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The surface charge of carbon dots (CDs) governs cellular uptake; however, studies seldom compare CDs
with similar physico-chemical properties thereby introducing confounding variables. Here, we investigate
how the surface charge of amine-passivated carbon dots with similar optical and chemical properties
influences their uptake in human cells. We synthesized CDs using citric acid diethylenetriamine (DT3) or
pentaethylenehexamine (PH6) using microwave-assisted synthesis. Extensive characterization confirmed
their physico-chemical and optical properties. lon exchange column chromatography was used to
separate CDs into fractions with surface charges ranging from —35 mV to +7 mV, which were then
added to Hela cells. FT-IR analysis shows a visible increase of the amide stretch at 1646 cm™* as charge
decreases for the separated fractions revealing changes to surface functionalities. Fluorescence
microscopy revealed a correlation between surface charge and cellular uptake. Our study shows
a greater uptake of DT3-CDs by 1.17-fold with a surface charge of —14 mV, which were also enriched in

the cytosol by 4.12-fold, compared to those with a charge of —35 mV, which localized at the lysosomes

Received 27th May 2025 L ) ) . .
Accepted 2nd August 2025 which is in accordance with our previous study. In contrast, PH6-CDs remained consistent regardless of
their charge (+7 mV vs. —6 mV), with a preference for lysosomes. This study reveals how surface charge

DOI: 10.1039/d5ra03738g and chemical composition of CDs impacts cellular uptake and localization. These findings show how
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Introduction

Carbon dots (CDs) have gained significant attention due to their
remarkable optical properties and physico-chemical versatility.
Researchers have harnessed these properties for diverse appli-
cations including photovoltaic solar cells, chemical catalysis,
drug delivery systems and bioimaging probes.'** CDs are quasi
spherical fluorescent nanoparticles with diameters of
~10 nm.'*"” They typically comprise an amorphous sp>-conju-
gated aromatic carbon core with surfaces that can be decorated
with a multitude of functional groups.**>* CDs may be synthe-
sized from complex carbon sources such as orange juice or soya
beans, or more precisely defined precursors such as citric acid,
glucose and amino acids.**?°

The synthesis typically involves using hydrothermal/
solvothermal routes, or microwave-assisted synthesis, which
has gained popularity owing to shorter reaction times and lower
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CDs could be tailored for specific applications in bioimaging and nanomedicine.

energy requirements.**** The chemical composition of the CD
surface can be tailored via the precursors and passivating
agents used during synthesis.***®* The latter contributes to
forming an outer layer on the surfaces of the dots. The chemical
composition of the passivation layer will comprise functional
groups present in the passivating agents, which may include
carboxyls, thiols and amines, among others, which often alter
the optical properties of the CDs including changes in fluores-
cence quantum yields.**** CD fluorescence remains a phenom-
enon which is not fully understood;** however, there are many
theories that point towards a plausible explanation such as the
quantum confinement effect and conjugated cores/heteroatom
rich surface states mechanisms.***” Amine passivation has
been reported to confer ideal optical properties with high
quantum yields typically reaching up to 80% (similar to fluo-
rescent dyes).”***> This can be explained by how electron-
donating passivating groups minimize non-emissive traps
limiting non-radiative relaxation, which enhances the observed
fluorescence quantum yield.'* Higher quantum yields are typi-
cally attractive for bioimaging applications as less material may
be needed to achieve a measurable optical response.
Currently, metal nanoclusters, dye-doped, lanthanide-doped
nanoparticles, as well as quantum dots are being developed for
use in bioimaging applications owing to their impressive
optical properties. However, several challenges persist ascribed
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to poor photostability, low aqueous dispersibility and/or high
cytotoxicity.”**® Amine passivated CDs offer a promising alter-
native that effectively mitigates these challenges, rendering
them ideal for use as bioimaging probes.***” However, how
distinct physico-chemical properties affects their interaction
with cells remains largely unclear.

Previous reports have shown that size, shape and surface
functionality can all affect the cellular uptake and/or localiza-
tion of nanoparticles in different cell types. Polymer nano-
particles have been shown to have size-dependent uptake
patterns. Dawson and Halbert demonstrated that larger poly-
mer nanoparticles are more readily taken up by Hep2 2B cells,
in comparison to their counterparts.® Another report has
shown that the shape of silica nanoparticles can affect cellular
uptake. Rod and long rod-shaped silica nanoparticles were re-
ported to enter human melanoma cells at faster rates compared
to spherical-shaped silica nanoparticles.*® In addition, surface
functionalization also affects cellular uptake, as studies showed
that adding polyethylene glycol (PEG) to nanoparticle surfaces
decreases their uptake by mouse embryonic fibroblasts.®

Size, shape and surface functionality have also been shown
to affect the endocytic capabilities of nanoparticles; however,
these properties are seldom studied independently. Changing
the shape of a rod-like nanoparticle to a sphere-like counterpart
will most likely change their diameter and surface area. Adding
polymers such as PEG, or PEI to the surface of nanoparticles
would change their physico-chemical properties while also
increasing their surface area.®* As such, it is challenging to study
the effect of one variable while keeping others constant. Amine
passivated CDs synthesized by the Naccache group tend to be
small and very similar in size (2 nm in diameter), varying by
+0.50 nm. Therefore, modifications are not predicted to
dramatically affect their size and alter the mechanism of
cellular uptake. Typically, clathrin mediated endocytosis is the
predominant form of endocytosis for particles of less than
200 nm in diameter.**

The surface charge of nanoparticles can affect their cellular
uptake. Ronzani showed that surface charges of CDs change
with passivating agents that differ in their amine content. Using
four passivating agents with increasing amine content, four
types of CDs were synthesized with a corresponding increase in
positive surface charge. When added to human macrophages,
the CDs showed a positive relationship between increasing
surface charge and cellular uptake.®* Another report compared
the cellular uptake of CDs synthesized using bovine serum
albumin, which had positive surface charge with CDs synthe-
sized using citric acid, which had negative surface charge. They
found that the negatively charged CDs were more easily taken
up by mouse macrophages as opposed to the positively charged
CDs.* However, while previous studies have shown how surface
charge can affect cellular uptake, these studies were not per-
formed with chemically comparable CDs, which could impart
differences in cellular uptake and localization. Indeed,
synthesis of CDs from distinct precursors introduces numerous
confounding variables due to differences in their physical and
chemical composition.
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While CDs have ideal optical properties for bioimaging, it is
not clear how they enter and/or localize in cells. Elucidating the
properties that confer mechanisms of uptake would pave the
way for designing nanoparticles for targeted bioimaging
applications.*

Herein, we investigated how the surface charge of CDs
bearing similar chemical properties impacts their are able to
clearly demonstrate that even small charge uptake and locali-
zation in human cells. To achieve this we synthesized CDs from
citric acid and diethylenetriamine (DT3), or penta-
ethylenehexamine (PH6) precursors maintaining the same
synthesis conditions and precursors, while separating them
based on their surface charge using anion exchange column
chromatography. This approach ensured that any observed
differences in cellular uptake arise primarily from variations in
charge, as opposed to broad compositional discrepancies. We
used UV/vis absorption, fluorescence, and infrared spectros-
copy to determine the optical and surface chemical properties
of the charge-separated CDs, then incubated CDs with different
surface charges in human cells. Using fluorescence microscopy,
we measured their uptake and localization, which varied with
surface charge and extent of amine passivation. Our data shows
that charge plays an important role in the uptake of amine
passivated CDs. To the best of our knowledge, this is the first
study to explore differences in surface charge within a single,
chemically similar group of CDs, and how these differences
impact cellular uptake. By separating CDs solely based on their
charge while maintaining their overall chemical composition,
we are able to clearly demonstrate that even small charge vari-
ations within a population can influence how they are uptaken
by cells.

Experimental and methods
Chemicals and reagents

Citric acid, diethylenetriamine (DT3), pentaethylenehexamine
(PH6), acetone, ethanol and ammonium carbonate were
purchased from Sigma Aldrich. Milli-Q water was produced in-
house. Phosphate buffer solution (PBS, pH 7.4, 1x) and Dul-
becco’s Modified Eagle Medium (DMEM) were purchased from
Wisent. HyCloneTM Cosmic Calf Serum (CCS) was purchased
from Cytiva. WST-8 Cell Proliferation Assay Kit was purchased
from Cayman Chemical. All reagents were of analytical grade
and were used as is, without the need for further purification.

Synthesis of carbon dots

1.92 g (500 mM) of citric acid was added to 20 mL of water in
a glass microwave reaction tube. 375 mM of the viscous amine
precursor  diethylenetriamine  (DT3-CDs) or  penta-
ethylenehexamine (PH6-CDs) was added and the solution was
sonicated to ensure a homogeneous mixture. The mixture was
placed into a CEM Discover SP microwave reactor at 210 °C for
10 minutes followed by another 10 minutes cooling period.
After completion, the contents of the tubes were dialyzed in
Milli-Q water using 3.5-5 kDa membranes for 5 days. After
dialysis, the CD solution was concentrated and further purified
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using organic washes of acetone and ethanol. After each wash
the solution was mixed thoroughly using a vortex and then
centrifuged at 10 000 rpm for 10 minutes. The pelleted, purified
CDs were dried in an 80 °C oven and then crushed into a fine
powder resulting in a reaction yield of approximately 10%.

Fluorescence spectroscopy analysis

A Cary Eclipse fluorescence spectrophotometer (Agilent Tech-
nologies) was utilized to acquire fluorescence spectra. The
spectra were obtained by placing the sample in a 10 mm quartz
cuvette and scanning the excitation wavelengths at intervals of
10 nm between 360 and 800 nm. The excitation and emission
slits were adjusted to a width of 5 nm, and the PMT voltage was
set at 600 V. The data was processed using Cary Eclipse
software.

UV-vis absorbance spectroscopy

All absorbance spectra were acquired using a Cary 5000 series
UV-vis-NIR spectrophotometer (Agilent Technologies). The UV-
visible absorption spectra were collected over a range of 200-
700 nm using a 1 cm quartz cuvette. A resolution of 1 nm and

a bandwidth of 2 nm were set with a scan speed of 600 nm s .

Fourier-Transform Infrared Spectroscopy (FT-IR) analysis

The Thermo Scientific Nicolet iS5, equipped with an ID5
attenuated total reflectance (ATR) accessory, was used to collect
FT-IR data from dried CD samples. The analysis was performed
on a laminate-diamond crystal window, with 64 scans taken at
a resolution of 0.4 cm™'. A gain of 1, an optical velocity of
0.4747 cm s~ ', and an aperture of 100 were consistently used for
all measurements.

Transmission electron microscopy

TEM grids (3 mm, 200 mesh Lacey/carbon-coated copper grid)
were prepared by pipetting a 2 g mL ™" dispersion of each CD
onto the grid followed by evaporation of the isopropanol
solvent. TEM images were collected using a Talos microscope
operating at 120 kV. The images were processed, and the carbon
dot sizes were measured using Fiji imaging software. The TEM
tiff files for each CD were opened in Fiji. Using the straight-line
tool, the diameter (in nm) of a minimum of 50 to 100 individual
nanoparticles was measured, and values were graphed in
a histogram to reveal their Gaussian distribution.

X-ray photoelectron spectroscopy (XPS)

XPS spectra of the CDs were acquired using a Thermo Scientific
K-alpha X-ray photoelectron spectrometer (ThermoFisher
Scientific, Boston, MA, USA). Each analysis was carried out in
triplicate, with 10 runs for each scan; the high-resolution and
survey scans represent the average of the triplicate

measurements.

Zeta potential

The zeta potential was measured with a Malvern Zetasizer Nano-
S using a disposable folded capillary cell. The experiments were
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performed at 25 °C, and each sample was tested three times
with 13-15 runs averaged for each test. The samples had
a concentration of 0.5 mg mL™" in Milli-Q water, and about
0.8 mL of the solution was used for the measurements. The
software that comes with the infrastructure was utilized to
analyze the data.

Ion exchange chromatography

40 mL of DEAE Sepharose fast flow anion exchange resin was
poured into a glass column. The resin was washed and equili-
brated with 30 mM ammonium carbonate buffer. 1.5 mL of
a 0.05 g mL " water solubilized PH6-CD dispersion was added
to the column and eluted using gradient elution ranging from
30 mM to 1 M ammonium carbonate. The column was washed
with 1 M ammonium carbonate, and the resin was stored in
a 20% ethanol solution. Once completed, the buffer was dried
off and the zeta potential of the CDs was measured after
resuspension in water.

log P partition coefficient for DT3-CDs and PH6-CDs

A series of standard solutions of the test compound in both
water and octanol was prepared and their respective absorbance
was measured. We then plotted the absorbance values against
the corresponding concentrations to create calibration curves
for water and octanol. The partition coefficient was determined
by taking 5 mL of water and 5 mL of octanol and adding
a known amount of DT3-CDs and or PH6-CDs. The solution was
shaken vigorously for a sufficient time to allow equilibrium to
be reached between the water and octanol phases, then the
solution was given time to settle until the phases had visually
separated. A sample of each phase was collected, and the
absorbance was measured using the UV-visible spectropho-
tometer at the same wavelengths used for calibration.

The log P partition coefficient was then calculated using the
following equation:

log P = log 10([octanol])/[water]) (1)

where [octanol] and [water] are the concentrations of the
compound in octanol and water, respectively.

Cell culture

HeLa cells were cultured in Dulbecco’'s modified Eagle medium
(DMEM), supplemented with 10% (v/v) Cosmic Calf Serum
(CCS; Wisent). Cells were incubated in a humidified environ-
ment set to 37 °C with 5% CO,. Cell cultures were maintained by
splitting them when they reached approximately 75-100%
confluency or as needed for the experiments. To do this, cells
were detached using trypsin and then diluted in fresh medium.

To investigate the uptake of CDs within HeLa cells, the cells
were seeded on individual glass bottom dishes (CellVis) at
a confluency of 30-40%. Cells were treated with 100 pL of each
CD to reach a final concentration of 500 ug mL ™. The cells were
then left in an incubator for a period of 24 hours, after which
their fluorescence intensity was measured via fluorescent
microscopy. Prior to imaging, the cells were washed with 1x

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PBS (phosphate-buffered saline) and replaced with fresh, pre-
warmed media.

Cytotoxicity

HeLa cells were plated in 96-well dishes at 4000-5000 cells per
well and left to adhere for 24 h. The cells were treated with
increasing concentrations of each CD (0 to 10 000 ug mL™") for
three generation times (72 h). Cytotoxicity was assessed using
the WST-8 cell proliferation assay (Cayman Chemical) as per
manufacturer's instructions. For each well, 10 uL of reagent was
added for 4 hours, and the optical density (OD) values were
obtained using the TECAN 200 PRO plate reader at a wavelength
of 490 nm. Cell viability was measured as a ratio of the signal of
treated cells vs. control (untreated cells):

oD (490nm) sample 100% )
OD(4%0nm)_ ., " @)

control

%Cell viability =

The experiments were repeated in triplicate and the means
and standard deviations were calculated and plotted using
PRISM software. The ICs, was obtained by measuring the
concentration at which half the population (50%) remained
alive after CD-treatment. HeLa cells were imaged using a Nikon
brightfield microscope to ensure that they were plated with the
appropriate confluency and to ensure that changes in density or
metabolic activity were not caused by external contamination.

Microscopy

Cells were imaged using the Nikon-TiE inverted epifluorescence
microscope with a Lambda XL Xenon light source and a 60x
Plan Apo objective lens (NA 1.4) or a 100x S Fluor objective lens
(NA 1.3), a Piezo Z stage (ASI), a Photometrics Evolve 512
EMCCD camera and Elements 4.0 acquisition software (Nikon).
A Sutter Lambda XL Xenon-arc lamp filtered by a 380/12 nm
bandpass filter was used to excite the CDs, and the emitted light
was collected using a 400-600 nm bandpass filter (Chroma
CT500/200bp). The images were exported as TIFFs and used for
analysis.

Flow cytometry

HelLa cells were seeded 24 h before the uptake experiment, at 50
000 cells per well in 24-well plates. CDs were added to the cells
at a final concentration of 500 pg mL™*. Cells were incubated
with the CDs for 24 h after incubation, cells were dissociated
using trypsin, resuspended in PBS (Wisent) with 1 nM EDTA,
25 mM HEPESE pH 7.0 and 1% FBS, and then passed through
a 40 pm strainer to remove large cell clumps. Cells were ana-
lysed using BD FACSVerse flow cytometer (BD Biosciences), 10
000 cells per sample. CDs detection: excitation wavelength at
405 nm and detection at 488/45 nm. Results were analysed with
FlowJoV-10 program.

Statistical analysis

The TIFFs of HelLa cells treated with CDs were used to assess
their uptake. The mean intensity was measured for each CD:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DT3-CDs (-): nHeLa = 41; DT3-CDs (+): nHeLa = 32; PH6-CDs
(-): nHeLa = 32; and PH6-CDs (+): nHeLa = 27. The mean
intensity values of the whole cell region were then plotted on
a whisker box plot and a one-way ANOVA was performed along
with a post hoc paired ¢-test to assess for statistical significance.

Lastly, the TIFFs were also used to measure the proportion of
CDs in the cytosol of HeLa cells. The images were background-
corrected, and the mean intensity was determined from the
average of three regions of interest in the cytosol for the
different CDs: DT3-CDs (-): nHeLa = 50; DT3-CDs (+): nHeLa =
53; PH6-CDs (-): nHeLa = 36; and PH6-CDs (+): nHeLa = 27. The
mean intensity values were plotted on a whisker box plot and
a one-way ANOVA was performed along with a post hoc paired t-
test to determine statistical significance.

Results and discussion
Optical properties of CDs

To assess the optical properties and how they relate to structural
features UV-vis and fluorescence spectroscopy was carried out.
First, amine passivated CDs were synthesized using a micro-
wave assisted route with citric acid as the carbon-source and
diethylenetriamine (DT3), or pentaethylenehexamine (PH6) as
passivating agents. Following synthesis, the optical, physical
and chemical properties of the CDs were assessed. The CDs
were first characterized using absorption and fluorescence
spectroscopy. The UV-vis profile of the DT3-CDs and PH6-CDs
are presented in Fig. 1A and B, respectively. Notably, two
main absorption bands at 240 and 355 nm show the charac-
teristic 1 — m* and n — w* electronic transitions of amine-
passivated dots. The @ — w* transition at 240 nm can be
attributed to the conjugated core, while the n — 7* transition is
characteristic of the double bonded heteroatoms decorating the
surface of the CDs. These are typically C=0 and C=N groups
originating from amide, carboxylic acid and nitrogen contain-
ing groups on the surface.®® The fluorescence emission profiles
contain distinct emission maxima at 440 and 445 nm, respec-
tively, when excited by 350 nm light. It is hypothesized that this
emission signature originates from the surface domains unique
to these amine-passivated CDs.?”

Physico-chemical properties of CDs

The size and shape of the CDs were characterized by TEM, as
depicted in Fig. 1C. The CDs were 3.3 nm in size with a distri-
bution spanning from 0.5 to 6 nm and had a quasi-spherical
morphology. It should be noted that obtaining high-
resolution TEM images of CDs remains a technical challenge
primarily due to a lack of atoms with high atomic numbers
resulting in weak electron scattering and inherently low image
contrast. Additionally, their amorphous nature results in the
lack of electron diffraction patterns further contributing to the
challenge. Despite the limitations, the TEM images provided
are consistent with those frequently reported for CDs in the
literature.®® Fourier-Transform Infrared Spectroscopy (FT-IR)
was then used to evaluate the surface functional groups of the
CDs. Fig. 1D shows the FT-IR spectra of DT3-CDs and PH6-CDs

RSC Adv, 2025, 15, 28770-28782 | 28773
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Fig.1 Optical and physico-chemical properties of DT3-CDs and PH6-CDs. (A) and (B) Room temperature absorbance and fluorescence spectra
of each CDs in an aqueous solution. The UV-vis absorption spectrum the CDs (black curve) reveals two absorption bands centered at 240 nm and
335-355 nm, which reflect the T — =* and n — w* transition, respectively. Following maximum excitation at 350 nm one emission maxima is
measured at 440 nm for DT3-CDs and 445 nm for PH6-CDs (colored curve). (C) CDs are quasi-spherical and average 3.54 nm in size. TEM
images show aqueous dispersions with sizes of 3.8 = 0.7 nm for DT3-CDs (top panel) and 3.3 + 0.4 nm for PH6-CDs (lower panel). The size
measurements for each of the CDs were spread over a Gaussian distribution ranging from 0 to 6 nm (D) FT-IR spectra for each CD along with
their respective precursors (dotted line). The broad O—H stretch at 3250 cm™! indicates a carboxylic acid functionality, and sp® and sp? C—H
stretches can be seen at 2964 cm™ and 2830 cm™ respectively. Lastly, amide C=0, C=C/C=N, and N—H/C—-N peaks appears at 1646 cm™,
1536 cm~tand 1354 cm™L. (E) XRD profile for DT3-CDs (top panel) and PH6-CDs (lower panel) CDs showing an amorphous halo in the range of
10-60° 26.

were compared with their respective precursors. The spectrum
of citric acid includes an O-H stretching signal at 3250 cm™*,
attributed to the carboxylic acid (-COOH), and corresponding
carbonyl stretches at 1715 c¢m™'. Diethylenetriamine and
pentaethylenehexamine caused distinct signals at 3260 cm ™"
ascribed to primary aliphatic amines accompanied by sp® C-H
stretches at 2964 cm ™' and sp”> C-H stretches at 2830 cm™ . In
addition, a signal at 1580 cm ' was likely caused by N-H
bending, which is characteristic of amines. Comparing the

28774 | RSC Adv, 2025, 15, 28770-28782

precursor spectra with the CDs revealed marked distinctions.
Both DT3-CD and PH6-CD spectra included carboxylic acid
stretches ranging from 3450 to 2600 cm™ ' (COOH) along with
carbonyl stretches at 1715 em™'. Notably, a distinctive C=0
stretch, characteristic of amides, emerged at 1645 cm ™, while
C=C/C=N stretches at 1550 cm~ " were consistent with variable
functional groups. All stretches and bends are in accordance
with other similar CDs discussed in the literature."* *” The
similarities in spectra between the precursors and CDs supports

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that the amine-passivated CDs were successfully synthesized.
Disparities between DT3-CDs and PH6-CDs were observed in
their distinct carboxyl/amide/amine stretches. Notably, for the
PH6-CDs, the decrease in carboxyl bands compared to amines is
consistent with an increase in amine passivation.

To further validate the FT-IR findings and confirm the
presence of surface functional groups, X-ray photoelectron
spectroscopy (XPS) was used. The binding energies for C1s, N1s,
and O1s were measured at 280, 400, and 530 eV, respectively,
and reveal the elemental composition of DT3-CDs and PH6-CDs
(Fig. S1). Both CDs exhibited similar carbon content with values
of 65.50% and 69.66%, respectively. However, they had distinct
oxygen and nitrogen content. DT3-CDs contained 14.50%
nitrogen and 19.59% oxygen, whereas PH6-CDs exhibited
16.93% nitrogen and 13.29% oxygen. The decrease in oxygen
content in PH6-CDs aligns with the reduction in carboxyl/amide
peaks observed in the FT-IR analysis. Further analysis revealed
specific chemical bonding and composition. For DT3-CDs, the
C1s peaks at 285, 286, and 288 eV correspond to C-C, C-N, and
carboxyl C=0 groups, respectively. The N1s peak peaks at 399,
400, and 401 eV can be attributed to pyridinic, pyrrolic and
graphitic nitrogen, respectively. Meanwhile, for PH6-CDs, Cl1s
peaks at 285, 286, and 287 eV correspond to C-C, C-N, and
carboxyl C=0 bonds, while the N1s peaks at 398, 399, and
400 eV represent amines, amides, and protonated amines,
represent pyridinic, pyrrolic and graphitic nitrogen, respec-
tively. For both CDs, the O1s peaks at 531 and 532 eV indicate
carboxyl C=0 and carbonyl C-O groups. All binding energy
assignments are in good accordance with current CD litera-
ture.””*® X-ray Diffraction (XRD) was then carried out to deter-
mine the crystallinity of the CDs. The absence of a crystalline
structure was observed, as shown in Fig. 1E. The XRD profile
also showed a distinct amorphous halo spanning the 10-30°
range, which corresponds to the graphitic core of the CDs.

Charge separation using column chromatography

In order to study surface charge, zeta potential measurements
were carried out. The mean zeta potential for the unseparated
parent DT3-CDs was measured to be —32 mV, while that of the
unseparated parent PH6-CDs was +4 mV. This difference in zeta
potential reflects the extent of amine passivation. PH6-CDs likely
consist of more primary amines, whereas DT3-CDs are omposed
of more electronegative carboxylic groups. DT3-CDs and PH6-
CDs were separated into distinct subgroups based on charge
using ion exchange column chromatography, a well-established
method that has been used previously for separation of
compounds based on differences in their net charges.”* An
overview of this method can be observed in Fig. 2A. As demon-
strated in Fig. 2B, DT3-CDs were separated into five distinct
fractions of —14, —16, —24, —27 and —35 mV, while PH6-CDs
were separated into +7, 0, —1, —3, and 6 mV. The fractions for
each CD were further characterized using UV-vis spectroscopy as
shown in Fig. S2A, and all had absorption peaks at 240 nm and
350 nm, suggesting they have similar optical profiles. Their
fluorescence emission spectra were also similar as shown in
Fig. S2B. FT-IR was also used to determine potential differences

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the chemical composition of the charge separated CDs (Fig. 2C
and S3). There was discernible augmentation in the C=0 amide
stretch (red band) compared to the C=C/C=N stretch (yellow
band) for the most positively and negatively charged CDs. We
hypothesize that the protonation of these groups is primarily
responsible for dictating surface charge and thus ion-exchange
yields CDs differing in C=0 and C=C/C=N groups. Addition-
ally, the ratio of amines to amides decreased with an increase in
negative charge due to the acidic nature of the amide groups
(green band). The availability of the lone pair of electrons on the
amide nitrogen atom for donation was attenuated, leading to
reduced protonation (positive charge), and instead is involved in
resonance with the associated carbonyl group, augmenting the
negative surface charge.” Lastly, as shown in Fig. S3, there was
an increase in the resolution of the FT-IR peaks compared to the
parent CDs, which would be expected with isolated populations
of CDs with identical (vs. similar) chemical composition.

Cytotoxicity of CDs in HeLa cells

In order to study the cytotoxicity of the charge-separated CDs in
HeLa cells a WST-8 cell viability assay was carried out. Fractions
1 and 5 showed the highest net difference in charge (—14 vs.
—35 mV for DT3-CDs, and +7 vs. —6 mV for PH6-CDs), and were
used to reveal how surface charge impacts cell viability. Here-
after, these fractions are referred to as DT3-CDs (+) and DT3-
CDs (-), and PH6-CDs (+) and PH6-CDs (-), respectively. After
exposing HeLa cells to varying concentrations of the CDs for
three division cycles (72 hours). As shown in Fig. 54, all of the
charge-separated amine-passivated CDs caused negligible or
low cytotoxicity. Among the discernible ICs, values, PH6-CDs (+)
had a value of 4200 pg mL ", followed by PH6-CDs (-) at 7500 pg
mL ™, and DT3-CDs (+) at 8500 pg mL™ . Notably, DT3-CDs (-)
exhibited no toxicity even beyond a concentration of 10 000 pg
mL ™', Since none of the CDs caused significant toxicity, we
tested their uptake and localization in cells.

Cellular uptake of CDs separated by charge

To determine how surface charge affects cellular uptake, HeLa
cells were treated with DT3-CDs (-), DT3-CDs (+), PH6-CDs (-)
and PH6-CDs (+), and cells were imaged by fluorescence
microscopy after 24 hours where increase in fluorescence
intensity correlates to greater cellular uptake. As shown in
Fig. 3A cells exposed to DT3-CDs (+) demonstrated a significant
1.17 fold increase in mean fluorescence compared to DT3-CDs
(-) (Fig. 3B and Table S1). In addition, DT3-CDs (+) were 4.12-
fold enriched in the cytosol compared to DT3-CDs (-) (Fig. 3C
and Table S1). Although FT-IR analysis revealed no differences
in functional groups between DT3-CDs (+) and DT3-CDs (-),
their difference in surface charge could be due to aliphatic
hydrocarbons, which would confer a change in amphiphilicity.
To test this theory, a log P analysis on the —35 mV fraction of
DT3-CDs revealed a log P value of —0.95, suggesting they are
mostly found in the aqueous layer. However, the —14 mV DT3-
CDs had a log P of —0.18, and this near neutral value suggests
that these CDs are almost equally partitioned between the lipid
and aqueous phases. Notably, the log P value of the PH6-CD (-)
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Fig. 2 Charge separation using ion chromatography. (A) Schematic representation of the ion chromatography process. As higher salt elution
buffer is added to the resin column, more negatively charged CDs are eluted out of the column and collected. Lower salt elution buffer allows to
collect and separate from the parent CDs more positively charged CDs. (B) Table showing the individual zeta potential measurements before and
after the separation of each of the parent CDs. Highlighted in green are the least negatively charged CDs and in pink are the most negatively
charged ones. (C) FT-IR spectra of the most negative and least negative fraction for each CDs. An increase in amine functionalities is observable

with a decrease in negative charge.

parent was —0.85, which is very similar to DT3-CDs (-) indi-
cating comparable amphiphilicity. This aligns with their similar
subcellular localization patterns observed in Fig. 3C and 4A.

The small size and amphiphilic property

28776 | RSC Adv, 2025, 15, 28770-28782

of DT3-CDs (+)

suggests that they could enter cells passively highlighting
potential applications in drug delivery. This is in concordance
with our previously published research and aligns with findings
from other authors.»”*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cellular uptake of DT3-CDs in Hela cells. (A) Brightfield (left), fluorescence images (middle), and an overlay (right) of HelLa Cells 24 hours
after treatment with the DT3-CDs (—) and DT3-CDs (+) (blue signal). The scale bar is 25 um. (B) A box and whiskers plot show the cytosolic mean
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done to show significance (*p < 0.05). (C) A box and whiskers plot show the mean intensity (a.u.) of the DT3-CDs (=) and the DT3-CDs (+). Bars
indicate standard deviation. One-way ANOVA and paired t-tests to DT3-CDs were done to show significance (*p < 0.05).

Next, we determined how different PH6-CDs, which have
more positive surface charges compared to the DT3-CDs,
interact with cells. HeLa cells were treated for 24 hours with
PH6-CDs (-) and PH6-CDs (+) and imaged fluorescence
microscopy (Fig. 4A). A rather minor, yet significant 1.04-fold
increase in the mean fluorescence intensity for PH6-CDs (+)
compared to PH6-CDs (-) was noted (Fig. 4B and Table S2). In

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

addition, neither CD localized to the cytosol (Fig. 4C and Table
S2). Since PH6-CDs were passivated with a precursor containing
more amines compared to DT3, this could cause the PH6-CDs to
have increased hydrophilicity and fewer aliphatic entities,
requiring them to rely on endocytosis for cellular uptake. In
support of this, both (+) and (-) PH6-CDs appeared to be
strongly enriched in the perinuclear region of the cell, as well as
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in the lysosomes as previously reported for PH6-CDs and other
similar CDs.»7>7*

A summary of our findings is shown in Fig. 5A, where
a schematic shows how the fluorescence intensity of CDs in
cells increases with their surface charge. Our findings are in
agreement with the literature, where prior studies revealed that

28778 | RSC Adv, 2025, 15, 28770-28782

positively charged nanoparticles enter cells more easily
compared to negatively charged counterparts.®® This is likely
because the positively charged particles can more strongly
interact with the negatively charged phospholipids in the
plasma membrane, which could cause them to accumulate
nearby for endocytic uptake.” This is shown in Fig. 5B where

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the different intensities are compared for DT3 and PH6-CDs on
the same graph, demonstrating a positive correlation where
each incremental change in surface charge corresponds to an
increase in fluorescence intensity, thus an increase in cellular
uptake. Fig. 5C also shows that amphiphilic CDs can enter cells
passively based on the increased cytosolic localization of DT3-
CDs (+) compared to their hydrophilic counterparts, or the
hydrophilic PH6-CDs. Additionally, while DT3-CDs (-) have

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

more intense COOH stretching compared to DT3-CDs (+), as
depicted in the FT-IR in Fig. 2C, their amine and amide bands
are similar. Therefore, the observed differences in uptake and
localization can likely be attributed to their respective sp>
conjugation. This is supported by the FTIR data, which showed
that DT3-CDs (+) appear to be composed of more sp> hybridized
carbons relative to DT3-CDs (-). These differences likely occur
during their synthesis.
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Lastly, flow cytometry was performed as an optical assay to
confirm our findings and determine how surface charge affects
cellular uptake as shown in Fig. 5. The same protocol was used
for flow cytometry to ensure consistency in the experimental
conditions. DT3-CDs (+), DT3-CDs (-), PH6-CDs (+), and PH6-
CDs (-) samples were excited at 405 nm and fluorescence
emission at 450 nm was captured. As shown in Fig. S5, 96-100%
of the cells were fluorescent meaning that all cells within the
population internalized the carbon dots. Since the incubation
time is equivalent to the doubling time of the cells, this suggest
that we reached saturation. According to Fig. S5, the fluores-
cence intensity increases with the surface charge. Flow cytom-
etry analysis revealed a comparable positive trend between the
mean fluorescence intensity of samples and fluorescence
microscopy analysis (Fig. 5).

It is important to note that, although flow cytometry is
a popular method for quantifying cellular uptake of nano-
particles, live imaging fluorescent microscopy is necessary to
complete the analysis. Fluorescent microscopy, when per-
formed properly, can have a strong impact both quantitatively
and qualitatively for measuring cellular uptake. While flow
cytometry allows analysis of cellular populations, it lacks the
spatial information provided by fluorescent microscopy.
However, it does not discriminate between different cellular
compartments and has lower sensitivity for detecting subtle
changes in nanoparticle composition, as seen in our results.
Specifically, when discussing spatial resolution and discerning
between subcellular localization, we refer to cytosolic versus
perinuclear/nuclear regions. The nuclear region, being deeper
within the cell, can be more challenging to detect using flow
cytometry, whereas cytosolic or surface signals are more easily
picked up. These differences can be effectively captured using
fluorescence microscopy. Therefore, integrating fluorescent
microscopy with flow cytometry can provide a comprehensive
understanding of nanoparticle uptake, combining the strengths
of both techniques and thus confirming findings. It should be
noted that quantum yield is not the primary determinant of
fluorescence in cells, as PH6-CDs with a lower yield (20%)
exhibited brighter intracellular fluorescence than DT3-CDs with
a higheryield (26%). It should also be noted that quantum yield
should not be considered a primary factor when evaluating
fluorescence in cellular contexts as the quantum yield of
unseparated parent PH6-CDs with a lower quantum yield of
20% exhibited brighter intracellular fluorescence in compar-
ison to unseparated parent DT3-CDs with a higher quantum
yield of 26%. This suggests that fluorescence observed in cells is
driven more by differences in cellular uptake and subcellular
localization than by quantum yield alone.

Conclusions

Our work aimed to shed light on the relationship between
surface charge and chemical composition of carbon dots and
how this impacts their cellular uptake and localization in HeLa
cells. By systematically investigating CDs with varying surface
charges and chemical properties, we have unravelled novel
insights that bridge the gap in our understanding of how CDs
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interact with cells. While previous studies suggested that
surface charge can impact cellular uptake, we obtained direct
evidence for this by comparing different sets of CDs with the
same composition. Our findings show that as the surface charge
of CDs increases, there is an increase in their cellular uptake.
With the most notable cellular uptake increase being for charge
separated DT3 CDs by 1.17-fold and a 4.12-fold increase in
cytosolic localization. However, we also demonstrate that
amphiphilicity, likely caused by an increase in aliphatic
hydrocarbons, facilitates passive entry. These CDs could be
exploited for the efficient delivery of drugs where the mecha-
nism of action is in the cytosol, providing a unique drug delivery
strategy. The absence of any cytosolic fluorescence signal from
PH6-CDs regardless of surface charge emphasizes the intricate
interplay between surface charge and chemical composition
when considering how CDs interact with cells. Given that these
CDs likely enter cells via endocytosis and accumulate in the
lysosomes, this property could render them useful for different
applications. Collectively, our findings provide valuable
insights into the design and optimization of CDs for enhanced
cellular delivery, and for applications in drug delivery, or as
bioimaging tools.
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