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Polarity-sensitive fluorescent nanoparticles with intrinsic dual emission are invaluable tools for investigating
with their built-in self-calibration
characteristics, offer higher sensitivity and more obvious visual detection in qualitative and quantitative

microenvironmental polarity. Ratiometric fluorescent sensors,
analysis. In this context, we report the synthesis of polarity-sensitive, dual-emitting carbon dots via
a solvothermal method and demonstrate their application in ratiometric polarity sensing. These carbon
dots exhibit characteristic solvatochromic effects with emissions in both the blue and red spectral
regions. Notably, we observed a remarkable 30-fold enhancement in the red-to-blue emission intensity
ratio as the solvent polarity shifted from 0.245 to 0.318. The dual-emitting carbon dots demonstrate the
highly sensitive and inherently reliable (self-calibration) polarity dependence of the emission spectra,
facilitating their application in ratiometric polarity sensing. These dual-emitting carbon dots exhibited
a strong affinity for lipid droplets in live cells, demonstrating their potential as highly specific targeting
probes for imaging lipid droplets in live cells, without the need for additional targeting ligands. The
characteristics of excellent biocompatibility, photostability, and good cellular imaging capabilities make
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1. Introduction

Fluorescence imaging is an important technique for under-
standing the structural and physiological functions of cells and
organisms, playing a crucial role in biomedical research and the
diagnosis of several diseases." Among various cellular compo-
nents and biological processes, lipid droplets (LDs) have
attracted particular attention from researchers due to their
essential roles in metabolism and disease pathology. LDs were
initially assumed to be reservoirs for storing excess lipids in
cells. However, they were later identified as essential organelles
that regulate membrane and lipoprotein formation and play
a vital role in intracellular signal transduction in live cells.>?
LDs are composed of triacylglycerol and cholesteryl esters.*
Recently, it was found that there is a correlation between
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these dual-emitting carbon dots highly promising for biomedical and sensing applications.

nuclear morphology and cytoplasmic LD formation.® The
energy stored in lipids is released by the biogenesis of LDs and
is used for various cell bioprocesses.>® The synthesis of lipids,
nucleation, and their cytoplasmic budding are the multiple
steps in forming LDs in live cells. The dysregulation or excessive
formation of LDs will lead to numerous diseases, such as fatty
liver, obesity, diabetes, Alzheimer's, dementia, cardiovascular
diseases, etc.*” The association of LDs leading to various forms
of cancer is still not well understood.>® Understanding the
disease pathways related to lipids is crucial in treatments,
especially under pathogenic conditions.*®

Several fluorescent probes targeting LDs have been reported
based on small fluorescent organic molecules, fluorescent
nanoparticles, and fluorescent proteins.'®** Various commer-
cially available dyes have also been used to detect and image
LDs, including Nile red, oil red, BODIPY 498/503, and LipidSpot
498/633."* These dyes suffer from a small Stokes shift and some
of them can only be used in fixed cells, and they have weak
specificity due to nonspecific binding to lipophilic sites other
than LDs in a cell, restricting their proper application at the
cellular level and hence failing to identify tissue microstruc-
tures.>*? Therefore, it is necessary to develop new LD fluores-
cent probes with simple preparation, large Stokes shift, and
high LD staining selectivity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Carbon dots (CDs) are a new type of carbon-based nano-
material and have attracted significant research interest over
the years.” CDs are fluorescent nanoparticles composed of
a carbon core and surface structure having functional groups
such as amine, carboxyl, hydroxyl, etc. Due to their non-toxicity,
high fluorescence emission quantum yield, photostability, and
good biocompatibility, they are promising candidates for bio-
imaging and sensors."'** The emission properties of CDs
primarily depend on the surface states.'® Thus, the tunability of
emission wavelengths, efficiency, and selectivity can be ob-
tained by optimizing the precursors and dopants used during
synthesis, as well as the surrounding media in which the CDs
are dispersed."”*® Thus, CDs show great potential for bioimag-
ing and sensing by modifying surface structures."** CD-based
fluorescence imaging methods are gaining significant atten-
tion due to their excellent water solubility, biocompatibility,
and unique optical properties.'*'* Researchers have developed
various CD fluorescent probes for lipid droplet imaging,®
tracking LD catabolism,”* imaging the lipid-rich tissues of
zebrafish,” and simultaneous dual labeling of LDs and lyso-
somes.>® However, most of these previously reported fluorescent
probes suffer from some inherent limitations, such as short
emission wavelengths, less selectivity towards LDs, and poor
photostability.** Besides, in some cases, a relatively high
working concentration of the probes is required to obtain the
desired imaging performance.*

Dual emitting carbon dots (DCDs) offer superior quantifi-
cation capabilities compared to single-emitting CDs, but most
reported DCDs primarily emit blue or green fluorescence at
their effective excitation wavelengths.”® These emissions can
interfere with cellular autofluorescence, complicating bio-
imaging applications. Polarity-sensitive fluorescent probes are
powerful tools for studying the structures and functions of
biomolecules, both in vitro and in vivo.>® LDs, rich in triglycer-
ides and sterol esters, are cellular organelles that store and

Table 1 A summary of DCD-based ratiometric fluorescence probes
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produce energy with very low water content and extremely low
polarity.”” Therefore, there is an urgent need to develop
a polarity-sensitive fluorescent probe for targeting lipid droplets
(LDs) that is highly specific, emits at longer wavelengths, offers
high photostability, and ensures good cell viability.

Polarity is an integral microenvironment parameter. Several
fluorescent probes in response to polarity have gradually
emerged. Meanwhile, CDs with good surface functionalization
can show a sensitive fluorescence response to external stimuli,
which is desirable for sensing. However, sensing and quantifi-
cation methods currently used depend on fluorescent
enhancement or quenching at a single wavelength, making
quantification challenging due to various parameters, such as
instrumental calibration, local target concentration, microen-
vironment, photobleaching, etc.”® A ratiometric assay is one of
the most effective solutions to this problem, and the quantifi-
cation process relies on target-induced changes from at least
two emission bands, which provide an effective internal refer-
ence to increase sensitivity, stability, and accuracy.”® CD-based
ratiometric fluorescence probes can be synthesized through
physical mixing,**** nanohybrid formation,* or direct synthesis
of DCDs, with the latter offering a simpler and more accurate
approach by inherently providing dual emissions without the
need for additional optical materials.®® Researchers have
synthesized DCDs using various precursors and methods,
including environmentally friendly approaches using biomass
materials, enabling their applications in the ratiometric detec-
tion of heavy metal ions, 2,4,6-trinitrophenol (TNP), copper
(Cu), glutathione (GSH), veterinary drug residues, chromium
(Cr), intracellular lysine, pH sensing, and cell imaging.**** The
reported synthesis and ratiometric fluorescence sensing appli-
cations of DCDs are presented in Table 1. Although these
previous studies have realized different ratiometric sensing
applications of DCDs, the ratiometric fluorescence polarity
sensing of DCDs has not been reported.

Synthesis method Emission properties Applications Reference

Hydrothermal carbonization 440 nm and 624 nm Ratiometric detection of 31

method intracellular lysine and pH

Hydrothermal method 468 nm and 628 nm Ratiometric fluorescence detection 32
of Cr and application in cellular
imaging

Hydrothermal method 595 nm and 648 nm pH sensor, Ag" detection, and cell 33
imaging

Hydrothermal method 597 nm and 645 nm Ratiometric sensing of veterinary 34
drugs

Solvothermal reaction 430 nm and 550 nm Ratiometric fluorescent sensor for 35
the analysis of TNP and visualizing
intracellular TNP in live HeLa cells

Microwave-assisted heat treatment 360 nm and 530 nm Ratiometric fluorescent sensor for 30
Cu2+

Hydrothermal method 430 nm and 642 nm Ratiometric glutathione (GSH) 36

Hydrothermal method 630 nm and 680 nm

© 2025 The Author(s). Published by the Royal Society of Chemistry

sensing and differentiating cancer

cells from normal cells

Ratiometric fluorescent sensor for 37
methyl blue, pH and cell imaging
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In this work, we developed polarity-sensitive DCDs, which
worked as a ratiometric sensor for polarity and were used for
imaging LDs in HeLa cells without further modification. We
systematically analysed the DCDs and showed that they
primarily comprise a carbonized core with various functional
groups on its surface, contributing to their remarkable optical
properties. The DCDs have characteristic solvatochromic effects
and display dual emissions in the blue and red spectral regions,
showing low toxicity and good photostability. We demonstrated
an approximately 30-fold enhancement in the intensity ratio of
red to blue emissions of DCDs when the solvent polarity (Af)
was changed from 0.245 to 0.318, allowing the detection of very
small polarity changes. This property of DCDs facilitates the
application of the DCDs as promising ratiometric fluorescent
polarity sensors. Subsequently, the photoluminescence (PL)
properties of DCDs in the DI water-silicone oil system were
studied to understand the PL mechanism of DCDs towards
lipids. DCDs emit bright blue fluorescence in DI water, whereas
the PL intensity of red emission is enhanced in the vicinity of
lipids in an aqueous solution. This suggests that DCDs exhibit
higher PL efficiency at red wavelengths in lower polarity envi-
ronments. These findings indicate the potential application of
DCDs for imaging LDs in live cells, as LDs are known to have
lower polarity compared to the cytoplasm. This was further
confirmed by imaging LDs in HeLa cells. These studies and
results suggest that DCDs could serve as highly specific target-
ing probes for LDs, with promising applications in biomedical
research, clinical diagnostics, and ratiometric polarity sensing.

2. Results and discussion
2.1 Synthesis and structural properties of DCDs

The DCDs were synthesized by the solvothermal method.
Formamide was utilized as the reaction solvent and nitrogen
dopant, anhydrous citric acid (CA) served as a carbon source,
tris(hydroxymethyl) amino methane (tris buffer) was used as an
electron-donating source, and polyethylene glycol (PEG400) was
selected as a surface coating agent.*® The detailed synthesis
method is given in experimental section 3.2. To investigate the
microstructure of the synthesized DCDs, high-resolution
transmission electron microscopy (HR-TEM), X-ray diffraction
(XRD), and Raman spectroscopy were employed.
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Fig.1 (a) The XRD profile of DCDs. The XRD spectrum shows the peak

at 20 = 26°, corresponding to the (002) plane of graphite. (b) Raman
spectra of the DCDs. The dotted line represents the measured Raman
spectrum of the DCDs. The solid black line is the fit to the data,
consisting of two Gaussian curves (grey lines) with peaks at about
1343 cm™* for the D-band and 1570 cm™ for the G-band.
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The XRD patterns of the DCDs are shown in Fig. 1(a). Most
reported CDs show a broad XRD pattern® between 20° and 40°.
The diffraction peak at 26 = 26.8° shown in the XRD pattern is
identified as the (002) plane of graphite.> This peak corre-
sponds to an interlayer spacing of 0.32 nm, which is very close
to the interlayer stacking of 0.334 nm in graphite.*® Thus, from
the XRD peak position and width, we can conclude that the
DCDs consisted of a graphitic core with good crystallinity. The
Raman spectrum of the DCDs (Fig. 1(b)) shows two distinctive
peaks at about 1343 cm ™ for the D-band and 1570 cm ™ for the
G-band, which are assigned to sp® and sp” hybridized carbon
atoms, respectively.** The peaks in Raman spectra imply the
existence of a graphitic carbon core with sp® carbon defects
either on the surface or within the core.*® The ratio of intensities
of the D and G peaks is about 1.05, suggesting that the DCDs
contain a significant number of nitrogen atoms incorporated as
defects, within the sp> framework.*

The HR-TEM image (Fig. 2(a)) shows the successful forma-
tion of DCDs. It is also observed that the dots are well sepa-
rated and do not form aggregates. The size distribution
histogram (Fig. 2(b)), obtained from about 100 dots, indicates
an average size of 7 £ 2 nm. Well-separated small dots of
a few nm are essential for penetrating into the cell membrane
to enable fluorescence imaging within the cell. The inset of
Fig. 2(a), captured at a higher resolution, exhibits well-resolved
lattice fringes in the DCDs, with a lattice spacing of 0.32 nm,
corresponding to the (002) in-plane lattice of graphene
carbons. This indicates some degree of crystallinity of the
grown DCDs.*

As stated earlier, the optical properties of CDs, in general,
are dominated by the functional groups attached to the surface
of the dots or incorporated within. We used Fourier transform
infrared (FTIR) spectroscopy to identify the surface functional
groups of the DCDs. The FTIR spectrum of the DCDs (Fig. 3(a))
shows distinctive peaks at 2915 cm™' and 2850 cm™", indi-
cating the presence of methyl groups (CH3).* The stretching
vibrations of -NH, and aromatic C-NH can be observed at
3170 ecm™ ' and 1211 cm™ !, respectively, while the peaks
observed at 1550 cm '-1750 cm™ ' are ascribed to the
stretching vibrations of C=0/C=N and the bending vibration
of -NH,.*> Additionally, peaks around 1548 cm ™ '-1334 cm ™"

4 [ 10
Size (nm)

Fig. 2 (a) HR-TEM image of DCDs showing well-dispersed nano-
particles with the inset image depicting well-resolved lattice fringes.
(b) Size distribution histogram of DCDs indicating an average size of
7+2nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) FTIR spectrum of DCDs. Several different frequencies were
seenin the FTIR spectrum, corresponding to the various stretching and
bonding vibrations of different functional groups. (b) UV-vis absorp-
tion spectra of DCDs. The absorption spectrum shows a broad
absorption across the visible region, with a significant peak between
500 and 600 nm.

correspond to the C=C backbone of the benzene ring and the
stretching vibrations of C-N=.*

2.2 Optical properties of DCDs

Ultraviolet-visible (UV) absorption, PL spectroscopy, and life-
time decay were used to investigate the optical characteristics of
DCDs. The absorption spectra of DCDs at a concentration of 10
ng mL™ ", dispersed in various solvents (deionized (DI) water,
methanol, ethanol, dimethyl sulfoxide (DMSO), and N,N-
dimethyl formamide (DMF)), are presented in Fig. 3(b). These
spectra demonstrate a gradual shift as the solvent polarity
changes from polar protic (DI water, methanol, and ethanol) to
aprotic (DMSO and DMF) solvents. The DCDs are insoluble in
aprotic nonpolar solvents such as chloroform, toluene, and
cyclohexane, preventing the measurement of their optical
properties in these solvents. The maximum absorption wave-
length of the DCDs depends on the polarity of the solvents. The
absorption spectrum shows a broad absorption across the
visible region, with a significant peak between 500 nm and
600 nm. In methanol and ethanol, the absorption spectra
become more intense and shift to longer wavelengths, moving
from 505 nm to 530 nm compared to DI water, while another
peak at 410 nm is still visible (Fig. 3(b)). In DMSO, the
absorption intensity increases further compared to that of
ethanol, with the main peak red-shifted to 595 nm and the peak
emerging at 410 nm remaining the same, accompanied by
a shoulder peak at 280 nm. The peak at 280 nm is attributed to
m-7t* transitions within the sp> hybridized carbon-carbon (C=
C) bonds present in the graphitic core of the DCDs. The peak at
410 nm and the significant peak between 500 nm and 600 nm
are associated with the m-m* and n-m* transitions of the
aromatic 7 system containing many C-N/C=N or C-O/C=0
structures on the surface of the DCDs.**** The absorption
spectrum of CDs in DMSO closely resembles that of DCDs in
DMF (Fig. 3(b)).

Fig. 4(a) and (b) display the PL decays of DCDs in various
solvents, monitored at 630 nm and 440 nm under 405 nm laser
excitation. The average PL lifetimes, calculated using bi-
exponential and tri-exponential fits, show an increase for the
630 nm emission and a slight decrease for the 440 nm emission
as the solvent changes from DI water to methanol, ethanol,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PL decay of CDs in various solvents (a) at 630 nm and (b) at
440 nm under 405 nm excitation.

DMSO, and DMF. At 440 nm emission, the average PL lifetime in
DI water is 3.63 ns. In methanol and ethanol, the PL lifetime
decreases to 3.53 ns and 3.32 ns, respectively. In DMSO and DMF,
the PL lifetime of DCDs decreases further to 3.12 ns and 2.58 ns,
respectively. At 630 nm emission, the average PL lifetime
increases to 2.32 ns, 2.48 ns, and 2.82 ns as the solvent changes
from DI water, methanol, and ethanol, respectively. In DMSO and
DMTF, the PL lifetime of DCDs extends further to 3.53 ns and 3.76
ns, respectively. It is reported that changes in solvent polarity
typically cause a shift in the excited state energy through inter-
actions between solvent dipoles and the fluorophore in the
excited state, leading to further relaxation.*® This usually mani-
fests as a red shift in the PL spectra with increasing solvent
polarity.”” Several studies have reported distinct lifetimes in CDs,
though their origins remain debated. Liu et al. attributed the fast
component (~1.32 ns) to radiative recombination from intrinsic
states and the slower component (~7.89 ns) to emissions from
defect states.*® In contrast, Zhao et al. associated the fast lifetimes
(1.29-1.73 ns) with radiative recombination of eigenstates and the
slower ones (2.51-7.16 ns) with non-radiative processes involving
surface defects.* Byun's group proposed that the fast lifetimes
(1.17-3.15 ns) arise from non-radiative recombination, while the
slower ones (5.7-8.52 ns) result from radiative recombination of
oxygen-induced defects.” From the transient measurements, we
can conclude that the origin of the blue emission, which has less
dependency on the polarity of the solvent, may arise from the
core/edge state, and the red emission, which largely depends on
the solvent polarity, may arise from the surface states.

The PL spectra of DCDs dispersed in DI water are shown in
ESLf The photoluminescence excitation (PLE) spectrum
(Fig. S11) indicated that 394 nm is the optimum excitation
wavelength for the maximum emission of DCDs in DI water.
Their excitation-dependent nature was investigated to gain an
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Fig. 5 PL emission spectra of DCDs (a) and (b) in DMSO solution at
different excitation wavelengths.
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additional understanding of the emission properties of DCDs.
The DCDs clearly show an excitation-dependent emission. The
excitation dependence of PL for DCDs is more evident from
Fig. 5(a) and (b), which depict the PL of DCDs dispersed in
DMSO for different excitation wavelengths. The PL spectra of
DCDs in DMSO show two distinct emission peaks, one at
440 nm and one at 630 nm; both are independent of the exci-
tation wavelength. In contrast to emission from DCDs in DI
water, the emission intensity of the peak at 630 nm increased
with an increase in the excitation wavelength.

2.3 Polarity sensing of DCDs

The PL spectra of DCDs dispersed in different polarity solvents
are shown in Fig. 6(a). As the solvent changes from DI water to
ethanol, the PL peak intensity at 440 nm decreases, and the
peak intensity at 630 nm increases, with additional narrow
peaks appearing at 540 nm. Further changes to DMSO and DMF
result in a continued increase in PL intensity and a shift of the
PL peaks to 630 nm. Fig. 6(b) shows the images of DCDs dis-
solved in various solvents under daylight and UV irradiation.
The emission from DCDs changes from red to blue as the
solvent varies from DMF to DI water under 360 nm UV light
excitation.

To further investigate the polarity sensitivity of DCDs,
a series of linearly varying polarity solvents were prepared by
mixing DI water and DMSO at different concentrations. The
Lippert-Mataga polarity (Af) parameter was utilized to define
the polarity of the solvents.®* The concentration of DMSO was
changed from 0 to 100 percent, creating a polarity change (Af)
from 0.3274 to 0.2230. The PL spectra of DCDs, at 360 nm
excitation, for different concentrations of DMSO in DI water are
shown in Fig. 7(a). With increasing DMSO concentration, from
0 to 100%, the intensity of the blue emission decreases by
a factor of about 3, and the intensity of the red emission
increases by a factor of about 30. Thus, both the blue and the
red emissions are sensitive to the polarity of the solvents. A 30-
fold systematic change in fluorescence intensity for the red
emission with a polarity change from 0.3274 to 0.2230 is
a highly desirable criterion for a fluorescence-based polarity
sensor. The ratio of the intensities of the emission peaks at
630 nm and 440 nm as a function of the concentration of DMSO
is shown in Fig. 7(b). The plot demonstrates a linear
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Fig. 6 (a) PL emission spectra of DCDs in various solvents for an

excitation wavelength of 360 nm. Photograph of DCDs dissolved in
various solvents (b) under daylight and (c) under UV irradiation.
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Fig. 7 PL titration of DCDs (a) with different concentrations of DMSO/
DI water under 360 nm excitation. With increasing DMSO concen-
tration, the intensity of the blue emission decreases by a factor of
about 3, and the intensity of the red emission increases by a factor of
about 30. (b) The ratio of intensities vs. concentration of the DMSO
plot. The plot shows a linear relationship between the concentration of
DMSO in DI water and the intensity ratio. The ratio of intensities vs.
polarity change plot. The plot shows a linear relationship between
the polarity change (Af from 0.235 to 0.318) and the ratio of the red
and blue peak intensities. Different micro-polarity values in solution
(Af = 0.2230-0.3274) were obtained by mixing DI water and DMSO
solutions.
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dependence (R* = 0.99) between the concentration of DMSO
(with Afranging from 0.3274 to 0.2230) and the intensity ratio of
the emission peaks. The linear relationship between the emis-
sion ratiometric signal Is30/I140 and the polarity change allows
the detection of very small polarity changes through the fluo-
rescent ratiometric signal. This suggests that DCDs can func-
tion as ratiometric fluorescence sensors for polarity, offering
advantages over traditional sensors by being less sensitive to
environmental interference and providing self-calibration.

The polarity response of the DCDs was further verified in
a different polarity system comprising ethanol and DI water.
DCDs demonstrated a polarity-sensitive ratiometric fluores-
cence emission behavior in the mixture, as presented in the ESI
(Fig. s47). The effect of pH on the PL properties of DCDs is also
investigated by varying pH from 4 to 11 under 360 nm excitation
(Fig. S37). Given that DCDs exhibit polarity-dependent emis-
sion, we further explored a DI water-silicone system to inves-
tigate lipid detection in aqueous media, intending to image
lipid droplets in a cellular environment. To achieve this, we
mixed silicone oil, DI water, and DCDs in a vortex mixer, and oil
droplets were formed. This gives a system of lipid-rich regions
in aqueous media. Subsequently, the PL in different regions was
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Fig. 8 PL emission spectra of DCDs in DI water—LD solution at (a)
360 nm and (b) 560 nm excitation wavelengths. 1 represents emission
taken from DCDs in DI water, and 2 represents emission taken from
the lipid-rich region.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measured, where DCDs showed good PL with the optimal PL
excitation wavelength located at around 360 nm for lipids in DI
water (Fig. 8). Moreover, DCDs emit bright blue fluorescence in
DI water, whereas red emission is enhanced in the vicinity of
lipid-rich regions in aqueous solution, which indicates the
higher PL efficiency of the dots at red wavelengths towards
lower polarity regions. Also, the PL intensity of red emission is
enhanced at an excitation wavelength of 560 nm, as shown in
Fig. 8(b). This indicates that the PL intensity enhancement of
DCDs in the lower polarity regions provides an opportunity for
imaging LDs in live cells since the LDs exhibit lower polarity
than the cytoplasm.

2.4 Bioimaging and LD targeted staining by DCDs

To explore the application of DCDs in live cell imaging, the
cytotoxicity of the DCDs was studied by using an MTT assay. We
found that DCD concentrations up to 100 ug mL~ " were safe to
use, with approximately 83% viable cells (Fig. 9(e)). This indi-
cates the low cytotoxicity of the probe DCDs, which can be used
for fluorescence imaging without further modification. The
dominant emission of the DCDs falls in the red spectral regime,
which is away from auto-fluorescence, indicating potential
applications in bioimaging. We, therefore, investigated the use
of DCDs as a fluorescent probe for biomolecular imaging. The
bioimaging capability of the DCDs was studied by labeling HeLa
cells with DCDs. The confocal images of HeLa cells labeled with
a 50 ug mL~" concentration of DCDs under 560 nm excitation
are shown in the ESI (Fig. S5f). The images show a bright
fluorescent signal in the cytoplasm and relatively lower emis-
sion from the nucleus, demonstrating the excellent cellular
imaging capabilities of the synthesized DCDs.

Since the DCDs exhibit considerable polarity-dependent
fluorescence emission, we have examined their potential
application in imaging LDs in live cells. The LDs were induced
in HeLa cells by adding oleic acid (OA) to the cells and then
labeled with DCDs. After OA treatment, confocal microscopy
should show vesicle-like droplets in the cytoplasm. Fig. 9(a)-(d)
show the images of HeLa cells treated with OA and DCDs. The
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Fig. 9 (a—d) CLSM images of lipid droplet co-localization of DCDs
(5 ng mL™Y) and LipidSpot 488 dye in Hela cells. (a) LipidSpot 488 dye,
(b) DCDs, (c) bright-field image of Hela cells and (d) merged image of
(@) and (b). The merged CLSM images distinctly demonstrate the
effective colocalization of DCDs with LipidSpot 488 dye, which
confirms the specific ability of DCDs to stain LDs. (e) Cell viability of
Hela cells after incubation with various DCD concentrations.
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fluorescent areas in the HeLa cells were identified as LDs
(Fig. 9(b)) from colocalization images obtained using
a commercial lipid probe. The LipidSpot dye targets the LDs
and emits green fluorescence upon excitation with a 488 nm
laser (Fig. 9(a)). The bright field image identifies the cell
boundaries (Fig. 9(c)). As illustrated in Fig. 9(d), the merged
confocal laser scanning microscope (CLSM) images distinctly
demonstrate the effective colocalization of DCDs with LipidSpot
488 dye. Moreover, Pearson's correlation coefficient was deter-
mined to be 0.91 (Fig. S97) for the images, which confirms the
ability of DCDs to specifically stain LDs. A more in-depth
comparison with existing lipid droplet probes, such as Nile
Red or BODIPY dyes, is given in ESI (Table S17) to highlight the
advantages of DCDs in terms of specificity, photostability,
biocompatibility, and signal-to-noise ratio. The depth-
dependent localization of DCDs in lipid droplets (LDs) was
further investigated by imaging cells at varying depths using the
Z-sectioning capability of the confocal microscope. The 3D
projection (ESIt) generated from the confocal sections reveals
that the DCDs are localized in a three-dimensional configura-
tion within the cells (Fig. S8t). Further, cells treated with only
OA are used for control experiments (Fig. S77) to show that no
fluorescence is emitted from the cells or LDs under laser
excitation.

2.5 Anti-interference and photostability studies of DCDs

Fluorescent probes must be highly resistant to interference. To
explore the anti-interference ability of the DCDs, we added
different analytes to the test solution to detect changes in the
fluorescence spectrum. As shown in Fig. 10, the fluorescence
spectra were collected at 360 nm excitation, and the emission
was measured at 440 nm by adding different analytes to DCDs
dissolved in DI water. The results showed the change in fluo-
rescence intensity and peak shift was almost negligible, and
DCDs possessed favourable anti-interference ability with
excellent selectivity towards polarity.

The photostability of the probe is assessed by measuring the
PL intensity of DCDs under continuous UV irradiation for
different time intervals. The PL intensity for different time
intervals under continuous UV (360 nm) excitation is shown in
the ESI (Fig. S61). The fluorescence intensity of the DCDs in
DMSO was nearly constant even after being exposed to 360 nm
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Fig. 10 (a) Anti-interference of the DCDs in the presence of different

amino acids (1 mmol L™Y). (b) The changes in the fluorescence intensity
of DCDs in the presence of various metal ions (1 mmol LY.
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UV light for 1000 seconds. This remarkable photostability
demonstrates that the DCD probe has a significant resistance to
photobleaching and photo-induced breakage.

3. Experimental details
3.1 Materials and methods

Methanol, CA, DMF, tris buffer, formamide, PEG400, acetone,
DMSO, and glycerol were purchased from Sisco Research
Laboratories, India. DI water was collected from a milli-pore
water purification system (=18 MW, Milli-Q, Millipore). Tech-
nical grade OA and bovine serum albumin (BSA) were obtained
from Aldrich (Sigma-Aldrich, Singapore). Dulbecco's modified
Eagle's medium (DMEM), fetal bovine serum (FBS) and phos-
phate buffered saline (PBS) were procured from Gibco (Thermo
Fisher, Singapore), and LipidSpot 488 lipid droplet dye was
purchased from Biotium (Atlantis Bioscience, Singapore).

UV-visible absorption and PL spectra were recorded using
a Jasco V-570 spectrophotometer and Jasco FP-6600 spectro-
fluorometer. The morphology and size distribution of the DCDs
were characterized through high-resolution transmission elec-
tron microscopy (HR-TEM) imaging utilizing a JEOL 3010
microscope. The statistical analysis of the samples was carried
out using Image] software. XRD patterns were recorded on an
Aeris Benchtop X-ray Diffractometer (PANalytical) with graphite-
monochromatic Cu Ko radiation (A = 0.1518 nm). The FTIR
spectra were recorded with a Bruker VERTEX 70 spectrometer.
The Raman spectra were recorded using a Horiba Jobin Yvon
Model HR800 Raman spectrometer (632 nm). A Carl Zeiss LSM
800 CLSM was used for cellular fluorescence imaging.

3.2 Synthesis of DCDs

The DCDs were synthesized by the solvothermal method in
which 3.5 g CA, 2 g tris buffer, and 5 mL PEG400 were dissolved
in 20 mL of an aqueous formamide solution in a 1: 1 ratio.** The
solution was thoroughly mixed using a magnetic stirrer until
the solution became transparent. The as-prepared solution was
then transferred to a Teflon-lined autoclave (50 mL) and placed
inside a hot air oven at 200 °C for 10 hours. Following the
reaction, the solution was cooled to ambient temperature, and
the resulting solution was filtered through a 0.22 um syringe
filtration membrane to remove larger particles. Subsequently,
acetone was added to precipitate the DCDs, and the precipitate
was collected by centrifuging at 10 000 rpm and then washed
twice with ethanol. The synthesized DCDs were further purified
by dialysis using a 3.5 kDa membrane for 24 hours against DI
water. It was reported that CA and tris could be carbonized into
blue CDs with a photoluminescence quantum yield (PLQY) of
nearly 100%.** Adding formamide increased the content of
graphitic nitrogen in the CDs and changed their emission from
blue to red.*® The synthesis process was optimized by varying
the annealing time and temperature. The as-prepared DCDs
were dissolved in DI water (1 mg mL ') and DMSO (1 mg mL™")
as stock solutions for spectroscopic studies. Different micro-
polarity values in solution were obtained by mixing DI water
and DMSO solutions, and the final concentration of DCDs was
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kept fixed at 10 ug mL . The DCDs dissolved in DI water (5 ug
mL™") were used for biological experiments. For anti-
interference measurement of DCDs, appropriate amounts of
Nacl, ZnCl,, NiCl,, CaCl,, FeCl,, CoCl,, CuCl,-2H,0, L-tyrosine,
t-alanine, L-glutamic acid, r-arginine, r-tryptophan and glucose
were weighed out and dissolved in DI water to obtain a final
working concentration of 1 mmol L™" of metal ions and amino
acids.

3.3 Preparation of the OA/BSA complex

The OA was kept in a temperature bath at 37 °C until it was
liquefied completely. The OA was then diluted to 150 mM in
ethanol (50%) by adding 47 pL of OA (90%) to 953 pL of ethanol
and mixing with a vortex mixer. The resulting mixture became
a cloudy white suspension. The 150 mM OA was stored at 4 °C
and warmed to 37 °C before use. The defatted BSA (100 mg
mL~ ") was dissolved in DI water and maintained at —20 °C. The
OA/BSA complex was freshly prepared on the day of the exper-
iment. To prepare the OA/BSA complex, equal volumes of
150 mM OA and 100 mg mL ™" defatted BSA in DI water were
mixed. The OA/BSA complex was thoroughly mixed and incu-
bated at 37 °C for 1 hour. The OA/BSA complex was then diluted
to a 1:150 ratio in a complete cell culture medium (CM) to
obtain a final concentration of 150 uM OA. The cells were
incubated with 150 uM OA for 16 hours in a humidified envi-
ronment with a 5% CO, atmosphere at 37 °C. Cells treated with
only the CM, without adding OA, served as the control for the
experiment.

3.4 Cell culture and cytotoxicity studies

HelLa cells were grown in a CM containing 90% DMEM, 9% FBS,
and 1% penicillin and streptomycin. The MTT assay was
utilized to evaluate the cellular toxicity of the DCDs. HeLa cells
were seeded in a 96-well plate at a concentration of 5000 cells/
100 pL in each of the wells and incubated for 24 hours. After
24 hours, the medium was aspirated and washed twice with
PBS. Then, 100 pL of modified CM containing varying amounts
of DCDs (0, 1, 2, 5, 10, 25, 50, and 100 ug mL ™ ') was added and
incubated for another 24 hours. Then, the medium was
removed, and 100 uL. DMEM containing 5 mg mL ™" MTT (10%
of the added culture medium) was added to each well. After 2
hours, the supernatant solution was extracted without disturb-
ing the purple-coloured formazan salts that formed. 100 pL of
DMSO was added to each well to dissolve them. The resulting
mixture was shaken at room temperature for 45 seconds, and
the optical density (OD) of each well was measured using
a microplate reader set at a wavelength of 570 nm. The wells
treated with 0% DCDs were used as controls. The following
equation was used to estimate cell viability (%):

ODtrealed

Cell vaibility (%) = x 100%

o control

where ODireated aNd ODeonirol are the OD of the wells treated
with DCDs and without DCDs, respectively.
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3.5 Cell imaging and colocalization

The HeLa cells (5 x 10*) were seeded in a 24-well plate con-
taining a coverslip (0.17 mm) and incubated for 24 hours.
After 24 hours, the culture medium was removed, and the
modified medium with OA (150 pM) was added to the cells.
The OA-treated cells were incubated for 16 hours to induce
LDs.** Then, the medium with OA was aspirated and washed
twice with PBS. DCDs in complete medium at a concentration
of 5 ug mL ™" were added to the cells and incubated for another
6 hours. After washing twice with PBS, the cells were treated
with 1X LipidSpot 488 dye in DMEM and incubated for 30
minutes. A confocal laser scanning microscope was used to
image cellular fluorescence at different excitation
wavelengths.

4. Conclusions

In this study, DCDs were synthesized through the solvothermal
method, employing optimized conditions. The synthesized
DCDs demonstrated excitation-independent emission and the
obtained results illustrated dual-emission properties in the blue
and red spectral regions under a single excitation wavelength. It
is clear that DCDs are highly sensitive to polarity, and the ratio
of fluorescent emission intensities at 645 nm and 450 nm
demonstrated a linear relationship with the range of polarity
change (Af from 0.235 to 0.318). DCDs could be used to detect
a very small micro-scale polarity change and serve as a ratio-
metric fluorescent nanoprobe for precise polarity sensing
without any modification. The synthesized DCDs exhibited
solvatochromism, superior photostability, good biocompati-
bility, and specific LD targeting and imaging ability. The
selectivity study of DCDs against various metal ions and bio-
logically relevant amino acids further validates its exceptional
specificity for LDs. In conclusion, we have successfully devel-
oped a facilely synthesised polarity-sensitive ratiometric fluo-
rescent sensor that holds great promise for applications in
biomedical research associated with LDs.
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