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According to the World Health Organization, the number of cancers (all cancers, both sexes, all ages
and worldwide) in 2020 reached a total of 19292789 new cases leading to 9958133 deaths during the
same period. Many cancers could be cured if detected early. Preventing cancer and detecting it early
are two essential strategies for controlling this pathology. For this purpose, several strategies have been
described for imaging cancer cells. One of them is based on the use of carbon nanoparticles called
carbon dots, tools of physical chemistry. The literature describes that cancer cells can be imaged using
carbon dots obtained from folic acid and that the in cellulo observed photoluminescence probably
results from the interaction of these nanoparticles with the folic acid-receptor, a cell surface protein
overexpressed in many malignant cells. However, this interaction has never been directly demonstrated
yet. We investigated it, for the first time, using (i) freshly synthesized and fully characterized carbon dots,
(ii) folate binding protein, a folic acid-receptor model protein and (iii) fluorescence spectroscopy and
isothermal titration calorimetry, two powerful methods for detecting molecular interactions. Our results
even highlight a selective interaction between these carbon made nano-objects and their biological

rsc.li/pccp target.

Introduction

Targeted, and therefore selective, drug delivery is now a major
therapeutic issue in medicine. Indeed, this strategy enhances
the performance of the drugs administered while drastically
reducing their side effects, often related to their recognition by
multiple possible biological targets.

Cancer is an example of a pathology requiring a targeted
chemotherapeutic approach. With approximately 10 million
deaths per year, cancer is the second leading cause of death
in the world. Almost one in six deaths is due to cancer world-
wide. It is therefore imperative to offer additional tools to
attempt strict control of this pathology. Increasing the efficacy
of pre-existing cytotoxic compounds and diminishing induced
side effects appear as relevant strategies. To improve drug
efficiency, biological therapy," photodynamic therapy* or
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dietary interventions® can be used. To reduce side effects,
directing drugs to receptors selectively overexpressed by cancer
cells can be exploited. The interaction between folic acid
receptor (FA-R)* and folic acid (FA), its natural ligand, is a good
illustration of such a therapeutic pathway.>® Indeed, FA is
highly tolerant to chemical modifications and its recognition
by its receptor is seldom altered, making FA-R-overexpressing
cancer cell targeting” and, consequently, drug-conjugate endo-
cytosis and fast cell penetration highly relevant.

In parallel, there is much interest in the use of nanoparticles
(NPs) in therapy, due to their numerous advantages: nanometer
size, concentration of the drug on their surface, protection of
the latter against enzymatic degradation and so on. Therapeutic
NPs are of varied natures.® Among them, Carbon Dots (CDs) are
emerging as metal-free NPs with remarkable intrinsic optical
properties.” They were discovered accidentally in 2004 by
Xu et al.*® and since then, a variety of easy in-solution synthesis
methods have been developed.'’ Most CDs exhibit blue-green
emissions. Nowadays, they are typically green substitutes for
the previous toxic CdSe quantum dots (QDs)."* Their building
block is made out of carbon® with some doped light hetero-
atoms, creating NPs that are more biocompatible, soluble in
water and less toxic than QDs.'* Moreover, surface functiona-
lization of CDs is easy, using their surface sp® carbon atoms."
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Thanks to these unique properties, the number of related
publications about their syntheses, properties and biomedical
applications increases exponentially every year.'®™® Despite
this huge scientific effervescence, the exact nature of these
CDs is still a subject of discussion. For instance, carbon nitride
C;3N,4,"° nanographene, nanographene oxide’® and semicon-
ducting polymeric CDs have been described and named CDs
in the literature.>" Furthermore, the understanding of the key
factors controlling their physicochemical properties remains
challenging. Zhu et al. proposed that some properties, e.g.
toxicity, would be dictated primarily by the CD core, while
other properties, e.g. dispersibility, would depend primarily
on their surface functional groups.”” Zhi et al. reviewed pre-
valent hypotheses regarding the origin of their photolumines-
cence, highlighting the role of the in-gap surface group energy
levels in the radiative de-excitation processes of CDs assumed
as semiconducting nanostructures.*

Their use as carriers for drug delivery, functionalizing
their surface by specific biomolecules such as FA, and the
mechanism of their interaction with FA-R have been
addressed.?* 3 Indeed, FA-R is able to interact with its natural
ligand, but also with conjugates resulting from the covalent
binding of FA to various organic groups. FA attached to
larger entities, such as nanovehicles including polymers,**
liposomes, proteins®® or NPs, is also recognized by this
receptor, illustrating its wide capacity for ligand recognition.
Numerous studies, carried out on cell cultures and using
different methods, make it possible to take advantage of the
specificity of this ligand-receptor recognition without ever
demonstrating a direct interaction. For instance, Narmani
et al. reviewed NPs functionalized with FA and successfully
prepared as drug delivery systems.?® In addition, Yiicel et al.
grafted FA to methotrexate (a FA-R antagonist)-loaded gold
NPs and demonstrated the receptor specificity of the conju-
gate by fluorescence microscopy imaging.>” Butzbach et al.
synthesized modified dextran NPs and conjugated them with
FA in order to increase the uptake of a photosensitizer into
tumour cells. A completion assay, using an excess of free FA,
demonstrated that these NPs are recognized by FA-R.>® CDs
obtained by in-solution FA decomposition (CDsg,) are able to
detect or to image cells expressing FA-R, presumably through
their interaction with this receptor, but this point was not
established unambiguously.’*™*" These studies also pointed
out the possibility of selectively imaging cancer cells using
such CDsga,** but did not provide spectroscopic data to
validate this biological feature.

Therefore, for the first time in this work and according to
the chemist’s point of view, we used absorption, emission
spectrophotometry methods and isothermal titration calori-
metry to evidence the interaction between CDsg, and a soluble
form of FA-R, the bovine folate binding protein (bFBP), a
surrogate of the human FA-R with 80% homology with the
human form and also a high affinity for FA.** CDsp, were
produced by hydrothermal decomposition of FA and charac-
terised. In addition, their putative selectivity was investigated
using lactoferrin (LF), another FA target-protein.***°
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Experimental methods
Chemicals

Folic acid (FA), quinine sulfate monohydrate 90%, folate binding
protein from bovine milk (bFBP), human lactoferrin (LF) and
sodium azide 99% were purchased from Sigma-Aldrich, and
potassium hydrogen phosphate trihydrate from Alfa Aesar.
PURELAB Classic UV provided 18.2 MQ cm ultra-pure type I
Milli-Q water. Phosphate buffer solution was prepared by dis-
solving 20 mM of K,HPO,-3H,0 (Sigma) in Milli-Q water and
adjusting the pH to 7.4 by addition of commercial 37% HCI
solution (Sigma). The pH of the solution was measured on a
Jenco pH meter, equipped with an Ingold microelectrode and
referenced to standard buffers at pH = 7.0 and 10.0 (Sigma).

Hydrothermal synthesis and purification of CDsg,

A suspension of FA (0.15 g) in Milli-Q water (50 mL) was placed
in a beaker and homogenised by sonication for 20 minutes, in
an ultrasonic bath (VWR Ultrasonic Cleaner). The resulting
suspension was then transferred to a 120 mL Teflon chamber in
a high-pressure reactor autoclave (302 AC T304 030317, Moline,
Illinois, USA), and heated in a Serlabo SAV type oven for 6 hours
at 180 °C. The autoclave was then cooled to room temperature.
The yellow suspension obtained was filtered through a 0.22 pm
syringe filter, dialysed 3 times (for 2 hours, overnight, and
again for 2 hours) against Milli-Q water (molecular weight
cut-off (MWCO) of 100-500 kDa for the Slide-A-Lyser, Thermo
Scientific). Freeze-drying (Modulyo freeze dryer) led to 30 mg
(20% w/w) of the resulting CDsg, as a yellow powder, and stored
in the dark under argon at —20 °C.

Preparation of stock solutions

For CDsp, characterisation, the solutions were freshly prepared
by dilution of a 1 mg mL ™" stock solution stored at +4 °C.

CDsg, characterization

Dynamic light scattering (DLS) and zeta potential ({) measure-
ments (Malvern-Zetasizer Nano ZS90) were performed in 3 mL
plastic cuvettes with a 1 cm optical path and a folded capillary
zeta cell, respectively. UV-Visible absorption spectra were
recorded on CDsgs and FA in Milli-Q water, at 25.0 + 0.5 °C
using a Cary 4000 spectrophotometer with a SUPRACIL quartz
cuvette (1 x 1 cm). Fluorescence spectra of the same solutions
were obtained, at 25.0 £ 0.5 °C, on a Fluorolog spectrophoto-
meter, using a SUPRACIL quartz cuvette (1 x 1 cm). To quantify
the quantum yield of CDsg,, the optical absorption and fluores-
cence spectra of a reference quinine sulfate monohydrate
aqueous solution were recorded.

Infrared (IR) absorption spectra were recorded on FA and
CDsgs (KBr method), using a VariGATRTM, USA, Thermo
Scientific spectrometer (Class 1 Laser Product).

Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) data were acquired
on a JEOL 2100F microscope, equipped with a Gatan GIF 2001
for electron energy loss spectroscopy (EELS) measurements.
In STEM-EELS experiments, images were recorded using the
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following parameters: spectrum image size: 69 x 98 nm
(21 x 30 pixels); spot size: 1 nm; energy dispersion: 0.5 eV
per channel; dwell time: 0.3 sec per pixel. To complete these
analyses, high-angle annular-dark-field (HAADF) imaging was
performed on the same microscope. For all these experiments,
a drop of the CDsg, aqueous colloid was deposited on a holey
carbon-Cu 300 mesh grid from Oxford Instruments.

X-ray photoelectron spectroscopy (XPS) was used to check
the surface chemical composition of the particles produced.
A K-Alpha" system (ThermoFisher Scientific, East Grinstead,
UK) fitted with a micro-focused, monochromatic Al Ko X-ray
source (1486.6 eV, spot size: 400 um) was used. The survey
spectra were collected in steps of 1 eV at a pass energy of 150 eV.
They were calibrated against the (C-C/C-H) C 1s component set
at 285 eV. High-resolution spectra of separate photoelectron
signals (C, O, N) were taken by steps of 0.1 eV at a pass energy of
40 eV. A few milligrams of CDsgs as powder were deposited on
carbon tape to form a thick layer.

A high-resolution mass spectrum (HRMS) was recorded at
the Small Molecule Mass Spectrometry platform of IMAGIF
(Centre de Recherche de Gif - https://www.imagif.cnrs.fr),
on a Waters spectrometer using electrospray ionization-TOF
(ESI-TOF; M + HY).

FA-R interaction

Absorption and fluorescence spectrophotometries. bFBP
and LF solutions (50 uM) were stored at —20 °C in the following
buffer: K,HPO,-3H,0 (20 mM) and NaCl (100 mM), pH = 7.4.
For the interaction studies, ligands (10 pM of FA or
0.4 mg mL " of CDsg,) and 0.5 pM of protein were dissolved
in 20 mM phosphate buffer, pH = 7.4. The absorption and
fluorescence spectra of the resulting mixture were recorded.
Experiments were performed in triplicate. Note that CDsga
concentrations are expressed in terms of mg mL™". OriginPro
7 and Microsoft Excel 2013 were used for data analysis and
artwork.

Isothermal titration calorimetry. During isothermal titration
calorimetry (ITC) experiments, proteins (FBP or lactoferrin) and
ligands (CDsga) were dissolved in the same 20 mM phosphate
buffer, pH 7.4. The experiments were carrying out using a
NanoITC low volume calorimeter (TA instrument) with a gold
cell and an active cell volume of 166 pL. All ITC titrations were
performed at 25 °C, at a stirring rate of 150 rpm, using a
titrating syringe volume of 50 pL. Typically, an initial injection
of 1 uL was performed and followed by an automated sequence
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of 24 injections of 2 pL of 0.11 mg mL ™" CDsg, titrant into the
sample cell containing 20 pM FBP, spaced at 300-600 min
intervals (direct titration). The control experimentation
involved injecting ligand (0.11 mg mL ™" CDsg,) into the cell
that contained the buffer alone. The direct titration experi-
ments were performed in triplicate.

The reverse titration was also performed with the same auto-
mated sequence of injections wherein 50 uL of 100 uM FBP were
loaded in the syringe and 8.55 pg mL ™' CDsg, were in the cell. The
reverse titration experiments were carried out in duplicate.

Data were collected automatically and analysed, after sub-
stitution of the heat produced during CDsg, dilution, using the
NanoAnalyze software from TA instruments and an indepen-
dent binding site model to yield the association constant,
stoichiometry, and the thermodynamic parameters (AH and AS)
of binding reactions.

Results and discussion
Synthesis and characterisation of CDsg,

CDsga were synthesised by a hydrothermal method using FA as
the carbon source (Scheme 1).

We first tried to reproduce the synthesis proposed by Bhunia
et al.*> who described a simple one-step route, in which FA was
mixed with sodium hydroxide and heated at 90 °C for 2 hours to
induce carbonisation. However, our trials did not provide
luminescent objects. We then modified the experimental
procedure by increasing the temperature to 180 °C, without
however obtaining CDsg,. Finally, removing sodium hydroxide
from the reaction medium and heating to 180 °C (Scheme 1) led
to a yellow suspension with a fluorescent behaviour which is
not observed in free FA under UV irradiation (Fig. 1). The
product was purified by filtration through a 0.22 pm filter,
dialysed against Milli-Q water and lyophilised to give the
desired CDsg, as a yellow powder. Running the reaction for
6 hours increased the yield to 20% whereas it was only 3.3%
after 2 hours. We also improved particle purification by filter-
ing before dialysis and by reducing the MWCO of the dialysis
bag. CDsgs obtained after a 6 hour reaction were selected for
characterisation and interaction studies. Data concerning size,
morphology, zeta potential, composition and/or surface analy-
sis of the nanoparticles are presented in the ESL}

The complementarity results obtained from EELS, XPS and
FTIR experiments, presented in the ESI,{ allow us to propose
that (i) the sample consists of carbon, nitrogen and oxygen,

0 )C\O/OI\-I HOOC NH,
OHN ,@AH COOH HO COOH
NCIN
HoN™ 'N™ N Autoclave HOOC )
FA H,0, 180°C, 6 hrs CDspa

Scheme 1 Schematic of CDsga synthesis.
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CDsyp

Free FA CDspa

Fig. 1 Solutions of free FA and CDsga in Milli-Q water at 40 pg mL™t under
white light (left) and under UV irradiation at 365 nm (right).
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Fig. 2 UV-visible absorption spectra of FA (10 pg mL™t in Milli-Q water,
blue curve) and CDsga (10 pg mL~Y in Milli-Q water, orange curve).

(if) CDsgs would appear to be particles with a core of carbon
(major) with a very weak nitrogen doping, since oxygen was not
identified by the EELS measurements, (iii) these cores are, for
sure, decorated by organic N and/or O based hydrocarbon
groups, as suggested by XPS and FTIR, (iv) the particles are
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non-crystalline, according to TEM observations, and (v) are very
probably not FA-based polymers, since their core composition
does not include oxygen whereas FA contains both N and O
heteroatoms in almost the same atomic ratio.

The photoluminescent properties of CDSga

The optical properties of the CDsg, were characterized by record-
ing the UV-visible absorption (Fig. 2) and emission (Fig. 3) spectra
of their aqueous solutions and comparing them to those of free
FA. Interestingly, the spectra of both CDsg, and FA present m—m*
sp> carbon UV bands (274 and 283 nm, respectively) with a
shoulder attributed to an n-n* transition of a carbonyl function
(348 nm), suggesting structural analogies between FA and at
least the surface of CDsg,. This also demonstrates that some UV
chromophoric organic groups are present in both systems.

Their optical photoluminescence (PL) response was recorded
by exciting them at a wavelength increasing from 300 to 410 nm
(Fig. 3a). CDsgs are luminescent, with two main emissions, a
stronger one at around 450 nm, corresponding to the blue-green
emission observed (Fig. 1) under UV excitation, and a weaker one
around 500 nm, assumed to be due to the water Raman signature.
Interestingly, whereas FA, as an organic chromophore, requires
excitation at a wavelength close to the LUMO-HOMO transition
energy involved and relaxes radiatively at a constant energy,
slightly smaller than the excitation one, CDsg, can be excited
over a wider range of wavelengths, as long as the corresponding
energies remain higher than those required for the excitation of
the involved emitting surface state levels within the semiconduct-
ing core band gap of CDs, as already reported in several works
dealing with CDs photoluminescence (Fig. 3b)."

The photoluminescence quantum yield of CDsgs (Pcp) Was
then computed using the equation below and quinine sulfate
monohydrate (SQ), dissolved in 0.1 M sulfuric acid, as a
reference. It expresses the ability of an excited chemical system
to emit a photon.

Icp (1 — 1074ep)
— 5 Xn
_ Isq(1 - 10""s)

Pcp 5
NH,S04

X ¢SQ

25000000
——CbDs,,

20000000 —FA

150000001

10000000 -

PL intensity (a.u.)

5000000

0

(b) I
450 500 550 600
Wavelength (nm)

350 400

Fig. 3 (a) Photoluminescence (PL) emission spectra of CDsga recorded at different excitation wavelengths (10 pg mL™* in Milli-Q water).
(b) Photoluminescence (PL) emission spectra of FA and CDsga recorded after an excitation at 360 nm (10 ug mL™ in Milli-Q water).
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where ®@gq = 0.54 is the value of the SQ fluorescence quantum
yield, n =1, the refractive index of water and ny,s0, = 1.3391, the
refractive index of H,SO, 0.1 M, I, the intensity of photolumi-
nescence band of CDsgs (Icp) or SQ (Isg) and, A, the corres-
ponding absorbance value of CDsgs (Acp) and SQ (4sq), at their
corresponding excitation wavelength.

A quantum yield of 39 £ 2% was thus obtained for excitation
wavelengths ranging from 300 to 370 nm (Table S1 in the ESIt).
These values are significantly greater than that reported
by Bhunia et al. (9% at 365 nm).*> This difference may
be explained by an improved purification process providing
CDsSga.

CDsya/FA-R interaction study

FA-R are cell membrane-associated proteins responsible for FA
transportation within the cells via a specific receptor-mediated
endocytosis phenomenon.*® Although expressed at very low
levels in most tissues, FA-R are overexpressed in many cancer
cells’ and are considered to be tumour-specific target plat-
forms. So, as explained before, folate binding protein (FBP),
the soluble form of FA-R with high affinity for FA,*” was used in
this study as a surrogate of FA-R. In particular, we evaluated the
interaction of CDsg, with a bovine form of FBP (bFBP), isolated
from cow milk.*® The high degree of homology with the human
milk FBP supports the idea that this protein can serve as an
analytical tool”® and a model in ligand-protein interaction
studies.*® Indeed, Nygren-Babol et al. described the interaction
between folic acid and bFBP with a dissociation constant (Ky)
at the pM range, using surface plasmon resonance.’® In what
follows, bFBP will be expressed as FBP.

To highlight CDsga/FBP interaction, fluorescence emission
spectroscopy, which is a powerful method for detecting
molecular interactions, was used. We typically followed the
photoluminescence (PL) intensity variation of the protein in the
320-400 nm wavelength range after excitation at 280 nm while
varying the concentration of the ligand (FA or CDsg,). First, to
validate our method, we determined the dissociation constant
(Kq) for the interaction between FBP and FA (see ESIt). The
value of K4 obtained, (9.2 + 0.3) x 10°® M, enables the
quantification of this phenomenon and confirms that FA binds
efficiently to FBP under our experimental conditions.

In a second step, we transposed this method to study
CDspa/FBP interaction, which can be defined as follows:

CDsgp + FBP — CDsgp — FBP
with

Ky — [CDsga][FBP] (1)
[CDSFA — FBP]
Adding CDsp, to a solution of FBP leads to a quenching of the
fluorescence intensity and a 2 nm red shift (Fig. 4). Moreover,
the experimental spectrum of FBP in the presence of CDsg, is
different from that of theoretical sum of the FBP and CDsgp,
spectra, indicating an interaction between the two components.
Furthermore, the titration of FBP by CDsg, (Fig. 5) shows
a decrease in the fluorescence intensity at an emission
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Fig. 4 Emission spectra of CDsga (purple), FBP (orange) and FBP in the
presence of CDsgp (CDsga-FBP; blue) and the theoretical sum of photo-
luminescence (PL) intensity of CDsga and FBP (CDsga-FBP; cyan). experi-
mental conditions: [FBP] = 0.5 um and [CDsgal = 2 ug mi™* in 20 mM
phosphate buffer, pH 7.4 at 25 °C. Aexc = 280 nm.
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Fig. 5 Photoluminescence (PL) variations at 351 nm of CDsga (purple),
FBP (orange), FBP in the presence of CDsga (blue) and the theoretical sum
of PL intensity of CDsga and FBP (green) as a function of [CDsgal/[FBP] ratio.
Aexc = 280 nm.

wavelength of 351 nm, similar to that for FA/FBP interaction
(Fig. S7 in the ESIt). We therefore observed that CDsg, bind to
FBP with high affinity.

The reverse experiment, i.e. the addition of a solution of FBP
to CDsg, in solution, was set up to evaluate the influence of
such addition on the PL properties of the NPs. We observed an
exaltation of these PL properties when the nanoparticles were
excited at 350 nm (Fig. S9 and S10 in the ESIY).

Ideally, to fully characterise this interaction, the constant K4
is calculated and compared to that associated with free FA. The
molecular weight of CDsg, is required. An attempt was made to
obtain a value by high resolution mass spectroscopy (HRMS).
Electrospray ionisation (ESIT) results are presented in the ESIT
(Fig. S11). Unfortunately, they only demonstrate that folic acid
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(a) Lactoferrin (LF) (b) FBP phospholuminescence (PL) emission spectra upon addition of increasing amounts of CDsga. Experimental conditions:

[LF] = [FBP] = 0.5 uM in a phosphate buffer 20 mM, pH 7.4 at 25 °C. The CDsga concentration varied from 0 to 2 pg mL™. Jeye = 280 nm.

residues are the main components of this sample. This is an
important piece of information for our purpose, but they do not
allow any determination of the total molecular weight of our
nano-objects. Attempts to determine nanoparticle molecular
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Fig. 7 ITC thermogram resulting from titrating CDsgs suspension
(0.11 mg mL™%, phosphate buffer pH 7.4, 2 uL injections) into a FBP solution
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(a) Raw data resulting from titrating CDsga suspension into a FBP solution;
(b) thermogram fitted with an independent binding model (straight
line) demonstrates a negative enthalpy change (AH). The direct titration
experiments were performed in triplicate.
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weights by HRMS have already been described with more or
less success. For instance, Hou et al. prepared antibacterial
carbon dots from ciprofloxacin and carried out laser desorption/
ionization time-of-flight mass spectroscopy, but only ciprofloxacin
fragments could be identified.””
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demonstrates a negative enthalpy change (AH). The reverse titration
experiments were performed in duplicate.
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The same experimental strategy was applied to appreciate, at
least qualitatively, the selectivity of this interaction using
lactoferrin (LF), which is not the natural FA receptor even if it
is capable of binding it.**

LF is a glycoprotein of the transferrin family initially
described as an iron-binding molecule, but it is now known
to be a multifunctional protein.>® Tavares et al. investigated the
ability of positively charged LF to form complexes with
negatively charged FA at pH 5.5, and found a moderate binding
constant K, of 10° M~ '.** Following the previously described
methodology, we added increasing amounts of CDsg, to a
solution of LF, measured the corresponding fluorescence emis-
sion and plot curves presented in Fig. 6a. As expected, the
addition of increasing amounts of NPs does not modify the
fluorescence emission spectrum of LF, expressed as PL inten-
sity, demonstrating that the interaction is weak compared to
that observed when CDsg, are added to a solution of FBP, under
the same conditions of concentration, pH and temperature
(Fig. 6b). Furthermore, no spectral changes are observed for
either LF or the corresponding putative complex when the FI
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is expressed as a function of the emission wavelength, in
accordance with the absence of a strong interaction between
these both partners (Fig. S12 in ESIf).

To reinforce the complex formation observed during the
spectrofluorimetric study between FBP and CDsg,, we employed
isothermal titration calorimetric (ITC). ITC usually provides
enthalpy (AH) and entropy (AS) parameters of the binding
reaction but also the corresponding dissociation constant (Kq)
and the stoichiometry (n) of the complex. Taking into
account the previous limitations we met (no molecular weight
determination), only a qualitative study was set up. Our experi-
mental data are presented in Fig. 7-9 and were fitted with an
independent-site model. Ligands (CDsg,) and macromolecules
(FBP or lactoferrin) were placed in the same buffer to avoid
large background heat effects related to the ligand injection
into the buffer. These background heats were measured in an
experiment wherein the ligand is injected into a buffer (Fig. 9).

ITC is a classical method that intrinsically measures the heat
produced (or consumed) when components are interact
together, including during protein-nanoparticle interaction.>*
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Fig. 9 (a and a') ITC thermogram resulting from titrating CDsga suspension (0.11 mg mL™, phosphate buffer pH 7.4, 2 uL injections) into a lactoferrin
(right) or phosphate buffer (left) solution at 25 °C (20 uM, phosphate buffer pH 7.4) exhibits exothermic peaks; and (b and b’) show the integrated data of

the thermogram values.
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In our conditions, the addition of a solution of CDsg, to a
solution of FBP (direct titration) led to heat production as
presented in Fig. 7, where raw data are presented as a series
of peaks measured as power (u] s~ ') versus time. The formation
of the CDsg,/FBP complex was further confirmed by the reverse
ITC titrations, given in Fig. 8, where a solution of FBP was
added to CDsg, in solution. In both experiments, the plot of
heat as a function of [ligand]/[macromolecule] ratio provided a
sigmoidal curve, indicating a single binding event, demon-
strated that binding reactions proceed spontaneously as they
are thermodynamically favoured, and confirming the inter-
action previously observed. The direct and reverse reactions
are exothermic (AH < 0, Fig. 7 and 8), as also observed during
the titration of CDots by HSA or BSA.”® Moreover, as most of the
protein-Np interactions are enthalpy-driven (|AH| < |TAS]),
we then suggest that the main driving force of the interaction
between FBP and the NPs is non-covalent bonding, as van der
Waals and/or hydrogen interactions.>® Furthermore, the CDsga
are negatively charged whereas the FBP is positively charged at pH
7, regarding its isoelectric point (pI) value around 8, electrostatic
bonds may also contribute to the exothermic reaction.

ITC was also used to study a putative protein selectivity.
At pH 7.4, the thermogram profiles of the titration of lactoferrin
by CDsga shows a weak heat production (Fig. 9, right) which is
similar to the one observed when CDsg, in solution are added
to the buffer (Fig. 9, left), demonstrating the absence of
interaction between this protein and the particles in these
experimental conditions.

Recently Jin et al. suggested an explanation of the interaction
between hydrothermally FA-made CDs and cells overexpressing
FA-R.”” They explained that the pterin moiety, also presents in
FA’s structure, and required to the interaction with the FA-R,
is maintained in the produced CDs. Hence, they showed that
structural similarities exist between their NPs and FA using
UV-visible, PL, FT-IR, XPS and NMR data. We also observed them
(see the ESIY), even if the structural properties of CDsg, do not
completely match with those of Jin et al’s particles. Indeed,
certain differences can, however, be evidenced between the two
set of particles and are certainely related to differences in the
operating synthesis conditions (FA concentration, NaOH addition,
reaction temperature and so one). Despite these discrepancies, all
the CDs obtained from FA bind efficiently to their target demon-
strating an important tolerance in their structure. The latter is
certainly linked to the previously described tolerance of FA to
structural modifications.

Conclusions

Thus, the literature describes a very large variety, in nature and
size, of objects capable of being recognized by the FA-R; among
these are CDsg4. Several publications, cited in the introduction
of this article, demonstrate the capacity of these objects to
target FA-R in a cellular medium. The present study is the
first to verify this interaction in a direct manner, bringing
together the main actors of this interaction in a cell-free system.
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For this purpose, we synthesised carbon dots from folic acid, as
a source of carbon, and characterised them. Using a folate-
binding protein, a soluble form of the folic acid receptor with a
high affinity for folic acid, its natural ligand, we established the
formation of a complex between the two partners and the
selectivity of this interaction. To our knowledge, these objects
have only been used to visualize cancerous cells. The demon-
stration of their direct interaction with their target contributes
to extending their field of application. Indeed, the possible
drug delivery of an anti-cancer compound, for instance, that
would have been grafted to them becomes possible.
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