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Abstract
The current study presents a fluorescence-based ‘On-Off-On’ nanoprobe composed of rose petal-derived graphene quan-
tum dots embedded in zinc metal-organic frameworks (RP-GQDs@Zn-MOFs) as a proof of concept for quercetin sens-
ing. The particle size and HR-TEM analysis confirmed the synthesis of a uniformly distributed nanosized probe, while 
the zeta potential (+33.03 mV) verified its good stability. The fluorescence analysis confirmed that the introduction of 
copper ions (Cu2+) resulted in fluorescence quenches, while the inclusion of quercetin forms quercetin-Cu2+ complex, 
leading to recovery of quenched fluorescence in RP-GQDs@Zn-MOFs due to static quenching. The nanoprobe demon-
strated a wide concentration range and a low detection limit of 100 ng/mL to 1400 ng/mL (R2 = 0.99) and 37.8 ng/mL, 
respectively. Selectivity analysis highlighted pronounced specificity for quercetin, attributed to Cu2+ coordination be-
tween carbonyl oxygen atom and the 3-OH group of quercetin. Furthermore, designed probe exhibited excellent stability, 
repeatability (RSD < 5), and potential for real-time analysis.

Keywords: Zinc metal-organic frameworks; graphene quantum dots; copper ions; quercetin; high sensitivity; high se-
lectivity

1. Introduction
Metal-organic frameworks (MOFs) are preferred for 

various applications, including biomedical and environ-
mental uses. This preference stems from their distinctive 
characteristics, such as their ability to modify surfaces, 
their large surface area, and their adjustable structure.1 It 
provides a highly porous structure through the associa-
tion of metal ions with carefully selected organic linkers 
via strong bonding.2 To date, various types of MOFs have 
been developed for numerous applications, including drug 
delivery, biosensing, chemical sensing, gas separation, and 
more.3,4 At present, they are widely employed for biosens-
ing purposes, offering low detection limits, high sensitivity, 

excellent responsiveness, and good stability, among other 
benefits.4 Despite these groundbreaking merits, MOFs suf-
fer from major drawbacks, primarily the collapse of their 
structure and pore shrinkage.2 As a result, there is a need 
for complementary nanoparticles that can help overcome 
these significant drawbacks while preserving the original 
features of MOFs.

Currently, significant efforts are underway to devel-
op innovative MOFs-centered composites to address the 
genuine needs of the scientific community. Encapsulating 
nanosized components within MOFs represents a novel 
advancement in the biomedical field.5,6 In this context, it 
is worth noting that fluorescence-mediated sensing tech-
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niques are widely employed due to their several advantages, 
including a straightforward process, rapid detection, high 
sensitivity, and specificity compared to previously exist-
ing technologies.7 Furthermore, MOFs are porous frame-
works with numerous unsaturated metal coordination 
sites and superior surfaces, making them suitable hosts for 
the integration of fluorescent nanomaterials.8 In this con-
text, various types of fluorescent nanomaterials have been 
reported for the development of MOFs-based nanocom-
posites, including carbon dots,9 graphene quantum dots 
(GQDs),10 molybdenum disulfide quantum dots,11 black 
phosphorus quantum dots,12 and more. Among these, 
fluorescent GQDs have been extensively reported as the 
latest carbon-mediated nanomaterial for biomedical appli-
cations.13 Interestingly, they offer good stability, consistent 
fluorescence, biocompatibility, and excellent aqueous sol-
ubility, among other qualities.14 Furthermore, they have 
been widely favored for numerous biomedical applica-
tions, including drug delivery, biosensing,15 and chemical 
sensing.16 The bare, green-synthesized GQDs were used 
to detect curcumin.17 In this case, the selective detection 
mechanism has been unknown. Additionally, it has been 
conjugated with various types of nanomaterials to achieve 
highly sensitive and selective recognition of the target an-
alyte.18,19 The designed nanoprobe based on GQDs and 
manganese dioxide nanosheets offers a simple, highly sen-
sitive, and selective fluorescent 'Off-On' configuration.20 In 
this situation, the primary focus was to maintain the suf-
ficient fluorescence potential of GQDs and the substantial 
adsorption capacity of the functional material. Therefore, 
we aim to synthesize new RP-GQDs@Zn-MOFs nanopro-
bes by decorating RP-GQDs within Zn-MOFs.

Quercetin is a flavonoid primarily found in medic-
inal plants.21 It plays a crucial role in accurate pharma-
cological response and monitoring of biochemical and 
biological activities.22 Various recognition methods have 
been employed for the analysis of quercetin, including 
high-performance liquid chromatography,23 fluores-
cence-centered sensing,22 electroanalytical methods, and 
electrophoresis.21 Despite the numerous advantages, there 
are several drawbacks, including the cost factor, and the 
need for larger equipment, expertise, and solvents. Fur-
thermore, there is a desire to enhance the sensor's sensi-
tivity and selectivity.

In this study, our objective was to design a new RP-
GQDs@Zn-MOFs fluorescence-based sensor through 
a simple method and demonstrate its utility in sensing 
quercetin as a proof of concept. In brief, this work involved 
synthesizing Zn-MOFs using zinc ions (Zn2+) as the metal 
source and 2-methyl-1H-imidazole as an organic linker. 
Simultaneously, we focused on synthesizing RP-GQDs 
using rose petal waste. By combining the desirable fluo-
rescence potential of RP-GQDs and the substantial ad-
sorption capability of Zn-MOFs, we aimed to create new 
RP-GQDs@Zn-MOFs nanoprobes through the incorpora-
tion of RP-GQDs onto Zn-MOFs. To enhance selectivity 

for the target analyte, we developed a quenched version 
of the Cu2+-RP-GQDs@Zn-MOFs probe, utilizing copper 
ions (Cu2+) to confer specificity. Ultimately, our research 
aimed to evaluate the performance of the quenched Cu2+-
RP-GQDs@Zn-MOFs probe, prepared by combining RP-
GQDs and Zn-MOFs, for the sensitive, specific, simple, 
rapid, and cost-effective detection.

2. Materials and Methods
2. 1. Materials

Rose petal waste was collected from a local market 
in Shirpur, Maharashtra, India. Zinc dinitrate hexahydrate 
(molecular formula: H12N2O12Zn), and 2-methyl-1H-imi-
dazole (molecular formula: C4H6N2) were purchased from 
Loba Chemie Pvt. Ltd., Mumbai, India. Copper dinitrate 
was purchased from Sigma-Aldrich Chemicals Pvt. Ltd., 
Bangalore, India. Sodium hydroxide (NaOH) was supplied 
from Merck Specialties Pvt. Ltd., Mumbai, India. Methanol 
was purchased from Loba Chemie Pvt. Ltd., Mumbai, In-
dia. Sulphuric acid was purchased from Merck Specialties 
Pvt. Ltd., Mumbai, India. Quercetin was obtained from 
Otto Chemicals in Marine Lines, Mumbai, India. Eth-
anol was purchased from Anil Cottage Industries, A/31, 
M.I.D.C., Wardha, India. Also, the HPLC grade deionized 
water (DI, 0.2 μm filtered) and hydrochloric acid (HCl) 
were purchased from Avantor Performance Materials 
India Ltd., Thane, India. Quinine sulfate (99%) was pur-
chased from Loba Chemie Pvt. Ltd., Mumbai, India. Phos-
phate buffer tablets (pH 7.4) were obtained from Loba 
Chemie Pvt. Ltd., Mumbai, India. All chemicals employed 
in the research study were analytical grade and pure, as 
supplied by the distributor.

2. 2. Methods
2. 2. 1. �Synthesis of RP-GQDs using the Green 

Approach
At the outset, abandoned rose petals were acquired 

from a local market and cut into small fragments before 
being ground into a paste using a mortar and pestle. The 
creation of RP-GQDs from these discarded rose petals 
was achieved using a one-pot hydrothermal technique. To 
summarize, 10 g of the rose petal paste was homogenized 
with 50 mL of distilled water (DI water) and sonicated for 
20 min. The resulting dispersion was then transferred into 
a Teflon-lined autoclave and heated for 10 h at 200 °C. Af-
ter the reaction, the slurry was cooled to room temper-
ature. To obtain a uniform dispersion, the resulting dark 
brown dispersion was ultrasonicated for 10 min. Subse-
quently, the dispersion was passed through a 0.22 µm mi-
croporous membrane to remove any insoluble or untreated 
carbonous elements. The resulting filtrate was retained for 
36 h and subjected to rinsing using a dialysis bag (12,000 
kDa). Afterwards, the outer dispersion was collected and 
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processed in a hot air oven (Bio-Technics, India) at 60 °C 
for 24 h.4 Finally, the photoluminescence spectrum analy-
sis of the obtained RP-GQDs was conducted.

2. 2. 2. Synthesis of Zn-MOFs
We adopted the previously published strategy for 

the fabrication of Zn-MOFs.24,25 To begin, 2 g of zinc 
dinitrate hexahydrate (as the source of metal ions) was 
evenly mixed in 10 mL of distilled water (DI water) at 50 
rpm. Simultaneously, at room temperature, 4 g of 2-me-
thyl-1H-imidazole (the organic linker) was dissolved in 10 
mL of DI water. The zinc solution was then combined with 
the 2-methyl-1H-imidazole solution while continuously 
stirring at 100 rpm. All procedures were carried out at 20 
°C. Subsequently, a milky precipitate formed, indicating 
the formation of Zn-MOFs. Afterwards, the Zn-MOFs 
precipitate was centrifuged and washed three times with 
DI water. Finally, the drying of Zn-MOFs was achieved us-
ing a laboratory hot air oven (Bio-Technics, India) at 60 
°C. The photoluminescence spectra of the resulting Zn-
MOFs were then analyzed.

2. 2. 3. Development of RP-GQDs@Zn-MOFs
In this phase, we employed various diluted concen-

trations of Zn-MOFs to assess the impact on the strong 
fluorescence of RP-GQDs. Fluorescence spectra of RP-
GQDs were recorded using an excitation wavelength of 
330 nm. Subsequently, 10 ppm solutions of Zn-MOFs in 
phosphate-buffered saline (PBS) at pH 7.4 were prepared 
for the fabrication of the RP-GQDs@Zn-MOFs probe. 
Different concentrations of Zn-MOFs were individual-
ly added to 1.5 mL of RP-GQDs to optimize the overall 
fluorescence of the probe. The fluorescence change of RP-
GQDs was assessed after 5 min. Finally, the concentration 
of Zn-MOFs used for constructing the RP-GQDs@Zn-
MOFs fluorescence nanoprobe was determined. For this 
purpose, a physical absorption technique was employed to 
synthesize the RP-GQDs@Zn-MOFs probe. Specifically, 
1.5 mL of RP-GQDs and 0.5 mL of pre-synthesized Zn-
MOFs (10 ppm) were combined and magnetically stirred 
for 15 min. To separate the nanoconjugates, the resulting 
mixture was centrifuged at 15,000 rpm for 45 min using 
a refrigerated centrifuge (Eltek Overseas Pvt., India), and 
then washed four times with ethanol to remove unreacted 
species. To examine the variation in fluorescence intensity, 
we conducted a photoluminescence spectrum analysis of 
the resulting RP-GQDs@Zn-MOFs probe.

2. 2. 4. Spectroscopical Characterization
Ultraviolet-visible (UV-Vis) spectroscopy was em-

ployed to confirm the synthesis of RP-GQDs, Zn-MOFs, 
and RP-GQDs@Zn-MOFs using a UV-Vis Spectropho-
tometer (UV 1800 Shimadzu, Japan) with a scanning 

wavelength range of 200 nm to 800 nm, utilizing a quartz 
cuvette (1 cm). The fluorescence behavior of RP-GQDs, 
Zn-MOFs, and RP-GQDs@Zn-MOFs was observed with-
in a laboratory UV cabinet (Southern Scientific Lab In-
struments, Chennai, India) under different lighting con-
ditions, including visible light, short UV (wavelength: 254 
nm), and long UV (wavelength: 365 nm). Excitation spec-
tra, emission spectra, and sensing were performed using 
a Jasco fluorescence spectrophotometer (FP-8200). Subse-
quently, Fourier transform infrared spectroscopy (FTIR, 
IR-Affinity-1, Shimadzu) was utilized to investigate the sur-
face functionality of the synthesized RP-GQDs, Zn-MOFs, 
and RP-GQDs@Zn-MOFs over a scanning wavelength 
range from 400 cm-1 to 4000 cm-1. Particle size, polydis-
persity index, and zeta potential analysis were conducted 
using a Particle size analyzer (Nanoplus 3, Micromeritics, 
USA). The powder X-ray diffraction (PXRD) analysis of 
RP-GQDs, Zn-MOFs, and RP-GQDs@Zn-MOFs was con-
ducted using an X-ray diffractometer (D2 PHASER). The 
dimensions and selected area diffraction (SAED) pattern 
of RP-GQDs, Zn-MOFs, and RP-GQDs@Zn-MOFs were 
confirmed through high-resolution transmission electron 
microscopy (HR-TEM-SAED, Jeol/JEM 2100) utilizing a 
LaB6 light source at 200kV (STIC Cochin, India).

2. 2. 5. �Fluorescence Study and Quantum Yield  
(% QY)

In this case, we measured the fluorescence intensity 
of the synthesized RP-GQDs, Zn-MOFs, and RP-GQDs@
Zn-MOFs probe using a spectrofluorometer (JASCO FP 
8200 Spectrofluorometer). Additionally, we assessed the 
excitation-emission spectrum of the produced RP-GQDs, 
as well as the photoluminescence behavior of the RP-
GQDs at different excitation wavelengths ranging from 
300 nm to 350 nm. Following these measurements, we de-
termined the % QY (quantum yield) of RP-GQDs using 
the previously reported method.4 In brief, quinine sulfate 
(with a known quantum yield, QY = 0.54, in 0.1 M sulfuric 
acid) served as the reference standard. Simultaneously, RP-
GQDs were dissolved in deionized (DI) water, and their 
concentrations were adjusted to achieve a UV absorbance 
value of less than 0.1. For the analysis, a 10 mm cuvette was 
utilized, and slit widths were set at 5 nm for both excitation 
and emission. Finally, the fluorescence emission spectra of 
the standard and RP-GQDs were measured at an excita-
tion wavelength of 330 nm. The following formula (1) was 
employed for calculating the % QY.

� (1)

Wherein, 'QYs' and 'QYr' represent the quantum 
yields of the sample and the standard reference, respective-
ly. Similarly, 'Is' and 'Ir' denote the unified photolumines-
cence intensities of the sample and the reference standard. 
'Ar' and 'As' correspond to the absorbance values, while 
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'nr' and 'ns' signify the refractive indices of the reference 
and the sample, respectively.

2. 2. 6. Sensing of Quercetin
In this study, we measured the changes in fluores-

cence of RP-GQDs, Zn-MOFs, and RP-GQDs@Zn-MOFs 
using a spectrofluorometer. Subsequently, we executed 
the detection of quercetin using a fluorescent RP-GQDs@
Zn-MOFs probe. In essence, we prepared a stock solution 
of 5 mg of quercetin (50 µg/mL) by dissolving it in a vol-
umetric flask containing 100 mL of deionized (DI) water 
(at 18 °C). Using this stock solution, we created different 
concentrations of quercetin, ranging from 100 ng/mL, 200 
ng/mL, 300 ng/mL, 400 ng/mL, 500  ng/mL, 600 ng/mL, 
700 ng/mL, 800 ng/mL, 900 ng/mL, 1000 ng/mL, 1100 ng/
mL, 1200 ng/mL, 1300 ng/mL and 1400 ng/mL in cleaned 
volumetric flasks (n = 3). Meanwhile, we dissolved 10 mg 
of RP-GQDs@Zn-MOFs fluorescent probe in 100 mL of 
DI water. Next, we assessed the fluorescence intensity of 
the designed probe at an excitation wavelength of 330 nm 
(n = 3). For this work, we adopted the Cu2+-Zn-MOFs@
RP-GQDs probe as a new sensory platform. In this case, 
we evaluated different concentrations of Cu2+ (ranging 
from 0.1 mL, 0.2 mL, 0.3 mL, 0.4 mL, 0.5 mL, 0.6 mL, 0.7 
mL, 0.8 mL, 0.9 mL, 1.0 mL, 1.1 mL, and 1.2 mL of a 0.16 
mM Cu2+ solution) as quenching agents to suppress the 
fluorescent ability of the Zn-MOFs@RP-GQDs, leading 
to a fluorescent "Turn-Off " effect (n = 3). Following this, 
the concentration of Cu2+ ions at which the RP-GQDs@
Zn-MOFs probe fluorescence was completely quenched 
was considered the optimized concentration of Cu2+ 
ions. Subsequently, several RP-GQDs@Zn-MOFs probes 
were designed as a sensory platform for the recognition 
of quercetin, with fluorescence quenching being ensured 
for each probe, separately (n = 3). In brief, the probes 
were prepared in individual test tubes containing 1.2 mL 
of a 0.16 mM Cu2+ ion solution and left for 5 min at 25 
°C. The first probe was then incubated with a 100 ng/mL 
concentration of quercetin to initiate complex formation 
between Cu2+ ions and quercetin. In this step, the recov-
ery of the quenched fluorescence of RP-GQDs@Zn-MOFs 
referred to as "Turn-On," was monitored. The fluorescence 
intensity was measured using optimized parameters at 
an excitation wavelength of 330 nm. The same procedure 
was applied to the other prepared quercetin concentra-
tions (samples), each time with a fresh Cu2+-RP-GQDs@ 
Zn-MOFs probe. Each experiment was performed in trip-
licate to confirm their reproducibility. Finally, the linear 
concentration range was determined by plotting the re-
covered probe fluorescence against quercetin concentra-
tion. Additionally, the limit of detection (LOD) and limit 
of quantification (LOQ) were computed using previously 
described methods and formulas (2) and (3).

LOD: 3.3*σ/m� (2)

LOQ: 10* σ/m� (3)

In this context, 'm' (slope) and 'σ' (standard devia-
tion) were obtained from the calibration curve of querce-
tin concentration (ng/mL) vs. the recovery of fluorescent 
intensity of the quenched RP-GQDs@Zn-MOFs probe.

Stability and repeatability are crucial parameters for 
this sensor. Therefore, the stability of the envisioned RP-
GQDs@Zn-MOFs fluorescent probes was assessed. Specif-
ically, the concentration of quercetin at 600 ng/mL for six 
consecutive days was recorded using a manufactured probe 
(n = 6) under laboratory-programmed parameters at 25 °C. 
Subsequently, the efficiency of the sensory system was eval-
uated and computed the percent relative standard deviation 
(% RSD). Furthermore, the repeatability of the probe for 
the detection of quercetin was investigated using the RP-
GQDs@Zn-MOFs probe (n = 9), with quercetin concentra-
tions set at 500 ng/mL for assessment. Finally, the percent-
age RSD was calculated based on the collected responses.

2. 2. 7. �Interference Study and Spiked Sample 
Analysis

In this study, plasma served as the representative 
sample. In brief, the various potential interfering agents 
were selected based on the composition of plasma to eval-
uate the selectivity of the designed RP-GQDs@Zn-MOFs 
fluorescence probe. Additionally, other interfering agents 
were randomly chosen for confirmation. In summary, we 
tested the selectivity of the RP-GQDs@Zn-MOFs fluores-
cence probe towards quercetin in the presence of several 
interfering chemicals, including ascorbic acid, glucose, 
albumin, potassium (K+), magnesium (Mg2+), calcium 
(Ca2+), sodium (Na+), citric acid, ascorbic acid, glycine, 
and others. To do this, 2 mL of the Cu2+-RP-GQDs@Zn-
MOFs probe was incubated with 600 ng/mL of quercetin, 
while different interfering elements (600 ng/mL) were 
introduced separately to the Cu2+-RP-GQDs@Zn-MOFs 
probe in individual test tubes. The concentration of in-
terfering agents remained constant to assess their effects 
at the same concentration as quercetin. Subsequently, we 
evaluated the fluorescence intensity for each sample us-
ing preprogrammed settings. Also, spiked sample analysis 
of quercetin in artificial plasma was performed using the 
Cu2+-RP-GQDs@Zn-MOFs probe. In this procedure, an 
artificial plasma sample was prepared using a previously 
described method.26 Afterwards, 1000 ng/mL of querce-
tin was added into a test tube containing 1 mL of artificial 
plasma sample (n = 3). Simultaneously, a placebo test tube 
containing only 1 mL of artificial plasma sample was pre-
pared. Then the 500 ng/mL quercetin-containing plasma 
sample was added to 2 mL of Cu2+-RP-GQDs@Zn-MOFs 
probe. The test tube was allowed to sit for 5 min, after 
which the fluorescence intensity of the Cu2+-RP-GQDs@
Zn-MOFs probe was monitored under optimized con-
ditions. Finally, the percent recovery of quercetin and % 
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RSD was calculated to confirm the real-time applicability 
of the proposed Cu2+-RP-GQDs@Zn-MOFs probe.

3. Results and Discussion
3. 1. UV Cabinet Fluorescence Study

RP-GQDs were initially synthesized from rose petal 
waste using a hydrothermal technique in a stainless steel 
Teflon line reactor. Subsequently, the resulting RP-GQDs 
were analyzed for fluorescence within a UV cabinet. RP-
GQDs exhibited a yellow color under visible light (Figure 
1A), greenish fluorescence when excited with 254 nm light 
(Figure 1B), and blue fluorescence when excited with 365 
nm light (Figure 1C). This observation supported the suc-
cessful synthesis of carbon-centered RP-GQDs from rose 
petal waste. Furthermore, the fluorescence capacity of the 
Zn-MOFs diminished under various UV lights, indicating 
that Zn-MOFs lacked fluorescence capabilities. However, 
the final product of the RP-GQDs@Zn-MOFs probe ex-
hibited fluorescence properties similar to RP-GQDs (Fig-
ure 1D). The presence of blue fluorescence under UV light 
with an excitation wavelength of 365 nm in RP-GQDs@
Zn-MOFs confirmed the successful encapsulation of RP-
GQDs within Zn-MOFs without compromising the fluo-
rescence behavior of RP-GQDs.

Figure 1: Photographs of RP-GQDs under visible light (A), UV 
light with λEx 254 nm (B), and λEx 365 nm (C) taken inside a UV 
cabinet. (D) Photographs of the RP-GQDs@Zn-MOFs probe under 
UV light with λEx 365 nm in the UV cabinet. (E) UV spectral analy-
sis of RP-GQDs, Zn-MOFs, and the RP-GQDs@Zn-MOFs probe.

3. 2. UV Vis Spectroscopy
The UV-Vis spectra of RP-GQDs, Zn-MOFs, and 

RP-GQDs@Zn-MOFs are presented in Figure 1E. In these 
spectra, RP-GQDs exhibit a prominent absorption peak 

ranging from 238 nm to 341.50 nm, which supports the π → 
π* transition of sp2 C=O bonds and the n→ π* transition of 
C=O bonds, respectively.27 This observation suggests that 
RP-GQDs are derived from rose petal waste and possess 
carboxylic functionality on the surface of RP-GQDs. The 
UV-Vis absorption spectra of Zn-MOFs exhibit a peak at 
239 nm, confirming the successful synthesis of Zn-MOFs, 
which is consistent with previously reported literature.24 
The final composite, RP-GQDs@Zn-MOFs, displays a 
broadened absorption spectrum. In this case, the absorp-
tion peak intensities of both RP-GQDs and Zn-MOFs 
were observed to decrease, possibly indicating efficient en-
capsulation of RP-GQDs within the Zn-MOFs structure.25 
Ultimately, this confirms the successful fabrication of RP-
GQDs utilizing Zn-MOFs as a fluorescent detector for pre-
cise target measurements as a proof of concept.

3. 3. �Fluorescence Study and % QY 
Measurement
The excitation and emission spectra of RP-GQDs were 

measured using a spectrofluorometer at various excitation 
wavelengths ranging from 290 nm to 360 nm under con-
trolled experimental conditions, including a temperature of 
25 °C. The photoluminescence ability of green-synthesized 
RP-GQDs, dependent on excitation wavelength (ranging 
from 310 nm to 350 nm), is illustrated in Figure 2A. Initial-
ly, excitation wavelengths from 310 nm to 330 nm resulted 
in a shift of the emission peak towards longer wavelengths 
(from 429 nm to 492 nm). Additionally, there was an in-
crease in emission peak intensity up to an excitation wave-
length of 330 nm. Surprisingly, a strong emission peak at 
492 nm was observed with an excitation wavelength of 330 
nm. Furthermore, as the excitation wavelength increased, 
the peak emission intensity decreased from 340 nm to 350 
nm. Overall, the photoluminescence of the obtained RP-
GQDs was found to be dependent on the excitation wave-
length. In this study, the excitation and emission spectra for 
green-processed GQDs were reported at 288 nm and 492 
nm, respectively (Figure 2B). Subsequently, RP-GQD QY 
were calculated to be 18.20%. In conclusion, the excellent 
optical properties of RP-GQDs synthesized using the green 
method were confirmed. Figure 2C depicts a comparison 
of the fluorescence behavior of RP-GQDs, Zn-MOFs, and 
RP-GQDs@Zn-MOFs. In this case, Zn-MOFs displayed the 
absence of fluorescence. Conversely, the obtained RP-GQDs 
exhibited strong fluorescence at 492 nm. Importantly, the 
conjugation of Zn-MOFs and RP-GQDs did not signifi-
cantly alter the fluorescence behavior of RP-GQDs. Hence, 
it validates the development of the fluorescence-based RP-
GQDs@Zn-MOFs probe.

3. 4. FT-IR Spectroscopy
Figure 3 displays the FT-IR spectrum of RP-GQDs, 

Zn-MOFs, and RP-GQDs@Zn-MOFs. In this case, the use 
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of FT-IR for RP-GQDs and Zn-MOFs aids in the charac-
terization of the RP-GQDs@Zn-MOFs probe. The FT-IR 
spectrum of RP-GQDs exhibits peaks at 3403.57 cm−1, 
1637.6 cm−1, and 1079.14 cm−1, respectively, indicating 
the presence of -OH, C=O, and C-O functionalities.28 
This confirms the presence of hydroxylic and carboxylic 
functionality in RP-GQDs, ensuring good solubility in 
water. The FT-IR spectrum of Zn-MOFs shows peaks at 
2931  cm−1 and 2864 cm−1, verifying the presence of the 
C–H stretching mode of the aromatic ring and aliphatic 
chain present in 2-methyl-1H-imidazole. Additionally, the 
peaks at 1089 cm−1 and 1434 cm−1 confirm the presence 
of imidazole ring-related stretching and bending modes. 
Finally, the peak at 1600 cm−1 assures the existence of the 
C-N stretching mode in 2-methyl-1H-imidazole, while 
the broad peak at 3220 cm−1 verifies the presence of -OH 
stretching in Zn-MOFs, which may be due to the presence 
of water content. In the case of the RP-GQDs@Zn-MOFs 
probe, the peak at 3312 cm−1 confirms the presence of OH 
stretching in RP-GQDs, while the peaks at 2931 cm−1 and 
2864 cm−1 verify the presence of the C–H stretching mode 
of the aromatic ring and aliphatic chain present in the link-

er of Zn-MOFs. Additionally, the peaks at 1664 cm−1 and 
1093 cm−1 indicate the presence of C=O and C-O stretch-
ing, which are characteristics of RP-GQDs, while the peak 

Figure 2: (A) Excitation-dependent 
fluorescence behavior of green synthe-
sized RP-GQDs. (B) Excitation and 
emission spectrums of RP-GQDs. (C) 
Fluorescence analysis of RP-GQDs, 
Zn-MOFs, and RP-GQDs@Zn-MOFs 
probe at 492 nm

Figure 3: FTIR of (A) RP-GQDs, (B) Zn-MOFs, and (C) RP-
GQDs@Zn-MOFs probe
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at 1584 cm−1 assures the presence of the C-N stretching 
mode in 2-methyl-1H-imidazole. Therefore, this confirms 
the formation of RP-GQDs embedded in Zn-MOFs, con-
stituting the RP-GQDs@Zn-MOFs probe.

3. 4. Particle Size and Zeta Potential Analysis
Figure 4 presents the particle size distribution of RP-

GQDs, Zn-MOFs, and the RP-GQDs@Zn-MOFs probe. 
To summarize, the particle size of the obtained RP-GQDs 
was estimated to be 10.80 nm, and the polydispersity index 
(PDI) was found to be 0.32. This confirms the production 
of nanosized GQDs in water with a uniform distribution 
in the system. In Figure 4B, the particle size of Zn-MOFs is 
represented, with the average diameter and PDI confirmed 
as 141.20 nm and 0.26, respectively. The average diameter 
and PDI of the final RP-GQDs@Zn-MOFs probe were ob-
served to be 158.23 nm and 0.36, respectively. HR-TEM 
analysis was conducted to verify the precise dimensions 
of RP-GQDs, Zn-MOFs, and the RP-GQDs@Zn-MOFs 
probe. Zeta potential analysis was performed to assess 
stability. Figure 5 illustrates the zeta potential analysis 

of RP-GQDs, Zn-MOFs, and the RP-GQDs@Zn-MOFs 
probe. Due to the presence of oxygen functionality on the 
surface of RP-GQDs, the zeta potential was confirmed to 
be –14.82 mV, indicating excellent stability of nanosized 
RP-GQDs in an aqueous environment and the potential 
for interaction with Zn2+ ions from Zn-MOFs.29 As a re-
sult of Zn2+ ions, the zeta potential of Zn-MOFs was con-
firmed to be +41.32 mV. Finally, the zeta potential of the 
RP-GQDs@Zn-MOFs probe was reported to be +33.03 
mV, lower than that of the naked Zn-MOFs in this study, 
possibly due to interactions between Zn-MOFs and RP-
GQDs. In conclusion, this confirms the construction of a 
stable form of RP-GQDs, Zn-MOFs, and the RP-GQDs@
Zn-MOFs probe.

3. 5. PXRD Analysis
Figure 6 represents the diffractogram of RP-GQDs, 

Zn-MOFs, and the RP-GQDs@Zn-MOFs probe. In brief, 
the diffractogram of RP-GQDs shows a sharp diffraction 
peak at 2θ = 10.59°, 12.83°, 14.84°, 16.73°, 18.12°, 24.75°, 
26.74°, 29.92°, 35.08°, 36.65°, etc. confirming that the ob-

Figure 4: Particle size analysis of (A) RP-GQDs,  
(B) Zn-MOFs, and (C) RP-GQDs@Zn-MOFs probe
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tained RP-GQDs are highly crystalline. Similarly, both the 
Zn-MOFs and RP-GQDs@Zn-MOFs probe exhibit sharp 
diffraction peaks at 2θ = 10.47°, 13.23°, 16.75°, 18.24°, 
21.20°, 23.58°, 25.35°, 26.56°, 28.43°, 30.57°, 33.89°, and 
36.54° confirming the formation of a crystalline form of 
Zn-MOFs in both cases. Furthermore, the diffractogram 
of the RP-GQDs@Zn-MOFs probe only shows character-
istic peaks of Zn-MOFs, with no discernible peaks from 
RP-GQDs.30 It is possible that the incorporation of RP-
GQDs into the framework of Zn-MOFs, where the surface 
carboxylic functionality of RP-GQDs may interact with 
the amine functionality of 2-methyl-1H-imidazole (the 

organic linker).31 Additionally, the fact that there was no 
change in the diffractogram of Zn-MOFs after conjugation 
with RP-GQDs confirms the probe stability.

3. 6. HR-TEM Analysis
Figure 7 presents the HR-TEM images and SAED 

patterns of RP-GQDs, Zn-MOFs, and the RP-GQDs@Zn-
MOFs probe. In essence, RP-GQDs were found to exhibit 
a spherical shape with a uniform distribution. The aver-
age diameter of RP-GQDs was measured to be 8.68 nm, 

Figure 5: Zeta analysis behavior of (A) RP-GQDs, (B) Zn-MOFs, and (C) RP-GQDs@Zn-MOFs probe
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confirming the synthesis of nanoscale GQDs from a green 
precursor. The HR-TEM image of Zn-MOFs displayed a 
hexagonal form, with an average diameter of 210.12 nm.32 

The surface morphology of the RP-GQDs@Zn-MOFs 
probe closely resembles that of the Zn-MOFs, with an av-
erage diameter of 226.98 nm. This observation is crucial 
as it confirms the successful assembly of the RP-GQDs@
Zn-MOFs probe without any disruption of the Zn-MOF 
frameworks. Finally, the selected area electron diffraction 
(SAED) patterns of Zn-MOFs, RP-GQDs, and the RP-
GQDs@Zn-MOFs probe indicate their polycrystalline 
nature.

3. 7. Sensing of Quercetin
To detect quercetin, a stable and nanosized RP-

GQDs@Zn-MOFs probe was created, wherein zinc (Zn2+) 
ions and carboxylic ions engage in a charge-charge inter-
action, effectively linking the RP-GQDs and Zn-MOFs. 
Additionally, hydrogen bonding interactions involving 
RP-GQDs with carboxyl, epoxy, and hydroxyl groups, 
as well as Zn-MOFs with amine functionality of 2-me-
thyl-1H-imidazole, contribute to the formation of the RP-
GQDs@Zn-MOFs probe (Turn-On). In this configuration, 
the developed probe exhibits fluorescence behavior. This 
probe was employed for sensing quercetin, with Cu2+ ions 
chosen as a quenching agent (Figures 8 A and B). In this 
scenario, the fluorescence property of the RP-GQDs@Zn-
MOFs probe was observed to decrease (Turn-Off) upon 
the addition of Cu2+ ions, likely due to the formation of 
a complex between Cu2+ ions and RP-GQDs@Zn-MOFs 
(Cu2+-RP-GQDs@Zn-MOFs). Subsequently, the intro-
duction of quercetin led to the restoration of fluorescence 
in the Cu2+-RP-GQDs@Zn-MOFs complex (Figures 8 C 
and D), indicating a proportional relationship between 
quercetin concentration and the recovered probe fluores-
cence (referred to as “Turn-On”). This provided a linear 
concentration range of 100 ng/mL to 1400 ng/mL (Y = 4.2x 
+ 777.8, R2 = 0.99). Additionally, the LOD and LOQ were 
determined to be 37.8 ng/mL and 114.7 ng/mL, respec-
tively. Table 1 summarizes various types of sensors for the 
detection of quercetin. In summary, the utilization of sul-
fur-doped GQDs as a fluorescent sensor for the detection 
of quercetin requires a thorough discussion of sensitivity 
and selectivity.22 The development of modern electrodes 
is essential for designing electrochemical sensors, and it 
is equally important to thoroughly discuss the selectivity 
study for quercetin. Additionally, a comprehensive explo-
ration of the impact of current/voltage is necessary.33,34 
Similarly, the importance of selecting modified MOFs35 
as well as the use of carbon nanoparticles36 should not be 
understated. However, it's crucial to note that the discus-
sion should include specific details about their impact on 
selectivity and sensitivity analysis for quercetin detection. 
In the present work, it is confirmed that the designed nan-
oprobe offers a wide linear range and a low LOD. Interest-
ingly, due to the coordination of quercetin with its 3-OH 
functionality (B ring) and 4-carbonyl groups (B ring) with 
Cu2+ ions, the addition of quercetin demonstrates signifi-

Figure 6: Diffractogram of (A) RP-GQDs, (B) Zn-MOFs, and (C) 
RP-GQDs@Zn-MOFs probe

Figure 7: HR-TEM images and SAED pattern of (A, B) RP-GQDs, 
(C, D) Zn-MOFs, and (E, F) RP-GQDs@Zn-MOFs probe, respec-
tively
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cant selectivity towards Cu2+ ions. In this context, 3-OH, 
with its more acidic proton, and 4-carbonyl groups are the 
preferred sites for complex formation. On the other hand, 
the 'C' ring, which contains 3'-OH and 4'-OH functional-
ity, serves as the second site for complex formation. Addi-
tionally, the steric barrier of the first choice complex, com-
bined with the lower proton acidity of 5-OH functionality, 
makes them non-reactive sites in quercetin sensing. Figure 

9A illustrates the detection of quercetin using RP-GQDs@
Zn-MOFs, followed by the formation of a Cu2+-quercetin 
complex. Altogether, the proposed RP-GQDs@Zn-MOFs-
based fluorescence probe, which exhibits a "Turn-On-
Off-On" behavior, was found to be highly responsive to 
quercetin. The stability and reproducibility of the fluores-
cent RP-GQDs@Zn-MOFs probe were subsequently eval-
uated. In terms of stability testing, the %RSD was found to 

Figure 8: (A) Depicts the fluorescence quenching spectra of RP-GQDs@Zn-MOFs in the presence of Cu2+ ions. (B) Presents a graphical representation 
of the quenched fluorescence of the RP-GQDs@Zn-MOFs probe plotted against the concentration of Cu2+ ions. (C) Shows the fluorescence spectra of 
the Cu2+-RP-GQDs@Zn-MOFs probe with varying concentrations of quercetin (ranging from 100 ng/mL to 1400 ng/mL). (D) Provides a graphical 
representation illustrating the relationship between quercetin concentration and the recovered fluorescence of the RP-GQDs@Zn-MOFs probe.

Table 1: The summary of different types of sensors reported for detection of quercetin

Sr. No.	 Type of sensor	 Nanomaterial used	 Linearity range	 LOD	 Ref.

1.	 Fluorescent	 Sulfur doped GQDs	 0 to 50 μM	 0.006 μg/mL	 22

2.	 Electrochemical	 GQDs/Gold nanoparticle nanocomposite	 0.01 to 6 μM	 2 nM	 33

3.	 Amperometric	 Aminated-GQDs/ thiolated β-cyclodextrin 	 1 to 210 nM	 285 pM	 34

		  /gold nanoparticles
4.	 Fluorescent	 Carbon nanoparticles	 3.3 to 41.2 μM	 0.175 μM	 36

5.	 Fluorescent	 MOFs	 0.3 to 80 μM	 0.14 μM	 35

6.	 Fluorescent	 Cu2+-RP-GQDs@Zn-MOFs	 100 ng/mL to 1400 ng/mL	 37.8 ng/mL	 Present
					     work
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be 1.3%, which is well below the 5% threshold, indicating 
that the probe remains robust under experimental condi-
tions. Furthermore, repeatability testing yielded a %RSD 
of 1.8%, also meeting the criteria for reproducibility of the 
proposed sensor for quercetin measurement.

3. 8. �Study of Selectivity and Real-Time 
Analysis
In this study, the selectivity of the RP-GQDs@Zn-

MOFs fluorescence probe for quercetin was confirmed in 
the presence of various interfering compounds. Initially, 
the addition of copper ions to RP-GQDs@Zn-MOFs re-
sulted in the formation of quenched Cu2+-RP-GQDs@
Zn-MOFs. Subsequently, the introduction of quercetin to 
this quenched Cu2+-RP-GQDs@Zn-MOFs probe led to 
the recovery of fluorescence, thereby validating querce-
tin's exceptional selectivity even in the presence of mul-
tiple interfering compounds. Figure 9B illustrates the se-
lectivity of quercetin amidst competing substances. The 
addition of various interfering agents to the quenched 

Cu2+-RP-GQDs@Zn-MOFs probe resulted in the mini-
mal recovery of quenched fluorescence compared to the 
control Cu2+-RP-GQDs@Zn-MOFs quenched probe (ab-
sence of quercetin). This lack of significant recovery can 
be attributed to the absence of interactions between the 
Cu2+ ions (the quencher) responsible for quenching and 
the selected metal ions. Similarly, the use of citric acid, 
glycine, albumin, glucose, and ascorbic acid as interfer-
ing agents to assess the selectivity potential of Cu2+-RP-
GQDs@Zn-MOFs confirmed the high selectivity of the 
probe for quercetin alone. This selectivity is likely due 
to the specific interaction between copper ions and the 
3-OH and 4-C=O functionalities of quercetin. Any mi-
nor changes in fluorescence recovery may be attributed to 
weak interactions between copper ions and amino acids, 
proteins, or other biomolecules, which have no significant 
impact on the selectivity of Cu2+-RP-GQDs@Zn-MOFs. 
Additionally, the application of quercetin to simulated 
plasma samples resulted in a 97.42% recovery rate, with 
LOD and LOQ values of 38.11 ng/mL and 115.64 ng/mL, 
respectively. This demonstrates the feasibility of using the 

Figure 9: (A) Mechanism involved in quercetin detection using proposed design of RP-GQDs@Zn-MOFs nanoprobe and Cu2+ ions. (B) Interference 
study of RP-GQDs@Zn-MOFs fluorescence probe for detection of quercetin
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Zn-MOFs@RP-GQDs probe for quercetin detection in 
complex samples. In the future, we intend to validate the 
RP-GQDs@Zn-MOFs-mediated fluorescence turn "On-
Off-On" probe with preclinical blood samples as a proof 
of concept.

4. Conclusion
In this paper, we have presented an exceptionally 

stable and nanosized RP-GQDs@Zn-MOFs-based fluo-
rescence turn "On-Off-On" nanoprobe. This innovative 
probe was developed by encapsulating RP-GQDs, synthe-
sized from rose petals, within Zn-MOFs. The interaction 
between Zn2+ and carboxylic functionalities was employed 
to create RP-GQDs@Zn-MOFs, which was confirmed 
through spectroscopic analysis. Importantly, the encap-
sulation of RP-GQDs in Zn-MOFs retained the lumines-
cent properties of RP-GQDs. The particle size analysis 
of the complex demonstrated the stability of Zn-MOFs. 
The study further showed that the presence of quercetin 
in the Cu2+-RP-GQDs@Zn-MOFs sensing system led to 
fluorescence recovery. This recovery is attributed to the 
formation of a complex between Cu2+ ions and specific 
functionalities of quercetin, specifically the 3-OH and the 
carbonyl group (4-C=O) in the 'B' ring. This probe exhibit-
ed a low LOD of 37.8 ng/mL, indicating its high sensitivity 
for quercetin detection. Additionally, the probe's selectiv-
ity was assessed through interference testing, confirming 
its high specificity for quercetin in the presence of various 
interfering substances. The analytical parameters demon-
strated the probe's stability and repeatability, making it a 
reliable sensing system for quercetin detection. Real-time 
analysis in artificial plasma validated its practical utility. 
In conclusion, the developed RP-GQDs@Zn-MOFs-based 
sensor offers a straightforward process, excellent sensitiv-
ity, and selectivity for quercetin detection. This sensor has 
the potential for applications in measuring quercetin levels 
in clinical samples and food products.
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Povzetek
Pričujoča študija predstavlja ‘On-Off-On’ nanoprobo na osnovi fluorescence kot možnost za zaznavanje kvercetina. Pro-
ba je narejena iz grafenskih kvantnih točk, proizvedenih iz vrtničnih cvetnih listov in vključenih v cinkova kovinsko-or-
ganska ogrodja (RP-GQDs@Zn-MOF). Z analizo velikosti delcev in HR-TEM smo potrdili sintezo uniformno porazdel-
jene probe v nanovelikosti, medtem ko je zeta potencial (+33,03 mV) dokazal njeno dobro stabilnost. Fluorescenčna 
analiza je potrdila, da dodatek bakrovih ionov (Cu2+) povzroči dušenje fluorescence, medtem ko dodatek kvercetina 
povzroči nastanek kvercetin-Cu2+ kompleksa, kar privede do obnovitve zadušene fluorescence pri RP-GQDs@Zn-MOF 
zaradi statičnega dušenja. Nanoproba je izkazala široko koncentracijsko območje od 100 ng/mL do 1400 ng/mL (R2 = 
0,99) ter nizko mejo zaznave 37,8 ng/mL. Analiza selektivnosti je pokazala izrazito specifičnost za kvercetin, kar prip-
isujemo koordinaciji Cu2+ s karbonilnim kisikovim atomom in 3-OH skupino kvercetina. Nadalje je pripravljena proba 
pokazala odlično stabilnost, ponovljivost (RSD < 0,05) in potencial za analizo v realnem času.
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