed sequential
optical and electrical characterization of different analytes on the SLG-FET surface (Figure 5). We
used streptavidin-coated QDs to evaluate the binding with biotin as biotin-streptavidin is known to
be one of the strongest non-covalent biological interactions. The variation of biotin concentration
from 0.5 to 20 fM showed a linear recovery of the PL intensity (up to 70 %), which can be attributed
to the binding of biotin (analyte) to streptavidin (antibody) coated CdSe QDs (Figure 5a) disrupting
the charge transfer. Figure 5b-d shows the transfer curves (I;-Vy) recorded from three independent
transistor channels (cf. Figure 4b) of streptavidin-CdSe QD immobilized SLG-FET devices. The polarity
of the CNP point (Vcnp) exhibited a shift to negative voltages with increasing biotin concentration. The
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interaction between biotin-streptavidin QDs and SLG disrupts the overall charge distribution restoring
Venp towards 0 V due to the n-doping effect (Figure 5e). The interactions, result in an upward shift in
graphene’s Fermi level, which in turn enhances the net carrier density, consistent with the relation,
n o« (Vg — Venp), where n represents the charge carrier density.
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Figure 4. a) Typical transfer curves showing I;; — V; of our SLG-FET before and after CdSe QD deposition. The
deposition was carried out by dropcasting 5 ul of 10 nM QD in the standard buffer. The inset at the bottom
displays typical ambipolar transfer characteristics showing that the type of carriers in graphene can continuously
be modulated from holes (left branch) to electrons (right branch) by varying the gate voltage . The charge-
neutrality point (CNP) is located at the transition between the electron and hole regime, where the current is
minimum. A schematic illustration of the shift in the Fermi level across graphene’s Dirac cone upon n and p-type
doping is shown in the top inset. b) Optical microscopy and c) AFM images of the SLG-FET device showing
graphene channels with common drain and individual sources. Contacts were made using non-encapsulated Au
gate channel enabling liquid gating. Fluorescence microscopy images before (d) and after (e) QD deposition show
strong QD luminescence everywhere except on the SLG area within the circular area (middle dark region).
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Figure 5. a) PL Emission from streptavidin-conjugated CdSe QDs deposited on SLG increased with the addition
of biotin. PL measurements were performed in triplicates for each biotin concentration. The inset shows the
maximum PL intensity as a function of biotin concentration. (b-d) A lateral shift in the transfer characteristics
(Venp) was observed upon the addition of biotin to streptavidin QDs on SLG-FET. All the FET measurements
were also performed in triplicates on three different SLG-FET channels shown in (b-d). Sample deposition was
carried out by drop casting 4 pl of biotin samples prepared in the standard buffer. The shift in (e) Ve NP and (f)
I35 at Venp as a function of biotin concentration ranging from 0.5-160 fM with buffer solution as the background
control. A saturation of the sample sensitivity is observed for concentrations above 20 fM.

A concomitant decline in Iy at the neutrality point was observed across all three channels
(Figure 5f). For a SLG channel of length: I and width: w, the current modulation can be expressed
as, Iys = TepnVys, where e is the electron charge, y is the charge carrier mobility, and Vy; is the


https://doi.org/10.20944/preprints202503.2065.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 March 2025 d0i:10.20944/preprints202503.2065.v1

90f13

source-drain voltage [41]. The observed decrease in I;; can be thus be attributed to either a decline in
n or y or a combination of both. Based on our TRPL results that showed no change in recombination
times, it is likely that the increasing biotin concentration results in the formation of localized charge
puddles that decrease the electric current.

To validate the feasibility of SLG-FET system in ultrasensitive detection of specific biomarkers, we
recorded the optical and electrical response with different IgG concentrations. For this, the SLG surface
was modified with anti-IgG Ab conjugated CdSe QDs. IgG is one of the most abundant proteins in
human serum consisting of two y heavy (H) chains and two « or A light (L) chains, interconnected by
inter-chain disulfide bonds. The specific Y-shape with identical arms provides the antigen-binding
site for antigen-antibody interactions [42]. IgG plays a vital role in the human immune system by
defending against most bacterial and viral infections. Any fluctuations in IgG levels can be used as
a direct indication of immune deficiencies, chronic infections, or inflammatory diseases, making it a
critical biomarker in immunological diagnostics. Furthermore, simple sensors to measure IgG can
also help determine the effectiveness and duration of protection following vaccination. As shown
Figure 6a, we observed a clear recovery of PL with increasing IgG concentrations. The corresponding
electrical measurements on SLG-FET were able to detect IgG concentrations as low as 0.5 fM (Figure 6
b-e). Unlike the biotin-streptavidin complex, we observed a further positive shift in Vcyp on all three
channels indicating increased p-type doping. Our SLG-FET sensor is able to sense femtomolar changes
in IgG concentration in real-time in terms of gradual step decline in I;; as a function of time (Figure 6f).
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Figure 6. Sensing characteristics of our SLG-FET device functionalized with anti-IgG antibody-coated CdSe
QDs for sensing IgG (0.5-25 fM). (a) PL emission at different IgG concentrations. All measurements were
performed in triplicates. The inset shows the maximum PL as a function of IgG concentrations, (b-e) Electrical
characteristics were measured similar to biotin. In contrast to biotin, IgG exhibits a positive shift due to p-type
doping. All measurements were performed on at least three different SLG channels, (f) Real-time monitoring of
I35 demonstrates the ability of SLG-FET to rapidly detect changes on SLG surface upon antigen-antibody binding,
highlighting its potential as a robust biosensor.

TRPL measurements (Figure 7a) with different concentrations of IgG on anti-IgG functionalized
CdSe QDs/SLG further validated the lack of changes in decay times with increasing concentrations
of IgG. As shown in Figure 7b, the amplitudes of the second and third exponential decay processes
corresponding to A; and Az, which are primarily dominant in SLG quenching (cf. Equation 2), were
found to increase concomitantly with increasing IgG concentration while the decay times mostly
remained unchanged. Based on this observation, it may be asserted that the binding of IgG to anti-IgG
coated QDs disrupts the charge redistribution at the QD/SLG interface resulting in an increase in the
emissive QD population rather than alterations in the distance between QDs and SLG.
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Figure 7. TRPL traces for different IgG concentrations (0- 10 fM ) added to anti-IgG conjugated CdSe/SLG/Quartz
surface. The data was fitted to tri-exponential, which are shown as solid lines. b) A detailed comparison of all
pre-exponential amplitudes and decay times obtained from the fits.

4. Conclusions

This study provides a comprehensive investigation of PL quenching and recovery mechanisms in
graphene-QD hybrid systems, with implications for ultrasensitive biosensing applications. Using a
combination of SLG-FET measurements, TRPL spectroscopy, and DFT calculations, we demonstrate
that charge transfer, rather than Forster-like resonance energy transfer, is the dominant quenching
mechanism. The unaltered PL lifetime upon quenching, combined with theoretical charge redistribu-
tion analysis, supports a static quenching model governed by rapid electron transfer to graphene prior
to optical excitation. Building on these findings, we successfully applied the graphene—-QD platform
for molecular detection, demonstrating its ability to sense biotin-streptavidin interactions and IgG
biomarkers at femtomolar concentrations. The systematic shifts in the Dirac point of the SLG-FET,
correlated with PL recovery, provide a robust dual-mode detection strategy that integrates optical and
electrical readouts. These results establish a fundamental understanding of charge transfer interac-
tions in graphene-based hybrid nanostructures and open pathways for developing next-generation
biosensors with exceptional sensitivity, selectivity, and real-time monitoring capabilities.
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Abbreviations

The following abbreviations are used in this manuscript:

QDs
SLG
PL

Quantum dots
Single-layer graphene
Photoluminescence

TRPL  Time-resolved photoluminescence

FET Field-effect transistor

RET Resonance energy transfer

DFT  Density functional theory

IgG Immunoglobulin G
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