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Green-fluorescent biocompatible carbon dots with a quantum yield of 40% were successfully synthesized
through a solvothermal process and then they are comprehensively characterized. The carbon dots
showed a negatively charged surface owing to the presence of carboxylic groups. This negative surface
charge hinders the effective targeting and imaging of mitochondria. To address this limitation, a new
approach is developed in this study. An amphiphile containing phenylalanine, with a positively charged polar
head consisting of triphenylphosphine and a hydrophobic aliphatic tail, was designed, synthesized, purified,
and characterized. This amphiphile formed spherical micelle-type nanostructures in an aqueous medium in
the aggregated state. Although these nanoprobes lack inherent fluorescence, they exhibited the capability
to image mitochondria when their spherical micelle-type nanostructures were decorated with negatively
charged fluorescent nanocarbon dots in both cancerous (KB cells) and non-cancerous (CHO cells) cell
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lines. Notably, carbon dots without the amphiphile failed to penetrate the cell membrane as they exhibited
significantly low emission inside the cell. This study extensively explored the cell entry mechanism of the
hybrid nanoprobes. The photophysical changes and the interaction between the negatively charged carbon
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Introduction

Mitochondria have substantial influence in the realms of
human evolution and the varieties of diseases in humans.
Over an evolutionary time-scale, mitochondria have exerted
influence in establishing pivotal organelles within eukaryotic
cells.>* As a cellular powerhouse, mitochondria adeptly trans-
mute oxygen and nutrients into adenosine triphosphate (ATP),
subsequently fuelling an array of biochemical and physiologi-
cal processes, encompassing growth, mobility, and homeosta-
sis.* Mitochondria also play a crucial role in numerous physio-
logically significant processes, encompassing the generation of
reactive oxygen species (ROS) and adenosine triphosphate
(ATP), storage and signalling of calcium ions, synthesis of
steroids, initiation of apoptosis, and regulation of cellular
proliferation.>® Moreover, recent research has confirmed the
strong correlation between mitochondrial dysfunction and a
spectrum of metabolic diseases and neurodegenerative dis-
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dots and the positively charged nanospheres of the amphiphile were also analyzed in this study.

orders.” This association extends to conditions such as
Parkinson’s disease (PD), Alzheimer’s disease (AD), and
Huntington’s disease (HD).*° Although advances in cellular
biology have allowed greater knowledge of the morphology of
mitochondria, there are still many unknown facts that hinder
attempts to solve the many problems associated with mito-
chondria.'® Therefore, a proper mapping and understanding
of the morphology of mitochondria still need close attention
even today. Several microscopic techniques, such as electron
microscopy (EM), transmission electron microscopy (TEM),
cryo electron microscopy (Cryo-EM), and scanning electron
microscopy (SEM), have been applied as potent tools in
studies to reveal the intricate structure of mitochondria since
the 1950s."® However, nowadays the in situ observation of mito-
chondrial dynamics has become popular using fluorophore
molecules through mapping them with an appropriate
MitoTracker dye, revealing a clear morphology of the mito-
chondria in living cells."™"?

Materials designed for mitochondrial targeting include
small organic fluorophore molecules, peptides, polymer—
micelles, dendrimers, and several organic and inorganic nano-
particles, and these provide many opportunities to know more
about this organelle through their selective imaging, monitor-
ing, drug delivery, and therapeutic studies."*™*> Organic fluo-
rescent molecules, particularly commercial probes, are widely
favoured for their easily modifiable characteristics to target
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diverse subcellular organelles and identify specific analytes.'®
Notable examples include the cationic probe rhodamine 123
(Rho 123) and chloromethyl-based probes, like MitoTracker
Green (MTG) and MitoTracker Deep Red (MTDR), which are
utilized for mitochondria targeting and labelling.'”*®
However, despite their popularity, these molecules come with
some inherent limitations, such as high background noise,
intricate synthetic processes, and poor photostability, which
hinder their application in wash-free imaging, real-time moni-
toring, and long-term tracking.'® Thus, many research efforts
have been recently dedicated to the development of many ana-
logous fluorophores that can be used as an efficient
MitoTracker for eliminating those limitations.">*° As mito-
chondria carry a highly negative charge®* (=150 to —200 mV),
there is always a restriction in designing the fluorophore in
such a way that the fluorophore must contain positively
charged heads, such as triphenylphosphine, arginine, or other
positively charged species.?*>* In this work, we attempted to
address this gap by developing a strategy involving synthesiz-
ing a positively charged non-fluorescent triphenyl phosphine
containing amphiphile and using this as a carrier of a nega-
tively charged carbon dot-based fluorophore to the mitochon-
dria and labelling them for their rapid bioimaging. To the best
of our knowledge, no reports are available where a fluorophore
with a negatively charged surface has been used as a
MitoTracker. Carbon dots (C-dots), being fluorescent nano-
materials with promising characteristics, such as strong bio-
compatibility, outstanding cell permeability, vivid fluo-
rescence, high photostability, and straightforward synthetic
pathways, have emerged as compelling contenders for bio-
imaging applications.”>® To date, few examples of C-dots
modified by positively charged surface groups have been
reported as mitochondria targeting agents, but C-dots with a
negatively charge have been barely reported.*®*” Therefore,
C-dots with negatively charged surfaces, which are easily avail-
able in the literature, have not been utilized as a MitoTracker
till now.

Herein, we synthesized bright green emitting photostable
C-dots by a solvothermal process from 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) according to our previously
reported work with a slight modification. The only difference
regarding the synthesis was the higher temperature used in
this study.”®> We found that the C-dots had a negatively
charged surface, which was probably due to the presence of
carboxylic groups on their surface. These fluorescent particles
could not penetrate the cell line, as no emission was seen in
the microscopic image after incubation with the cell, indicat-
ing that they were able to penetrate the cell line properly. To
solve this problem, we synthesized an amphiphile containing
phenylalanine amino acid, with a positively charged polar
head consisting of triphenylphosphine and a hydrophobic ali-
phatic tail (P). These amphiphiles form spherical micelle-type
nanostructures when they are aggregated in an aqueous
medium. These spherical micelle-type nanostructures do not
contain any inherent fluorescence, and thus they are not
capable of being used in imaging any organelle inside the cell
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through fluorescence microscopy. Surprisingly, when those
spherical micelle-type nanostructures of the aggregated amphi-
phile were decorated with negatively charged nanoC-dots,
those C-dots tagged nanospheres (CDTP) exhibited the capa-
bility to image mitochondria in both of cancerous (KB cell)
and non-cancerous (CHO cell) cell lines. The endocytosis
process through the caveolae pathway was found to be the
mechanistic pathway of their cell entry. Furthermore, in this
work, the interaction between the C-dots and P was analyzed
in detail through several optical spectroscopic and microscopic
techniques.

Experimental

NMR experiments

All NMR studies were carried out on a Bruker DPX400 MHz or
Bruker DPX500 MHz spectrometer at 300 K.

Mass spectrometry

Mass spectra were recorded on a Q-Tof micro-TM (Waters
Corp.) mass spectrometer by a positive-mode electrospray
ionization process.

Fourier transform infrared study

All FT-IR spectra were recorded using the KBr pellet technique
in a Nicolet 380 FT-IR spectrophotometer (Thermo Scientific).

UV/Vis spectroscopy

UV/vis absorption spectra were recorded on a Hewlett-Packard
(model 8453) UV/vis spectrophotometer (Varian Carry 50.bio)
at 0.05 mM concentration.

PL spectroscopy
The photoluminescence (PL) spectra of the C-dot solution was
completed on a Fluoromax-3 instrument (HORIBA Jovin Yvon).

Transmission electron microscopy

The morphology was investigated using a transmission elec-
tron microscope (JEOL, 2010EX). Cryo-TEM images were
recorded on a JEOL JEM-210 PLUS Cryogenic transmission
electron microscope at an accelerating voltage of 200 kV. In
vitro cell images were captured by an Olympus IX 81 micro-
scope and confocal microscope (ZEISS LSM 880).

Time-correlated single-photon counting methodology (TCSPC)
study

TCSPC measurements were done on a HORIBA join Yvon IBH
instrument having an MCPPMT Hamamatsu R3809 detector.

Material and methods
Materials

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone, phenyl alanine,
triphenyl phosphine, and 1-bromo propionic acid were pur-
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chased from Aldrich. Ditert-butyl decarbonates (BOC anhy-
dride) and 1-hydroxy benzotriazole (HOBt) were purchased
from Merck, Germany. N,N'-Dicyclohexyl carbodiimide (DCC),
NaOH pallets, methanol, silica gel (100-200 mesh), petroleum
ether (60-80 °C), ethyl acetate, and N,N dimethylformamide
were purchased from Sisco Research Laboratory, India. The
water used in all experiments was Millipore Milli-Q grade.
Furthermore, Dulbecco’s modified Eagle’s culture medium
(DMEM), 2-deoxy-p-glucose (deoxy-glucose), sodium azide
(NaNj;), genistein, amiloride hydrochloride, sucrose, and
methyl-fcyclodextrin were purchased from Sigma Aldrich and
used as received. Fetal bovine serum (FBS), penicillin-strepto-
mycin antibody, and 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide (MTT) were purchased from Hi-media,
while MitoTracker Red was purchased from Invitrogen.

Synthesis of the C-dots

In our previous work, we synthesized green emitting carbon
dot (C-dots) from the DDQ (2,3-dichloro-5,6-dicyano-1,4 benzo-
quinone).>® Here, we used a somewhat similar procedure but
with a change in the temperature (Fig. 1). Previously the temp-
erature was kept at 180 °C, but in this study a 40 °C higher
temperature (220 °C) was used. First, 20 mg of DDQ was taken
in a 100 ml beaker and 50 ml of ortho-xylene was added fol-
lowed by 5 min of sonication to obtain a homogeneous dark
red solution. Then the solution was transferred into a Teflon-
lined autoclave and heated at 220 °C for 5 h in an oven. After
that, the autoclave was kept outside the oven for a few hours to
cool down and then the reaction mixture was poured into a flat
surface container, like a Petri plate. Then the solvent was evap-
orated from the reaction mixture in a vacuum oven at 90 °C for
3 h to obtain dry C-dots. These C-dots were dispersed into
Milli-Q water and centrifuged for 10 min. Then the super-
natant C-dots solution was further purified via dialysis (Av.
size of the membrane was 23.8 mm). The fraction inside the
dialysis membrane was taken carefully and was further freeze
dried to obtain pure C-dots powder (Fig. 1) The detailed syn-
thetic procedure, purification, and characterization methods
for triphenylphosphine containing the amino acid-based
amphiphile used in this study are provided in the ESLf
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Fig. 1 Synthetic route for the C-dots and the molecular structure of
the P.
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Preparation of the C-dots and amphiphile conjugates (CDTP)

First, 100 pg of the C-dots was dissolved in Milli-Q water and
then the needed amount of the aqueous solution of P was
added into the C-dot solution fixing the weight percentage
ratio from 5 to 20 for the different experiments. For the UV-
visible analysis, fluorescence study, and the DLS zeta potential
analysis the aqueous solution of P was added to the aqueous
solution of the carbon dots to fix the concentration of the P
starting from 0.1 mM to 1 mM. For the mitochondrial target-
ing, CDTP was prepared by dissolving 50 pg C-dots in 1 ml
water and the concentration of the P was fixed at 0.2 mM in
this solution. The cell labelling and the cytotoxicity of the
CDTP were also measured in that combination of the
concentration.

Cell labelling study

Chinese hamster ovary (CHO) cells and KB (oral cancer cells)
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% FBS and 1% penicillin-streptomycin at
37 °C and 5% CO, atmosphere. For the cell labelling study, the
cells were sub-cultured overnight in a 12-well plate with the
medium. Next, 20 pL nanoprobe samples (CDTP) were added
in DMEM medium followed by 45 min incubation. Then, the
cells were washed with 7.4 PBS buffer to remove the unbound
particles and were fixed by 4% paraformaldehyde solution for
confocal microscope imaging.

For the co-localization study, the cells were incubated with
CDTP for 45 min in DMEM medium. Then, the cells were
washed with 7.4 PBS buffer and incubated with MitoTracker
Red for a further 20 min. Next, the washed cells were fixed
with 4% paraformaldehyde solution and the fixed cells were
imaged under 488 nm excitation for CDTP and 561 nm exci-
tation for MitoTracker Red imaging under a confocal
microscope.

Cell uptake mechanism study

For the cell uptake mechanism study, KB cells were sub-cul-
tured in DMEM medium at 37 °C with 5% CO, atmosphere
and then incubated with different inhibitors (or conditions)
for 45 min, including 10 mM sodium azide (NaNj;), 50 mM
deoxy-glucose, 4 °C temperature (inhibits energy-dependent
pathway), 450 mM sucrose (inhibits clathrin-mediated endocy-
tosis), 200 puM genistein (inhibits caveolae-mediated endocyto-
sis), 50 uM amiloride (inhibits macropinocytosis), and 10 mM
methyl-peyclodextrin (inhibits lipid-raft-mediated endocytosis).
Then, the cells were incubated with CDTP for 45 min and the
washed cells were detached from the wells using a cell scraper.
The isolated cells were centrifuged and finally dispersed in
PBS buffer at pH 7.4 for the flow-cytometric study.

Cytotoxicity assay

KB cells were sub-cultured overnight in a 24-well plate contain-
ing DMEM medium at 37 °C with a 5% CO, atmosphere. After
that, the cells were incubated with different doses of CDTP
solution in DMEM medium for 24 h, washed with PBS buffer
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at pH 7.4, and then fresh DMEM medium was added to it.
Next, 50 pL of freshly prepared MTT solution (5 mg MTT dis-
solved in 1 mL of deionized water) was added to each well and
incubated for the next 4 h. Then, the supernatant solution was
removed and the produced violet formazan was dissolved in a
1:1 DMF-H,O0 solution of sodium-dodecyl sulfate. Finally, the
absorbance was measured at 570 nm and cell viability was esti-
mated using 100% viability of the control cells without any
sample treatment.

Results and discussion
Characterization of the C-dots

First, the formation of the C-dots was confirmed by UV-visible
spectroscopy as peaks at 266 nm and 380 nm were found for
the n-n* and n-n* transitions of the chromophore moiety of
the C-dots in the water medium.*® The optical analysis of the
C-dots is described in the next part of the manuscript. To
examine the surface functional groups of the C-dots, we
carried out FT-IR spectroscopy in the dry state (Fig. S27). Peaks
were found at 3346 and 2969 cm™', which were assigned to O-
H and =C-H stretching vibrations of the C-dots. Other peaks
were found at 1645 cm ™" for the C=0 stretching frequency of
the carboxylic groups (COO™). Another peak at 2213 cm™" was
due to the -CN present of the surface of the C-dots.*® It could
be found from the high-resolution C 1s spectrum in the XPS
analysis that there were two peaks located at 282.29 and 285.48
eV, which were due to the presence of C=0, and C-O bonds
respectively in the C-dots (Fig. S3at). In the N 1s spectrum, the
peaks at 399.66 and 402.19 eV were assigned to C=N and
O=—C=NH bonds (Fig. S3ct). In the O 1s spectrum, peaks
were found at 531.77 and 533.22 eV, which were assigned to C-
O and C=O bonds, respectively (Fig. S3ct).*° From the
FEG-TEM images of the C-dots (Fig. 3f), we could find that the
average particle size was 5 nm in the histogram plot.

Optical properties of CDTP

First, UV-visible analysis of the C-dots was performed in the
water medium. Peaks at 266 and 380 nm were found, corres-
ponding to n-n* and the n-n* transactions due to the presence
of different functional groups, like C=C, C=0, and C=N
(Fig. 2a).*" A peak with low intensity was also observed at
440 nm, which was due to the surface state of the C-dots. This
type of peak above 400 nm is mainly generated due to the pres-
ence of oxygen-containing functional groups at the surface of
the C-dots.** Furthermore, to know the interaction between
the molecule P and C-dots, UV-visible studies were conducted
with increasing the amount of P in the C-dot aqueous solution
while maintaining the same concentration of C-dots (Fig. 2b
and c). Here a very interesting observation was found whereby
the intensity of the n-n* transition of the C-dots decreased
and the surface peak at 440 nm was gradually red-shifted to
462 nm with the increasing amount of P (Fig. 2c¢). It was also
evident that the intensity of this new surface peak located
around 462 nm also gradually increased with increasing the
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Fig. 2 (a) Photographs of an aqueous solution of carbon dots, and the
colour change of the solution after the gradual addition of P amphiphile.
(b) Change in the absorbance spectra of the C-dots with increasing P,
(c) zoomed-in version of the change. (d) Excitation-dependent emission
of the C-dots (e) in CDTP.

amount of P. This 22 nm red-shift of the electron-rich surface
band of the C-dots was probably due to photoexcited electron
transfer from the surface of the C-dots to the electronically
vacant positively charged triphenyl phosphine head of the
nanospherical nanodots of the amphiphilic P in the water
medium.”® This observation directly suggests noncovalent
complex formation between the C-dots and the P associated
with the electron-transfer process.*® Furthermore, this nonco-
valent complex formation between the C-dots and the P was
also verified by the TCSPC (time-correlated single-photon
counting) lifetime measurements. A gradual decay profile of
the lifetime of the C-dots (Fig. S471) at the emission wavelength
of 520 nm with the increase in P (wt%) was evidence of the
electron-transfer process from the C-dots to the micelle of the
P in the water medium.** This observation confirmed the
probable surface-to-surface interaction between the micelle of
the P and the C-dot in the aqueous solution. The light green-
ish colour (under daylight) solution of the C-dots (100 pg
ml™") in water (Fig. 2a) turned to yellow with the addition of
0.2 mM of P into the solution. This colour change also
suggested a surface interaction between the C-dots and the P
nanospheres. The fluorescence analysis also showed very inter-
esting results. The aqueous solution of the C-dots emitted at
510 nm with a corresponding shoulder peak at 451 nm at the
excitation wavelength of 365 nm. Fig. 2d shows that at the exci-
tation wavelength starting from 365 nm to 405, the C-dots
showed dual emission centres. The shoulder peak at 450 nm
completely vanished when we added the P in to the C-dots

This journal is © The Royal Society of Chemistry 2024
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solution (Fig. 2e). Furthermore, to examine the photostable
character of the C-dots, we performed a photoluminescence
study. At the excitation wavelength of 425 nm, the emission
wavelength and the intensity were not different after exposing
the aqueous C-dot solution under broad daylight for 3 h
(Fig. S51). This experiment indicates its stability under the
photoradiative conditions.

Morphological and size-distribution analysis of CDTP

The amphiphilic P leads to spherical micelle-type nano-
structure formation in the aggregated state in water, as con-
firmed in the FEG-TEM and CRYO-TEM images (Fig. 3a and
b). The size distribution of the micelles was found to be from
120 to 220 nm with an average size of 180 nm, as shown in the
histogram size-distribution plot (Fig. 3c). On the other hand,
the FEG-TEM images also confirmed the average size of the
carbon dot was 5 nm, as we previously noted (Fig. 3f). Next, we
also captured FEG-TEM images after the addition of the C-dots
with the aggregated P in the water medium. Fig. 3d and the
zoomed-in photograph in Fig. 3e confirmed the perfect decora-
tion of C-dots on the surface of the nanospherical dots of the
P. We already observed the noncovalent complex formation
between the C-dots and the P in the UV-visible spectrum,
which was probably due to the electrostatic interaction
between the two oppositely charged surfaces of the P micelle
and the C-dots. P was designed in such a way that the posi-
tively charged polar head group should be present on the
outer side of the nanospherical dots in the water medium.
This expectation was further confirmed by measuring the
emission intensity of the 0.01 mM concertation of pyrene (Py)

Size{nm)

(@) s

@*@t\ju “MNle/ AA

Ny Media | )
o N

Aqueous environment

C-dot@P

Fig. 3 (a) Cryo-TEM and (b) FEG-TEM images of the P (inset, size-distri-
bution plot). (c) FEG-TEM images of the CDTP and the zoomed-in
version (d). (e) Size-distribution plot of the C-dots in CDTP (f) FEG-TEM
images of the C-dots and size-distribution plot (inset). (g) Graphical
presentation of the P in water and in the CDTP.
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in water with gradually increasing the concentration of P. The
hydrophobic pocket inside the nanosphere helped to increase
the solubility of the hydrophobic Py in the water by encapsulat-
ing the Py inside a hydrophobic pocket, as noted by the
gradual increase in the emission intensity of Py with the
gradual addition of the P (Fig. S67). So, this result confirmed
the outer sphere presence of the positively charged polar
group of the amphiphile when they formed such nano-
spheres.*> Furthermore, the average size of C-dots decorated
on the nanospheres of P was also found to be 5 nm, which was
exactly the same as the purified C-dots before the addition of
the aqueous solution of P (Fig. 3f).

Surface charge

The zeta potential of the aqueous solution of the C-dots was
found to be —12.63 mV (100 pg ml™"). The gradual addition of
an aqueous solution of P in the C-dots increased the overall
surface charge. In Fig. 4a, it could be observed that the zeta
potential of the C-dots solution gradually increased with the
addition of P. The solution of carbon dots with a negative
surface charge surprisingly changed to +16.44 mV as soon as
we added the aqueous solution of P, with the concentration of
P fixed at 0.2 mM. At a 1 mM concentration of P, the CDTP dis-
played a zeta potential of +25.79 mV. We checked the zeta
potential of the aqueous P (2.5 mM) too, which was
+50.86 mV. Here the presence of the -COOH and —-OH groups
on the surface of the C-dots was the main reason for the nega-
tive surface charge of the C-dots.*®*” There was an increase in
surface charge of almost 29 mV in the presence of 0.2 mM P in
the C-dots solution, due to the availability of the positively
charged surface of the spherical nanodots of the P. The posi-
tively charged nanospheres of P electrostatically attract the
negatively charged C-dots and the C-dots are then decorated
on the surface of the nanospheres, as it was evident from the
respective TEM images (Fig. 3d and e).

Rapid mitochondria labelling by the CDTP

Mitochondria targeting and imaging of both the cancerous
and non-cancerous cell lines were performed by our C-dots-
tagged nanosphere of P (CDTP). The KB cell line (oral cancer
cells) and CHO cell line (Chinese hamster ovary cells) were
used respectively as the model cancerous and non-cancerous
cell lines in this study. First, we checked the performance for

. o :
(mv) 204 Q" J——J/
1. C-dots -12.63 z o=
2. C-dots + P(0.2mM) +16.44 5 109
3.Cdots+P(0AMM) 420,32 E ol
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5.Cdots +POSMM) 42292 N 09
6. C-dots + P(1mM) l +25.79

00 02 04 06 08 10
Concentration of P in C-dot solution

Fig. 4 (a) and (b) Change in the surface charge of the C-dot aqueous
solution with adding P.
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mitochondria targeting in the KB cell line by incubating them
with C-dots (50 ug m1™"). After an incubation time of 45 min,
we did not find any emission of the C-dots from those incu-
bated KB cells at excitation wavelengths from 400 nm to
480 nm (Fig. S7t), confirming that the control C-dots were not
able to enter in to cells. However, when the KB cells were incu-
bated with CDTP (0.2 mM P in 50 pg ml~" C-dots) for 45 min
and the incubated cells were observed by microscope at the
excitation wavelength of 488 nm, we found a strong green
emission, indicating that the CDTP was successfully able to
label those cells by entering inside the cells. To know whether
the CDTP were labelling the mitochondria or not, those cells
were further incubated with MitoTracker Red for the next
20 min. Interestingly, we observed that our green flourishing
CDTP was efficiently targeting the mitochondria within 1 h,
which makes this system more desirable over many mitochon-
drial-targeting fluorophores reported in the literature.**>° The
co-localization of the C-dots in the incubated KB cells, with
both the CDTP and MitoTracker Red, was confirmed by con-
focal microscopy. First, the excitation wavelength at 488 nm
was carefully monitored to image the carbon dots as they
emitted green emission at that excitation wavelength.
Furthermore, the MitoTracker Red was excited at the excitation
wavelength of 561 nm, which is the reported excitation wave-
length for MitoTracker Red. Finally, the two separated images
were merged with each other and a yellow merged image with
a good Pearson coefficient was obtained, confirming the co-
localization of the CDTP within the mitochondria (Fig. 5). The
same procedure was applied for the CHO cell line to investi-
gate the targeting of mitochondria by our reported nanoprobes
to see if CDTP would be able to be used to image the mito-
chondria in a non-cancerous cell line. Here the CHO cell
line was incubated with CDTP nanoprobes for 45 min and
then they were washed with a subsequent incubation with
MitoTracker Red. In this case, the same monitoring of the
excitation wavelength of both the C-dots and MitoTracker
Red was performed as for the KB cell and a perfect merging
of images with a good Pearson coefficient was also obtained
in this case too. Like the KB cell, 1 h incubation of the
CDTP nanoprobes with the CHO cell was enough for co-
localization of the carbon dots with the MitoTracker dye
(Fig. 6). The nontoxic nature of the CDTP was checked with
the KB cell, verifying this with different concentrations of
CDTP. Fig. S8at shows the good cell viability of the KB cells
with the increasing concentration of CDTP, confirming the
nontoxic behaviour of CDTP towards the KB cell. The ICs,
value was found to be 30 pM P present in the CDTP solu-
tion from Fig. S8b.f Herein, the observed results for mito-
chondria labelling with this hybrid nanomaterial (CDTP) is
significant due to allowing a rapid and fast targeting, com-
pared to the literature, where the targeting agents typically
need 4 to 24 h for mitochondria labelling.”>* Herein, this
system could label the mitochondria within 45 min.
Additionally, in this study, negatively charged particles were
used as mitochondrial-targeting agents with a positively
charged carrier.
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mitotracker

merged

Fig. 5 Evidence of the mitochondria targeting of CDTP within
45 minutes. Typically, KB cells were incubated with CDTP for 30 min,
washed, and then incubated with MitoTracker Red for 15 min. Next, the
washed cells were fixed with 4% paraformaldehyde and imaged under a
confocal microscope. An excitation wavelength of 488 nm was used for
imaging the green-emissive carbon dots and 561 nm excitation wave-
length for imaging MitoTracker red (red emission). The yellow colour
and high Pearson correlation coefficient (PCC: 85%-92%) values in the
merged images indicate the predominate co-localization of the probe
with MitoTracker Red. Scale bar represents 10 pm. Low-magnification
images are shown in (a), and high-resolution images are shown in (b)
and (c).

Path of the cellular uptake of the nanoprobes

The surface charge and the size of the nanoprobes are the
major factors that determine the process of their cellular
uptake pathway, whereby either they will follow the direct
membrane penetration pathway or the endocytosis technique
pathway.>® The positively charged surface and the larger size of
the nanoprobe favours cell entry through the endocytosis
process.>® The different pathway of the endocytosis process
demands different sizes; for instance, endocytosis through the
phagocytosis pathway needs the size of the nano probes to be
larger than 500 nm, while endocytosis through the Clathrin-
mediated pathway needs the size of the nanoprobes to be
between 50-150 nm, and endocytosis through the micropino-
cytosis pathway also demands a larger size of particles
(>500 nm). On the other hand, nanoparticles with a positive
charged surface are more favourable for internalization
through the endocytosis process in cells.>>® He et al. pub-
lished an important study that emphasized that larger par-
ticles with higher positive surface charges of the nanoprobes
are much more efficient for cellular uptake through endocyto-
sis.>” It has long been a serious problem with carbon dots that
they are usually associated with a negatively charged surface,
which is not perfectly suitable for their cellular uptake through
the endocytosis mechanism. On the other hand, positively
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(a) mitotracker

mitotracker

Fig. 6 Co-localization study of CDTP with MitoTracker Red within
45 min in CHO cells. Typically, CHO cells were incubated with CDTP for
45 min followed by washing and a subsequent incubation with
MitoTracker Red for the next 15 min. Next, the washed cells were fixed
with 4% paraformaldehyde followed by imaging under a confocal micro-
scope. The green-emissive C-dots were imaged under blue excitation
(488 nm) and MitoTracker Red under green excitation (561 nm) using a
confocal microscope. The yellow colour and high Pearson correlation
coefficient (PCC: 72%85%) values in the merged images suggest the
predominate co-localization of the probe with MitoTracker Red. Scale
bar represents 10 ym. Low-magnification images are shown in (a) and
high-resolution images are shown in (c).

charged particles ranging in size between 100-200 nm fulfil
the all-fundamental necessities for cellular cell entry through
the endocytosis mechanism.>®

Next, we were curious to understand how the CDTP pene-
trates inside the cell. We had already observed that carbon
dots without the P amphiphile were not able to penetrate the
cell. However, when they were tagged with the nanospherical
dots of the P, it was evident that the energy-dependent endocy-
tic procedure for cell uptake was probable and was highly
influenced by the ATP and temperature.’>®® This was con-
firmed by treating KB cells with CDTP nanoprobes and these
were incubated at 4 °C for 45 min. A drastic fall in emission of
the nanoprobes was observed (Fig. 7c), which was due to the
cellule uptake inhibition of the probes at lower temperature.
Next, NaN;/deoxy-glucose were used in another test, as they are
well known for disturbance of the production of the ATP and
for blocking the endocytic cell entry.>® This time, it was also
seen that there was a considerable decrease in the emission
for the nanoprobes (Fig. 7b). These two results indicate that
the cell entry of the nanoprobe was highly influenced by the
temperature and ATP. Further, to know the exact endocytosis
pathway, we used other endocytosis inhibitors, such as the
MBCD (inhibitor of lipid raft-mediated endocytosis), amiloride
(inhibitor of caveolae-mediated endocytosis), genestein (inhibi-
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Fig. 7 Evidence of the energy-dependent endocytic cell uptake of
CDTP as observed from fluorescence imaging and flow cytometry-
based quantitative estimation analysis. Typically, KB cells were incubated
with (a) endocytosis inhibitors, (b) at 4 °C, (c) Azide-DOG, (d) amiloride,
(e) sucrose, (f) MBCD, (g) genestein along with incubation with CDTP
for 30 min and then imaged by fluorescence microscopy. Significant
uptake inhibition occurred at 4 °C, indicating the endocytic uptake of
CDTP. Proof of the energy-dependent endocytic cell uptake of CDTP
was obtained from flow cytometry-based quantitative analysis (i and j).
Typically, KB cells were incubated with NaNs, deoxy-glucose or 4 °C for
45 min along with the incubation of CDTP for another 30 min. Flow
cytometry-based quantitative estimation showed there was a significant
uptake inhibition of CDTP in the presence of different endocytosis
inhibitors (50% of cellular uptake at 4 °C). Additionally, uptake inhibition
in the presence of genestein indicated a caveolae-mediated endocytic
uptake for CDTP, where the other pharmacological inhibitors hardly
affected the uptake mechanism. Error bar represents mean + S.D.; aster-
isks denote significant differences between the values (**P < 0.01, ***P <
0.001); Dunnett's multiple comparison test.

tor of caveolae-mediated endocytosis), and sucrose. In this
case, genestein was able to inhibit the cell entry of the nano-
probes unlike the other three inhibitors (Fig. 7h). So, it could
be concluded that the endocytosis of the probes very much fol-
lowed the caveolae pathway. It has been well reported that the
mitochondrial membrane has a very high negative potential
(=150 mV to —200 mV) with a dense hydrophobic layer.*"*> So,
either cationic charge (for electrostatic binding with the nega-
tively charged mitochondrial membrane) or lipophilicity (for
binding with hydrophobic part of the membrane) is required
to bind with the mitochondrial membrane. As we have already
mentioned, the C-dots alone could not penetrate the cell, but
once they had adhered to the surface of the spherical aggre-
gated amphiphile, they were able to enter inside the cell. This
was because of the fact that the overall positive charge of the
conjugate system (CDTP) helped to carry the fluorescent
C-dots inside the cell through the endocytosis process.?*>* So,
after entering into the cell, the negatively charged C-dots were
probably capable of targeting the mitochondria due to a hydro-
phobic effect, although they have a small negative charge
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Fig. 8 Mechanistic endocytic pathway (caveolae pathway) of CDTP for
imaging of the mitochondria.

(—12.6 mV) at the surface. C-dots have a strong hydrophobic
conjugated aromatic core.®®> Here, in this carbon dots system,
the conjugated aromatic core was confirmed by "H-NMR spec-
troscopy. The peak around 7.2 ppm was due to the presence of
the aromatic core of the carbon dots (Fig. S87). Another poss-
ible mechanism for targeting and labelling the mitochondria
for these C-dots is, after entering inside the cell, the micellar
structure of the amphiphile P may be broken and the mole-
cular P becomes electrostatically attached with the negatively
charged C-dots. Finally, the electrostatically conjugated
systems of both the C-dots (with a negative charge) and the
amphiphile (with a positive charge) successfully attach to the
surface of the mitochondria for the labelling. The C-dots
without amphiphiles were not able to enter properly into the
cell, but once they are tagged with the micelle, huge number
of carbon dot fluorophore particles become capable of enter-
ing into the cell. This large number of negatively charged
C-dots with the presence of positively charged amphiphile
inside the cell is probably the cause of them adhering on the
surface of the mitochondrial membrane (which is negatively
charged) to enable imaging of the mitochondria (Fig. 8).

Conclusion

This study demonstrates a solvothermal method for fabricat-
ing green-fluorescent C-dots carrying negative charges on their
surfaces, but the C-dots were found to be incapable of pene-
trating the cell properly. To address this challenge, a non-fluo-
rescent triphenylphosphine containing amphiphile with a
positively charged head group was designed and synthesized
and it formed a spherical micelle-type nanostructure in water
in the aggregated state. These nanospheres-based cationic

9834 | Nanoscale, 2024, 16, 9827-9835

View Article Online

Nanoscale

species acted as a carrier for taking the green-fluorescent nega-
tive C-dots inside the cells (both cancerous and non-cancer-
ous) and they were then used to image the mitochondria in
living cells. The nanohybrid system with the fluorescent C-dots
and triphenylphosphine containing amphiphile with an
amino acid residue were found to enter into the cells through
the endocytosis process with the caveolae pathway.
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