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Carbon Quantum Dots with Tunable Size and Fluorescence
Intensity for Development of a Nano-biosensor

So Yeon Park, Justin Kok Soon Tan, Xuancheng Mo, Yujin Song, Jiaqi Lim, Xuan Ru Liew,
Hyunsoo Chung, and Sangho Kim*

Carbon quantum dots (CQDs) are a class of nanomaterials known for their
remarkable photostability, chemical inertness and biocompatibility. Changing
their size, structure, and surface chemistry enable the tuning of their
luminescence property, which gives them tremendous potential for various
applications. CQDs synthesis typically involves long tedious processes,
requiring multiple steps and harsh reaction conditions. Here, a new reliable,
economical, and ultra-rapid one-step fabrication method is introduced to
obtain CQDs with well-defined and reproducible photoluminescence
properties via a simple heat treatment. These solid-state CQDs are
homogenous in size and are ready to use without the need for further
purification. The size of the fabricated CQDs and their corresponding peak
fluorescence intensity are confirmed to be tunable by simple adjustment of
the heat treatment conditions. Coupled with their selective fluorescence
quenching by metal ions, the clinical potential of CQDs is demonstrated for
biosensing applications by designing a new nano-biosensor to assess the
quality of stored blood units through hemolysis quantification without
disrupting storage conditions. This may pave the way for a new standard in
blood bank inventory management.
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1. Introduction

Carbon quantum dots (CQDs) are a rela-
tively new material class that has drawn ex-
tensive attention over the past decade. Be-
sides their luminescence property, CQDs
exhibit low toxicity, biocompatibility, photo-
stability, and water solubility, which make
them ideal for applications in bioimaging,
sensing, photocatalysis, and waste water
treatment.[1] To this end, substantial efforts
have been made to prepare CQDs from
various carbon-containing precursors by
“bottom-up” and “top-down” approaches.
However, these protocols typically involve
long tedious processes requiring harsh re-
action conditions, often demanding in-
termediate steps that severely complicate
the synthesis process.[2] Furthermore, con-
trolling the size of carbon nanoparticles
to modulate their optical properties re-
mains a bottleneck to realizing the full
potential of CQDs with respect to their
intrinsic fluorescence properties.[3] Strate-
gies for size-differentiated synthesis of

CQDs have been reported,[4] and these are similarly associated
with complicated and resource-demanding methods requiring
precise reagent control. Alternatively, there are approaches for
separating the CQDs by size using gradient centrifugation or
ultrafiltration techniques.[5] However, these separation methods
are time and energy consuming, and thus have limited poten-
tial in terms of large-scale production. Therefore, it would be
ideal to produce CQDs that can be homogenous in size and eas-
ily tuned for a variety of applications.[6] More importantly, con-
ventional approaches predominantly produce CQDs suspended
in solution. In comparison, a solid-state sensor is more conve-
nient, portable and stable for point-of-care tests.[7] However, to
produce a solid-state CQD sensor, tedious post-modification is
required as CQDs have to be extracted, isolated from the liquid
media, and bound to solid substrates.[8] Simplifying the CQDs
synthesis process while achieving highly photoluminescent and
photostable solid-phase CQDs without post-treatment remains a
challenge.

Since carbon is ubiquitously present in all organic matter,
various types of CQDs can be produced from readily accessible
materials such as paper. Paper is an attractive and promising
substrate material for many applications due not only to its
exceptional accessibility but also to its physical properties. Its
intrinsic network of randomly interwoven fibers provides a
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large surface area for modification and functionalization.[9]

Owing to its high biocompatibility, biodegradability,
disposability, and chemical/biological inertness, paper-based
analytical devices have garnered significant attention in fluid
handling and analysis, evident from their use in lateral flow
immunoassays for pregnancy and COVID-19.[10] These prop-
erties enable paper-based devices to conform to the ASSURED
criteria (Affordable, Sensitive, Specific, User friendly, Rapid
and Robust, Equipment-free and Deliverable to end users)
defined by the World Health Organization for point-of-care
tests.[11]

In view of the usefulness of paper for biomedical applications,
a few studies have demonstrated the synthesis of CQDs from
paper or cellulose-based precursors. Park et al. produced color
tunable CQDs from wastepaper using a solvothermal approach
which yielded CQDs doped with various surface moieties.[12]

Similarly, John et al. obtained amine functionalized CQDs by
treating the paper substrate in an aminosilane reagent.[13] Ob-
viating the use of any chemicals, Zhu et al. described a pyrol-
ysis method of fabricating CQDs from plant leaves by burn-
ing for 2 h in the presence of nitrogen.[14] While these stud-
ies clearly illustrate the feasibility of deriving CQDs from pa-
per or cellulose-based substrates, their fabrication protocols
require complicated and resource-demanding steps with pre-
cise reagent control and thus are still time-consuming and
labor-intensive.

Here, we report a simple ultra-rapid one-step heat treatment
approach (<20 min) to synthesize luminescent CQDs using pa-
per as the substrate precursor. Our CQDs displayed an excep-
tional size tunability by facile adjustment of heating parameters,
yielding deterministic and stable fluorescence emission. In ad-
dition, our method produces CQDs in-situ in the solid phase,
avoiding the need for subsequent separation steps to obtain a
homogenous distribution of CQDs. The CQDs exhibited selec-
tive fluorescence quenching by metal ions and organic com-
pounds via photo-induced electron transfer, which may be cap-
italized on to identify target analytes for biosensing applications.
Leveraging on their extensive quenching by ferric iron (Fe3+)
and hemoglobin, we designed a CQD sensor to quantify cell-
free hemoglobin (CFH) concentrations in blood. This CQD sen-
sor showed a distinct dose-response with hemoglobin concentra-
tion, demonstrating its potential use for quality assessment of
stored blood prior to transfusion. In developing the CQD sensor,
we also demonstrated the optimization procedure of a new nano-
biosensor.

2. Experimental Section

2.1. Chemicals and Materials

Whatman qualitative filter paper (Grade 1, GE healthcare,
USA) was used as the cellulosic paper substrate in this
study. Organic compounds and inorganic reagents (Sigma-
Aldrich, USA) were all diluted with ultra-pure water except
for cytosine, thymine, adenine, guanine, and uric acid. Cy-
tosine and adenine were dissolved in 0.5 M hydrochloric
acid while guanine in 5 M hydrochloric acid. 1 M sodium
hydroxide was used as the solvent for thymine and uric

acid. All chemicals and reagents were used without further
purification.

2.2. Fabrication of CQDs with Tunable Fluorescence Emission

The fluorescent CQDs were prepared via a one-step heat treat-
ment using a laboratory grade drying oven (Pol EKO Drying Oven
SLN 32, Poland) with natural air convection settings. Laboratory
cellulosic filter paper with a thickness of 180 μm and a pore size
of 11 μm (Whatman Grade 1, GE Healthcare, Buckinghamshire,
UK) was heated at 230 °C for 10 min for demonstration of CQD
synthesis. For each batch 800 mg of filter paper was placed on a
stainless-steel baking tray in the pre-heated oven for the required
duration. To ensure even exposure to heat, the filter paper sub-
strates were laid flat on the center rack of the oven without stack-
ing. Subsequently, the samples were removed and allowed to cool
down to room temperature prior to characterization in situ or ex-
traction. For the parametric study on the effects of heating tem-
perature and duration on the CQD synthesis, the heating tem-
perature was varied from 150 to 230 °C for durations from 3 to
60 min.

2.3. Material Characterization of CQDs

Photographic images were captured with a standard digital cam-
era (fixed ISO, exposure time, and white balance) while ex-
posed to ambient and ultraviolet (UV) light (8W lamp, 365
nm, Spectroline EN-180 L/FBE, Spectronics Corp., USA) un-
der dark-room conditions to qualitatively demonstrate the pho-
toluminescence of the heat-treated paper. The fluorescence and
absorbance spectra were measured using a multimode mi-
croplate reader (Spark, Tecan Group Ltd., Switzerland). The
heat-treated cellulose sheets were cut into 113 mm2 circles
and loaded into a black flat 96-well plate (655900, Greiner Bio-
one, Austria) for spectral characterization of the in-situ fab-
ricated CQDs across an excitation wavelength (𝜆ex) range of
320 to 380 nm within the emission wavelength (𝜆em) range of
400–600 nm.

To isolate the CQDs formed in the cellulose matrix for fur-
ther characterization, 800 mg of the heat-treated cellulose sheets
was eluted in 4 ml of deionized (DI) water and agitated by vor-
tex mixing for 2 min. The resulting eluent solution was filtered
through a 0.22 μm microporous membrane (Minisart, Satorius,
Germany) for the removal of larger cellulose fibers. The super-
natants containing the CQDs were aspirated for measurement.
Morphological assessments of the CQDs were performed with
aberration-corrected TEM (JEOL, JEM-2100, Japan) operating at
80 kV acceleration voltage. For elemental analysis, Fourier trans-
form infrared (FTIR) spectra were collected using a FTIR spec-
trometer (Nicolet iS50, Thermo Scientific, USA) in attenuated
total reflection mode in the range of 400–4000 cm−1 while X-
ray photoelectron spectra (XPS) were measured using a conven-
tional spectrometer (ESCALAB Xi+, ThermoFisher, USA). 13C
NMR spectroscopy (Agilent-NMR-vnmrs600, Agilent, USA) was
performed using dimethyl sulfoxide–D6 as the solvent. Raman
spectra were recorded on a laser Raman spectrometer (Horiba,
HR Evolution, Japan) with an excitation wavelength of 633 nm.
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UV photoelectron spectroscopy was conducted with a monochro-
matic He I light source (Shimadzu, UV3600 Plus, Japan). Dy-
namic light scattering was performed with a Zetasizer (Nano ZS
ZEN 3600, Malvern, UK).

2.4. Blood Sample Preparation and Hemoglobin (Hb)
Measurement

This study was approved by the National University of Singapore
Institutional Review Board (H-18-006) and all procedures were
performed in accordance with the approved guidelines. Healthy
male volunteers aged between 21 and 40 years old, without any
known pathological conditions, were recruited. Informed con-
sent was obtained from all recruited participants. All blood col-
lection and storage processes were performed under sterile con-
ditions. Whole blood (20 ml) was collected from the donors into
vacutainer tubes with citrate-phosphate-dextrose (Terumo, Japan)
in the ratio of 7:1. The blood sample was then centrifuged at
2000 x g for 10 min at 4 °C (Sigma 2–6, Germany) to remove
the plasma and buffy coat. The top 2 mm layer of the packed red
blood cells (RBCs) was also removed to minimize the presence of
leukocytes. To examine the effect of storage duration and its ef-
fect on hemolysis, the packed RBCs were resuspended in saline–
adenine–glucose–mannitol (SAGM) additive solution (Terumo,
Japan) to hematocrit of 60 – 70% and stored under standard blood
banking conditions (2 – 6 °C). Hematocrit was measured with a
microhematocrit centrifuge (Sigma 1–14 Microcentrifuge, Sarto-
rius AG, Germany). The RBC samples were aliquoted aseptically
for measurements on Days 0, 1, 14, 28, 42, and 49. The aliquoted
samples were centrifuged at 2500 x g for 10 min at 4 °C to sep-
arate the storage media from the packed RBCs. The extracted
supernatant was then used to measure CFH levels with a com-
mercially available biochemical assay (MAK115, Sigma-Aldrich,
USA) and our CQD sensor. Total Hb was quantified by the cyan-
methemoglobin method using a blood analyzer (HemoCue Hb
301, Sweden). For validation of our sensor performance, 10 μl of
the extracted storage media was loaded onto our in-situ CQDs
and dried at 70 °C for 10 min before Hb measurement.

2.5. Statistical Analysis

Data visualization and statistical analysis were performed with
Origin 2019b (OriginLab, USA). Results are presented as mean ±
standard deviation (SD). Unpaired Student’s t-test (for paramet-
ric samples) and one-way ANOVA (for non-parametric samples)
were used to analyze the data. Differences were considered sta-
tistically significant for P < 0.05.

3. Results

3.1. In-Situ Formation of CQDs on Paper

We invented a one-step ultra-rapid method for fabrication of in
situ CQDs with deterministic sizes and tunable fluorescence
emission (Figure 1a). The heat treatment carbonized the cellu-
lose fibers, increasing the peak fluorescence intensity (FI) of the

cellulose fivefold (Figure 1b). Both the heating temperature and
duration were found to contribute to the tunability of the peak FI
(Figure 1c). The fluorescence of the CQDs was observed under
both visible and UV light conditions. The heat-treated cellulose
displayed visible photoluminescence when exposed to UV light
with an excitation wavelength (𝜆ex) of 365 nm (Figure 1d). The
CQDs extracted in DI water exhibited photoluminescence when
illuminated by UV light (Figure 1e), which is attributed to the
intrinsic band edge and electron hole recombination in the sp2

cluster.[15] This photoluminescence exhibited a clear 𝜆ex depen-
dence of the emission wavelength (𝜆em) and intensity,[16] which is
a typical optical property of CQDs.[17] The fluorescence spectra of
the CQDs derived from a 𝜆ex sweep showed a maximum FI at an
excitation of 365 nm with a peak 𝜆em of 428 nm. The peak FI at 𝜆ex
= 365 nm exhibited a red shift (12 nm) with ∼200% enhancement
as compared to CQDs excited at 320 nm. Subsequent increments
of 𝜆ex resulted in a reduction of FI peak (≈78%) and a further red
shift (22 nm) (Figure 1f). This has been identified as a generic
feature of CQDs, suggesting that these particles could possess
multiple FI centers resulting from either different conjugation
length of the carbon core or various surface functional groups.[18]

Conventional CQDs with higher oxidation degrees exhibit 𝜆ex de-
pendence of their FI properties over the wavelength range of 280
– 380 nm,[19] which coincides with the peak 𝜆ex of 365 nm for
our CQDs. The shift in emission peak positions with different ex-
citation wavelengths is attributed to the different emissive sites
on CQDs.[20] At different excitation wavelengths, specific corre-
sponding emissive sites would be excited and fluoresce, resulting
in an excitation-dependent behavior of emission spectra.

3.2. Morphological and Structural Characteristics of CQDs

To characterize the morphology of the in-situ CQDs, dynamic
light scattering (DLS), transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HRTEM)
were utilized. DLS yielded a size distribution within the range
of 2.33 – 3.62 nm, with an average diameter of 2.94 ± 0.48 nm
(Figure 1g). To distinguish the presence of cellulosic fiber from
the CQDs formed, both cellulose (non-heat treated) and in-situ
CQDs on cellulose were observed under TEM. As seen from the
TEM images, cellulose appeared as distinct fiber-like structures
(Figure 1h) while CQDs were shown to be visible dark round
spots (Figure 1i). Quantitative analysis of the TEM images also
revealed that the CQDs were homogenous and monodispersed
with a mean particle diameter of 3.13 ± 1.06 nm. The HRTEM
images illustrated the high crystallinity structure of CQDs with
similar well-resolved lattice fringes (Figure 1i inset). The crys-
tal plane spacing of 0.21 nm corresponds to the (100) graphite
plane, which is often observed in CQDs.[21] Overall, the obtained
size distribution was in good agreement with previously reported
CQD dimensions (1 – 10 nm),[22] confirming the presence of
CQDs in the cellulose matrix.

3.3. Photoluminescence Characteristics of CQDs

To investigate the origin of the observed photoluminescence, the
fluorescence excitation and absorption spectra of cellulose and
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Figure 1. Synthesis and characterization of CQDs. a) Schematic illustration showing the one-step fabrication process of producing in-situ CQDs on paper.
b) Fluorescence enhancement was observed after heat treatment (dotted and solid lines represent cellulose and in-situ CQDs on paper, respectively).
c) Temperature and duration dependence of the FI of in-situ CQDs. d) Photographs of heat-treated cellulose paper under visible and UV illumination.
e) Isolated CQDs in solution form under UV light exposure in dark room conditions. f) FI spectra of the CQDs under different excitation wavelengths.
g) Size distribution of extracted CQDs with gaussian fit (dotted line). h) TEM image showing extracted non-heat-treated cellulose fibers. i) TEM image
showing extracted CQDs (inset: HRTEM image of extracted CQD with clear lattice fringes).

in-situ CQDs on cellulose were measured by spectrophotome-
try. As expected, the CQDs showed stronger optical absorption
in the UV region (260 to 320 nm),[23] which is produced by the
transition of the valence electron energy (𝜋 – 𝜋* and n – 𝜋*
transitions).[24] The UV–vis absorption spectrum of our CQDs
(Figure 2a) showed an absorbance band at 264 nm, which cor-
responds to the 𝜋 – 𝜋* transitions of aromatic sp2 domains in
the C═C bonds present in CQDs fabricated at higher tempera-
tures as a result of the quantum confinement effect;[25] which
was absent in the solutions extracted from non-heat treated cel-
lulose samples. Conventional CQDs previously reported showed
similar results with a typical absorption peak in the region of 250
to 300 nm, representing the typical absorption of an aromatic 𝜋

system.[26]

The in situ CQDs exhibited the same stretching vibration
bands in their FTIR spectra (Figure 2b) in comparison to non-
heat-treated cellulose. The peak at 3315 cm−1 can be attributed to
OH stretching vibrations, indicating the existence of carboxyl and
hydroxyl groups, which allows good water solubility and long-
term stability.[17] The absorption band present at 2889 cm−1 (alka-
nes stretching) indicates C─H bonds. The peak at 1631 cm−1

represents C═C double bonds in an aromatic ring.[27] Further
carboxyl groups are confirmed by the small peak at 1024 cm−1,
assigned to C─O stretching vibrations.[28] Smaller absorption
bands at 892, 1109 and 1155 cm−1 are attributed to group C fre-
quency, ring asymmetric stretching, C─O-C asymmetric stretch-
ing, respectively.[29] The obtained FTIR spectrum was in agree-
ment with the previously reported cellulose pulp spectrum.[29]

The cellulose and heat-treated cellulose share the same FTIR

bands, thus revealing similar functional groups present on the
surface of CQDs. Elemental composition and carbon bond-
ing configurations of the CQD surface were measured by XPS
(Figure 2c). The high resolution C1s XPS spectrum (Figure 2d)
shows 3 peaks at 283.0, 284.7, and 286.1 eV, which correspond to
C═C, C─C, C─O, respectively.[30] The O1s XPS spectrum (Figure
S1, Supporting Information) contains one peak at 532.5 eV which
stems from the C─O previously identified.[22] Thus, the XPS re-
sults further corroborate the conclusion of the FTIR data. Ra-
man spectra (Figure 2e) was used to identify the state of carbon
of CQDs, which showed typical peaks present in the region be-
tween 1095 and 1122 cm−1 attributed to the axial deformation
of C─O[31] and which coincide with previously reported cellu-
lose bands.[32] Nuclear magnetic resonance (NMR) spectroscopy
(13C) was used to determine functional groups on the surface of
the CQDs (Figure 2f). Signal peaks below and above 90 ppm in-
dicate the presence of both aliphatic and aromatic carbons. The
observed signals in the range of 50 to 80 ppm show the exis-
tence of aliphatic sp3 carbons and carbons attached with hydroxyl
groups,[33] which is consistent with the FTIR results. Separately,
the observed signals within 80 to 100 ppm are assigned to aro-
matic sp2 carbons attached with ether linkages. In addition, our
CQDs demonstrated astounding photostability when kept in the
dark with a FI for a prolonged duration at room temperature (25
°C) (Day 0: 33006.75 ± 703.30, Day 42: 33657 ± 1031.34, p =
0.087, n = 12) (Figure 2g).

We investigated the interaction of the CQDs with both metal
ions and organic compounds to check for their chemical reac-
tivity. Due to the presence of multiple functional groups on the
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Figure 2. Spectrophotometric analysis and fluorescence stability of CQDs. a) Fluorescence spectra (green) of cellulose and CQDs with excitation at 365
nm and the corresponding absorption spectra (orange) of the extracted cellulose and CQDs (CQDs: solid line, Cellulose: dotted line). b) FTIR spectrum of
cellulose and CQDs. c) XPS survey spectrum of CQDs. d) High-resolution C1s XPS spectrum of cellulose and CQDs. e) Raman spectroscopy identifying
the proportion of sp2 and sp3 hybridized carbon atoms in the carbon core of cellulose and CQDs. f) 13C NMR spectra of cellulose and CQDs. g)
Photostability of CQDs kept in the dark at 25 °C. h,i) Normalised FI of CQDs in the presence of various inorganic ions (h) and organic compounds (i).

surface of the CQDs, substances such as metal ions and organic
compounds can interact with these groups to modulate the CQD
fluorescence.[34] A representative panel of eight cations (sodium
Na+, potassium K+, aluminium Al3+, iron Fe3+, copper Cu2+, zinc
Zn2+, magnesium Mg2+, and manganese Mn2+), each at a con-
centration of 1 mM, was selected to evaluate their effects on the
CQD fluorescence.[35] The normalized fluorescence of the CQDs
(F/F0, where F0 and F are the FI of the in-situ CQDs before and
after the loading of inorganic ion samples, respectively) were sig-
nificantly quenched by Cu2+ and Fe3+ while other ions exerted
negligible effects (Figure 2h). The selective fluorescence quench-
ing of CQDs by the metal ions is due to the strong binding energy
between the ions and the electron-rich oxygen groups on the sur-
face of CQDs.[36] This quenching effect may be attributed to the
formation of stable complexes with Cu2+ and Fe3+ ions through
the surface carboxyl and hydroxyl groups that have high binding
affinity for these ions,[37] alluding to the potential of our CQDs
to be used as nano-sensors for measuring Cu2+ and Fe3+ in hu-
man body fluids. To test the feasibility of this, organic compounds

(Hemoglobin (Hb), Ascorbic Acid (AA), Cytosine (Cy), Thymine
(Th), Adenine (Ad), Guanine (Gu), Uric Acid (UA), and Citric
Acid (CA)), each at a concentration of 1 mm, were also added to
the CQDs.[38] The results showed that the fluorescence of CQDs
was strongly quenched in the presence of iron-containing Hb,
corroborating the quenching by Fe3+ (Figure 2i). These results
demonstrate the possibility of extrapolating the biosensing ap-
plicability to various other target analytes.

3.4. Tunability of peak FI

To better understand the formation of CQDs on paper, the effect
of heating duration and temperature on the carbonization pro-
cess were systematically investigated. We hypothesized that the
formation of the fluorescent compounds could be controlled by
adjusting the heating dose. As such, cellulose sheets were heat-
treated at different temperatures and durations, which yielded
CQDs with different peak FIs and sizes. First, the cellulose was
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Figure 3. Temperature-dependent FI tunability of in-situ CQDs. a) Images of heat-treated cellulose paper under UV light for different heating tempera-
tures (150 °C to 250 °C) with a fixed duration of 10 min. b) Peak FI of CQDs fabricated with different temperatures (top: Extracted CQDs, bottom: In-situ
CQDs). c) Relationship between CQD size and treatment temperature (inset: Standard deviation of CQD size).

heated at different temperatures (150, 180, 200, 230, and 250
°C) for a fixed duration of 10 min. All the CQDs exhibited a
maximum 𝜆ex at 365 nm regardless of the heating temperature
(Figure S2, Supporting Information). Notably, the photolumines-
cence of the in-situ CQDs increased with temperature up to 230
°C, beyond which excessive carbonization of cellulose structure
was apparent from the visible non-fluorescing brown spots on
the cellulose sheet that attenuated their overall photolumines-
cence (Figure 3a). With increasing carbonization, the substrate
showed a clear increase in char formation and a marked eleva-
tion in surface porosity, which would have reduced the amount
of material available for CQD formation (Figure S3, Support-
ing Information). The peak FI of extracted CQDs displayed a
monotonic increase with heating temperature to a maximum of
63032 ± 1615 a.u. at an 𝜆em of 428 nm, with no correspond-
ing red shift (Figure 3b top). In contrast, the peak FI of in-situ
CQDs showed a maximum at 230 °C and subsequent increase
in temperature to 250 °C resulted in a drop in FI (∼1.3 times
drop from the maximum) (Figure 3b bottom). The maximum
𝜆em was 428 nm for all the treatment conditions except for the
CQDs fabricated at 250 °C which exhibited a peak fluorescence
red shift (12 nm) (Figure S2e, Supporting Information). The dif-
ference in FIs of the in-situ and extracted CQDs suggests that
the thermal decomposition at high temperatures could lead to ex-
cessive cellulose carbonization represented by the visible brown
dots formed.[39] This requires a balance between the antagonistic
effects of CQD formation and cellulose carbonization to maxi-
mize the net FI of the in-situ CQDs on paper. Characteristic ab-
sorbance bands were identified at 264 nm for CQDs fabricated
at 180 – 250 °C (Figure S4, Supporting Information). The in-
crease in the absorbance peak with FI further supports the 𝜋 –
𝜋* transition as the source of the fluorescence. The DLS results

revealed that the size (150 °C: 108.00 ± 22.29 nm, 180 °C: 26.57
± 4.34 nm, 200 °C: 9.51 ± 0.48 nm, 230 °C: 2.94 ± 0.48 nm, 250
°C: 1.63 ± 0.27 nm) of the CQDs decreases exponentially with
temperature (R2 = 0.99) (Figure 3c), and the CQDs fabricated at
higher temperatures had narrower size distributions (SD150 °C =
22.29, CV150 °C = 20.64% and SD250 °C = 0.27, CV250 °C = 16.35%)
(Figure 3c inset). While the size distribution was comparable to
previously reported CQDs that had average diameters of 3.4 ±
0.8 nm (CV = 23.52%)[40] and 5 ± 2 nm (CV = 40%),[41] we could
obtain CQDs with a narrow size distribution without any post-
hoc separation processes needed in conventional methods, thus
greatly improving the preparation efficiency. The TEM images
confirmed that the CQDs became more uniform in size when
fabricated at higher temperatures (Figure S5a, Supporting Infor-
mation). The CQDs were further examined by HRTEM, which
revealed a lattice spacing of 0.21 nm (Figure S5a, Supporting
Information inset) consistent regardless of temperature applied.
Based on the heating temperature results, we selected 230 °C for
the following heating duration study.

Similarly, to study the effect of heating duration on the CQD
fabrication, the cellulose was heated at 230 °C for five different
durations (3, 5, 10, 30, and 60 min). All CQDs showed peak emis-
sions at the 𝜆ex of 365 nm regardless of heating duration (Figure
S6, Supporting Information). With UV light exposure, the photo-
luminescence of the in-situ CQDs increased with the heating du-
ration up to 10 min. Subsequently, excessive carbonization of the
paper substrates resulted in clear brown spots which reduced the
brightness of the fluorescence (Figure 4a). As expected, the peak
FI of the extracted CQDs increased with heating duration, reach-
ing a maximum at 60 min (73363 ± 803 a.u.) at an 𝜆em of 428 nm
(Figure 4b top). However, the peak FI of in-situ CQDs exhibited
a maximum at 10 min, after which FI dropped at 30 min (≈50%
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Figure 4. Heating duration-dependent FI tunability of in-situ CQDs. a) Images of heat-treated cellulose paper under UV light for the different heating
durations (3–60 min) with a fixed temperature of 230 °C. b) Peak FI of CQDs fabricated with different durations (top: Extracted CQDs, bottom: In-situ
CQDs). c) Relationship between CQD size and treatment duration (inset: Standard deviation of CQD size).

drop from the maximum) and 60 min (∼70% drop) (Figure 4b
bottom). An absorbance band (Figure S7, Supporting Informa-
tion) was identified at 264 nm for all cellulose that was heat-
treated regardless of heating duration, arising from the charge
transfer between 𝜋 and 𝜋* energy levels as described above. The
DLS results demonstrated a reduction in size with heating dura-
tion (3 min: 125.07 ± 25.82 nm, 5 min: 12.99 ± 2.47 nm, 10 min:
9.51 ± 0.48 nm, 30 min: 2.94 ± 0.48 nm, 60 min: 1.63 ± 0.27 nm)
following an exponential decay profile (R2 = 0.99) (Figure 4c).
The CQDs fabricated beyond 5 min showed narrower size distri-
butions (SD3 min = 25.81, CV3 min = 20.64% and SD60 min = 0.17,
CV60 min = 16.34%) (Figure 4c inset). Similar to the heating tem-
perature, the TEM images showed that the CQDs size distribu-
tions were more homogenous at longer durations (Figure S5b,
Supporting Information). HRTEM images also confirmed that
the CQDs had a lattice spacing of 0.21 nm (Figure S5b, Support-
ing Information inset) which persisted regardless of the heating
duration, corresponding to the (100) graphite plane. In both the
FTIR and XPS spectra, identical bands were found regardless of
the treatment temperature (Figure S8, Supporting Information)
and duration (Figure S9, Supporting Information) used to fabri-
cate the CQDs, which demonstrate that the observed difference
in FI is not due to changes in the derived products.

3.5. Design of Nano-Biosensor

We have demonstrated that in the presence of Fe3+ ions
(Figure 2g), the FI of the CQDs decreases due to quenching aris-
ing from photo-induced electron transfer from the CQDs to the
iron atom. In addition, as shown in Figure 2h, hemoglobin (Hb,
an iron-containing metalloprotein) had the strongest ability to

quench the fluorescence. We exploited this finding to evaluate the
feasibility of using the in-situ CQDs for detecting CFH in blood
bags produced as a result of the storage lesion (Figure 5a). To val-
idate the clinical potential of the CQD sensor, we selected both
physiological (6 – 34 mg L−1)[42] and pathophysiological levels (34
– 87 mg L−1)[43] for the test. The CQDs fabricated under different
heating conditions (150 °C, 180 °C, 200 °C, and 230 °C; all for
10 min) were assessed for their CFH detection performance. As
these CQDs possessed different baseline fluorescence, we sought
to identify the optimal baseline FI to detect the low concentra-
tions of CFH without FI saturation. As expected, the FI decreased
with CFH concentration, and CQDs fabricated at 200 °C showed
the best linear relationship (R2 = 0.92) (Figure 5b). The sensitiv-
ity of the different fluorescence baseline conditions to CFH was
quantified using the gradient of the fitted linear regression lines.
The CQDs fabricated at 200 °C also showed the highest sensitivity
(−48.21 ± 4.02 FI mg−1 L−1) (Figure 5c). Collectively, CQDs fab-
ricated at 200 °C for 10 min were demonstrated to be best suited
for CFH measurement.

To better understand the quenching mechanism of CFH, the
absorbance (for CFH) and FI (for CQDs and CFH) were mea-
sured separately (Figure 5d). No overlap was observed between
the maximum absorption band of CFH (416 nm) and the FI
emission band of CQDs (428 nm). Additionally, the FI emis-
sion band of CFH (468 nm) did not coincide with CQDs nor
CFH absorbance. This suggests that the quenching mechanism
was primarily based on the binding effects of CFH-CQDs, caus-
ing the photo-induced electron transfer from the C═C on the
CQDs to the heme group in CFH.[44] The fluorescence spectra
of in-situ CFH-CQDs samples (Figure 5e) demonstrated a mono-
tonic decrease in peak intensity with Hb concentration, showing
a peak emission band at 428 nm (CQD emission band). The time
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Figure 5. Detection of CFH with in-situ CQDs on paper. a) Schematic illustration showing the concept of detecting CFH concentration with CQDs.
b) Quenching response curves for CQDs fabricated at different temperatures with varying baseline fluorescence intensities. c) Sensitivity of CQDs in
detecting CFH. d) Fluorescence spectrum of CQDs and Hb excited at 365 nm compared against the absorbance spectrum of Hb. e) Fluorescence spectra
of CFH-CQDs at different concentrations of CFH. f) Relative photoluminescence intensity of CFH-CQDs complex after CFH loaded at 365 nm excitation.
g) Surface chemical groups of CFH-CQDs complex. h) High-resolution C1s XPS spectrum of the CQDs with CFH. i) Correlation analysis of measuring
CFH with CQDs against colorimetric method. j) Bland Altman plot for validation of CQDs against the colorimetric method. k) Calibration plot of F/F0,
where F and F0 are the fluorescence intensities at 365 nm excitation before and after adding CFH (inset: Calibration plot of CFH at lower concentrations
of 0 – 100 mg L−1). l) Quantification of hemolysis levels in blood bags during storage.
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required to quench CQDs was investigated using a CFH concen-
tration of 0.1 g dl−1. Quenching of the CQDs FI saturated within 5
min after addition of CFH, indicating that the CFH-CQDs bind-
ing completes rapidly within 5 min (Figure 5f). To gain further
insight into the FI quenching mechanism, the surface functional
groups present on the in-situ CFH-CQDs samples were analyzed
with FTIR and XPS. FTIR showed nearly identical bands in in-
situ CQDs and in-situ CFH-CQDs samples (Figure 5g). The char-
acteristic absorption band of O─H (3328 cm−1) and stretching vi-
bration band of C─O (1024 cm−1) were distinctly observed, con-
firming the presence of carboxylic groups.[45] In addition, two
absorption peaks at 2901 and 1314 cm−1 were found, associated
with the stretching and bending vibrations of C─H and C═C,
respectively.[46] A new peak was found at 1651 cm−1 in the CFH-
CQDs complex that corresponds to the stretching vibration band
of C = O, indicating the presence of -COOH group contributed
by the CFH.[47] The C1s XPS spectrum (Figure 5h) of CFH-CQDs
showed three peaks at 283.2, 284.7, and 286.1 eV for C═C, C─C,
and C─O, respectively,[30] which is identical to CQDs. However,
higher intensity was found at all 3 peak positions, due to the pres-
ence of the bound Hb.

To validate the CQD sensor for CFH detection, Hb standard
solutions were serially diluted to yield a wide range of CFH con-
centrations found in both physiological and pathophysiological
conditions. The CFH concentration was determined using the
laboratory reference colorimetric method (n= 24) in parallel with
our CQD sensor (n = 24). Our CQD results were in good agree-
ment with those obtained using the conventional method, with a
strong linear correlation between the two methods (Pearson cor-
relation coefficient = 0.995) (Figure 5i). Bland-Altman analysis
(Figure 5j) showed a mean bias of -1.21 mg L−1 with a SD of
6.12 from the conventional method. The upper and lower lim-
its of agreement were 10.78 and -1.96 mg L−1 respectively, with
95% of the CFH measurements falling within the agreement
limits,[48] validating the accuracy of our CQD sensor. To test if
the CQDs are capable of quantifying the low amount of storage
lesion-induced hemolysis in blood bags, FI quenching was mea-
sured at low CFH concentrations (0.1 – 0.5 g dl−1) corresponding
to hemolysis (< 1%).[49] The normalized fluorescence displayed
an exponential decay with increasing CFH concentration (F/F0
= 0.07 + 0.8e−11.8[CFH], R2 = 0.998) (Figure 5k). The linear detec-
tion range was determined to be from 0 to 0.01 g dl−1 (F/F0 =
-17.91[CFH] + 0.94, R2 = 0.929) (Figure 5k inset). The limits of
detection and quantification (LOD and LOQ) were determined to
be 0.006 and 0.021 g dl−1, respectively (n = 6), based on the fol-
lowing formula: LOD = 3 × SDDI and LOQ = 10 × SDDI, where
SDDI is the standard deviation of the [CFH] measurements for
the blank (DI water) samples. The calibration curve was used to
monitor changes in CFH concentration during blood storage (n
= 3). The CFH level in all 3 subject samples was found to increase
with the storage duration (Figure 5i). The mean CFH concentra-
tion increased from 0.08 ± 0.02 g dl−1 (Day 1) to 0.47 ± 0.02 g
dl−1 (Day 42). Statistically significant increases in the CFH con-
centration were found at each time point of measurement (P <

0.05). The total Hb levels of all units ranged from 16.2 – 23.83
g dl−1 and decreased to a minimum at Day 49 across all sub-
jects (19.84 ± 0.65 g dl−1, P < 0.05). The average hematocrit of
the stored blood samples decreased from 61.55 ± 0.75% (Day 1)
to 55.11 ± 1.40% (Day 49), confirming a significant amount of

hemolysis (P < 0.05) during the storage (Figure S10, Supporting
Information). Our findings indicated that with prolonged stor-
age, there was an accumulation of CFH in the storage medium,
coinciding with a decrease in both the hematocrit and total Hb
concentration in the stored unit.[49] Thus, we were able to quan-
tify the degree of hemolysis within the stored blood samples dur-
ing prolonged storage, which could be determined by comparing
the measured CFH concentration to the total Hb concentration
and hematocrit. According to blood banking guidelines set out by
the Association for the Advancement of Blood and Biotherapies
(AABB), the hemolysis level of RBCs at the point of transfusion
must be lower than 0.8% to ensure that no hemolytic products
are transfused to patients.[50] Hemolysis levels present in all three
samples remained within the acceptable range (< 0.8%) up to Day
28 (Subject A: 0.46 ± 0.02%, Subject B: 0.62 ± 0.03%, Subject C:
0.44 ± 0.02%) but surpassed the threshold at Day 42 (Subject A:
0.84 ± 0.01%, Subject B: 1.01 ± 0.02%, Subject C: 0.93 ± 0.03%)
(Figure 5l), which coincided with hemolysis levels found in an-
other blood storage study.[51]

4. Discussion

Although CQDs have inherent advantages as a new class of
nanomaterials, the large number of fabrication parameters adds
complexity to explaining the origin of CQDs’ astounding opti-
cal properties. These properties strongly depend on the synthe-
sis conditions such as the chosen precursors, starting materi-
als, duration, and temperature of synthesis. The top-down ap-
proach that we adopted for the CQDs fabrication involves the
carbonization of larger cellulosic structures present in paper into
CQDs through a simple oven-based heat treatment that permits
facile fluorescence tunability of the extracted CQDs by adjusting
the heating temperature and duration. Utilizing a non-cytotoxic,
low-cost starting material (paper), coupled with a standard oven
with low energy-consumption (13 W), we circumvent the limita-
tions of conventional synthesis methods that require harsh con-
ditions and high energy sources,[24] resulting in a costly and time-
consuming fabrication of CQDs. CQDs are known to undergo
self-quenching in solid-state form due to its aggregation and 𝜋 –
𝜋 stacking interactions.[52] This limits the use of CQDs, particu-
larly in sensors that typically require materials fluorescing in the
solid state.[53] Our approach condenses the fabrication and em-
bedment into a one-step in-situ formation of CQDs in the cellu-
losic structure. The immobilization of the CQDs in the cellulose
matrix resolves the quenching problems in solid phase CQDs as
coupling the CQDs with the cellulose substrate restricts the in-
termolecular motions.[54]

The fabrication strategy relies on the carbonization of cellu-
losic structure through energy transfer, which is governed by the
heating temperature and duration in the oven. Heat-based syn-
thesis methods have been used mainly as a cost-efficient route
for fabrication of CQDs through saccharides, amines, organic
acids and their derivatives.[55] When such products undergo heat
treatment, its product phases and compositions can be empiri-
cally controlled by reaction conditions, particularly heating rates,
temperature and duration.[56] Cellulose is the major component
found in paper, and cellulose depolymerization begins at the
temperature between 100 – 150 °C.[57] The thermal degrada-
tion of the cellulose is a complex process involving multiphase
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Figure 6. Tunability of FI of in-situ CQDs. a) Heat map of luminescence with varying treatment temperatures and durations. The broken lines separate
different FI levels (low, medium, and high). FI was found to initially increase with heating durations and higher temperatures. However, beyond a heating
dosage (10 min and 230 °C), excessive carbonization of paper starts, resulting in attenuated luminescence. b) Comparison between experimental and
simulation data using a nucleation-growth model (Prout-Tompkins rate equation).

reactions, various chemical pathways, formation of unstable in-
termediates, and both heat and mass transfers.[58] As seen in
the fluorescence Intensity (FI) heat map in Figure 6a, lumines-
cence of the in-situ CQDs was highly dependent on the heating
parameters. A minimal threshold setting of 150 °C for 20 min
was required to initiate the CQDs formation process, where the
magnitude of fluorescence was observed to be proportional to
the amount of energy transferred. Cellulose heat-treated under
different heating conditions showed differences in the peak FI
but not in the compounds formed based on elemental analyses.
FI peaked at moderate temperatures and moderate-to-high du-
rations. At higher treatment dosages (exceeding 10 min of heat-
ing at temperatures exceeding 230 °C), excessive carbonization
of the paper substrate resulted in a marked attenuation in the
FI.[59] A previous study has described the pyrolysis of cellulose
using a nucleation-growth model (Figure S11, Supporting Infor-
mation) adhering to the Prout-Tompkins rate equation.[60] Using
the model, we were able to fit our experimental data with a near
complete overlap (Figure 6b), suggesting that the identity of the
CQDs is primarily the pyrolysis residues rather than the other
byproducts (oligomers, sugars, furans and acids). These findings
suggest that the duration and temperature of the heat treatment
are critical parameters governing the formation of CQDs without
ablating the paper. This allows for the optimization of the CQD
fabrication protocol to maximize fluorescence yield and mini-
mize fabrication resource consumption. This heat map would be
essential in designing a new nano-sensor using CQDs fabricated
by our method.

The tunable peak FI may be attributed to two main mecha-
nisms – 1) the size-dependence of the photoluminescence of the
synthesized CQDs and 2) the valence electron transition in the
molecule. The current relation between the particle size of CQDs
and the resultant peak FI illustrates the energy gap within the
core. For CQDs with graphitized core, the smaller the size of
core, the higher its photoluminescence energy, whereas CQDs
with amorphous core show an inverse trend.[61] Since the photo-
luminescence originates from surface trap sites, smaller CQDs
with larger surface-to-volume (or “the number of the trap sites”-
to-“the number of the photo-excitable electrons”) ratio could ex-

hibit a higher FI at the same 𝜆ex,
[62] as observed in our CQDs. Our

results clearly demonstrate that the heating temperature and du-
ration play a key role in controlling the size of the CQDs.[63] This
size-dependence of the FI of CQDs with graphitized cores has
also been previously ascribed to a higher abundance of surface lu-
minescent groups on smaller CQDs,[64] resulting in a higher pho-
toluminescence energy density.[61] The peak FI tunability feature
combined with the remarkable photostability and solid state in-
situ fabrication offer the possibility of developing a novel paper-
based, disposable nano-sensor. Furthermore, we demonstrated
the reproducibility of the CQD synthesis using two other brands
of filter paper (Hawach Scientific, Qualitative Grade, China and
Fisher Scientific, Grade P4, USA), both of which yielded CQDs
with identical peak excitation and emission wavelengths (Figure
S12, Supporting Information).

During blood storage, red blood cells undergo biochemical and
biophysical changes that ultimately culminate in pronounced
hemolysis, releasing CFH into the suspending medium. CFH
is a potent scavenger of nitric oxide, an important endoge-
nous vasodilator. A reduction in nitric oxide bioavailability in
microcirculatory networks can have deleterious outcomes such
as inadequate organ perfusion, organ injury and eventually or-
gan failure.[65] In current practice, a quality control in blood
banks is performed using the sampling method, in which blood
units are randomly selected for hemolysis checks. Since this test
method is destructive, it is not applicable to all blood units be-
fore transfusion.[66] At present, the main routine test to confirm
the blood quality prior to transfusion is the visual assessment of
hemolysis (color change recognition) by individual clinicians.[67]

However, such a visual assessment is highly subjective and has
a tendency to overestimate hemolysis, resulting in unnecessary
wastage of much needed blood products.[68] This gap in blood
storage management indicates an urgent need for a rapid, af-
fordable, accessible, and accurate platform for CFH detection.
The CFH measurement performance of our CQDs in Figure 5l
confirms that our CQDs are capable of measuring CFH concen-
trations for monitoring hemolysis levels in stored blood, which
would pave the way for the development of contemporary blood
bag inventory management protocols.
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5. Conclusion

We present a one-step simple, low cost in-situ fabrication of
CQDs on paper utilizing a conventional oven. We have also
demonstrated the highly deterministic tunability of the fluores-
cence intensity (FI) of our CQDs by facile adjustment of heat
treatment duration and temperature. Our parametric studies
confirmed that by controlling the heating temperature and du-
ration, we can readily modulate the particle size and the FI peaks
of CQDs – optimizing the optical sensitivity of the CQDs for ap-
plications. To elucidate the role of heat in forming fluorescing
CQDs, we analyzed the surface morphology and chemical com-
positions of the CQDs. To the best of our knowledge, this study
provides the most comprehensive study on the surface chemistry
of cellulose-derived CQDs, leading to a nano-sensor design crite-
rion. This allows users to explore the functionalization of CQDs
for new applications in the future. Unlike conventional synthesis
methods of fabricating CQDs, our method supports a rapid and
economical manner to embed CQDs on a cellulose, displaying
remarkable stability and repeatability. Our CQDs developed in
solid phase permits excellent portability and convenience com-
pared to the conventional solution phase. Furthermore, our in-
situ CQDs system showed great potential for detection of CFH in
blood bags. We combined the advantages of paper-based biosen-
sors and the photoluminescence of CQDs to develop a reagent-
free CFH measurement platform that can be introduced into a
blood bag for monitoring of hemolysis. The long-term photosta-
bility of the in-situ CQDs enables the paper sensor cartridge to be
stockpiled to streamline inventory management. We believe that
the demonstrated strategy could significantly improve blood bag
management in blood banks, introducing a more reliable method
for hemolysis assessment of stored blood – which is a critical met-
ric indicative of blood unit quality.
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