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ARTICLE INFO ABSTRACT

Keywords: In the present work we have obtained carbon dots (CDs) from glutathione and modified their surface with both
Carbon dots p-Cyclodextrin and methyl-3-(4-(2-(5-((methylsulfonyl)oxy)pentyl)- 1,3-dioxo -2,3-dihydro- 1H-benzo[de]iso-
Chemosensor quinolin -6-yl)piperazin-1-yl)propanoate (FP), a pH-sensitive molecule. B-Cyclodextrin acted as a glucose
g:;?:lzggzr pH source, which facilitated the entrance of the CDs within the cells and, eventually, can be used as drug-carrier to
Theranostic deploy bioactive compounds in the cytoplasm. FP fluorescence varied according to the pH of the medium and can

be used to distinguish cancer cells due to the Warburg effect.

Cytotoxicity studies revealed that, contrarily to simple CDs, carbon nanodots modified with p-cyclodextrins
had an impact in cell cycle phase distribution, with no alterations of cell morphology. Likewise, CDs modified
with p-cyclodextrin and FP can be used to distinguish cancer cells from non-cancerous ones due to an increase in
fluorescent emission. Furthermore, this modified CDs can also be used to obtain high contrast in vitro images as
well as in vivo images. These results demonstrate the potential applications of the synthetized nanoparticles both

in bioimaging and as theranostic sensor and actuator.

1. Introduction

Research on carbon-based nanoparticles, particularly carbon-dots
(CDs), has received a strong boost due to the particular properties of
these materials, such as their interesting luminescent characteristics
(high quantum yields, photostability, tunable emission wavelength),
their high solubility and stability in water, biodegradability and their
very low or even null cytotoxicity [1]. In addition to the possibility of
their obtaining through easy, low-cost and “green” methods, these ma-
terials show the advantage of possessing surface functional groups
which can be further modified for particular applications [2,3]. The
surface functionalization and/or passivation process during synthesis is
one of the main methods used to control the fluorescent properties of
CDs, thanks to the modification of the surface emissive sites [4]. Due to
their unique photoluminescence properties, carbon dots offer a potential
alternative to the traditional fluorescent dyes in applications such as
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intra-cell probes, in-vivo labelling and/or bioimaging [5,6]. In fact, over
the past ten years scientists have made great strides towards the use of
raw native CDs as (bio)sensing materials while the use of hybrid CDs
composites are still scarce. So, for example, it has been reported that the
fluorescent dye Rhodamine B can be attached to the surface of CDs to
develop a ratiometric probes to detect Fe>* in lake and tap waters [7] or
histidine [8]. Wang et al. [9] dispersed CDs modified with Rhodamine B
into agarose gels to develop a hydrogel sensing film for semiquantitative
visual detection of Hg(II) under a UV lamp. Recently, Yu et al. [10]
described the “off-on-off” detection of CN-, hydroquinone and ascorbic
acid using CDs modified with coumarin.

On the other hand, the CDs modification with cyclodextrins (CyDs)
for their use in (bio)analytical applications using “turn-off”, “turn-on”,
“turn-off-on” and host-guest recognition approaches for selected bio-
analytes has also been described [11-14].

In the present work we have designed a novel system based on

Received 26 May 2021; Received in revised form 21 July 2021; Accepted 2 August 2021

Available online 4 August 2021
0925-4005/© 2021 The Authors.

(http://creativecommons.org/licenses/by-ne-nd/4.0/).

Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license


mailto:rbadia@uniovi.es
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2021.130555
https://doi.org/10.1016/j.snb.2021.130555
https://doi.org/10.1016/j.snb.2021.130555
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2021.130555&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Espina-Casado et al.

glutathione-based carbon dots (CD) capped with both pH (fluorescent
1,8-naphthylamide-based dye, FP) and drug delivery (p-cyclodextrin,
BCyD) functions (FP-CD-pCyD). As cancer cell excrete lactic acid,
cancerous environments have acidic pH values [15]. The fluorescent FP
dye exhibits pH-dependent fluorescence emission [16] and we leveraged
this function for the in-vitro determination of intracellular pH in the
melanoma-derived murine cell line B16F10 in comparison with
noncancerous human mammary fibroblasts (HMF). In addition, in vivo
analysis of body CDs distribution was also performed and analyzed by in
vivo fluorescence imaging. Our results indicate that, the p-cyclodextrin
moiety can act as a potential carrier for drug delivery; and that CDs, may
act as a bone fide tool as bioimaging reporters. Therefore, the main
objective of this work is to characterize FP-CD-pCyDs for optical pH
sensing and imaging application for in vitro and in vivo bioanalyses.

2. Experimental
2.1. Reagents and instrumentations

2.1.1. Reagents and materials

N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide ~ hydrochloride
(EDC-HC), sodium N-hydroxysulfosuccinimide (sulfo-NHS), 4-amino-
phenylboronic acid (APBA), Tris(hydroxymethyl)aminomethane
(TRIS), p-cyclodextrin (BCyD), ethylenediaminetetraacetic acid (EDTA),
formaldehyde, 2-[4-(2-hydroxyethyl)-1-piperazinyl-(1)]ethanesulfonic
(HEPES), propidium iodide, Triton X-100, NaCl, KCl, CaClp, MgSO4,
NaH,PO4, ethanol, pyridine and sodium acetate were purchased form
Sigma. Phosphate buffer solution 1X pH 7.4 (PBS), trypsin and glucose
were purchased from Merck. Milli-Q water (MQW) was used throughout
the experimental. 3.5 kDa Membrane Dialysis Tubes were from Merck.

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum
(FBS), penicillin, streptomycin, glutamine, Sorting buffer (PBS, 5 mM
EDTA, 25 mM HEPES, pH 7.0), and ribonuclease A were purchased from
Gibco. Xylazine (Rompun) was purchased from Bayer and Ketamine
(Imalgene) from Boehringer Ingelheim. Kit Cell Titer 96 Non-
Radioactive Cell Proliferation Assay was from Promega. 35 pm filter
labbox, Silicone culture-insert 2 well and p-Dish 35 were supplied by
Ibidi®.

2.1.2. Spectrophotometric instrumentation

FTIR spectra were recorded in a Varian 670 spectrometer, using 4
cm~! at 2000 cm ™! resolution and 32 scans per sample. The photo-
luminescence spectra of molecular compounds and nanomaterials were
recorded with an Edinburgh Instruments FLSP-920 spectrofluorimeter.
Fluorescence quantum yield was measured on Edinburgh Instruments
FS-5 with an integrating sphere using solutions in such concentrations
that their absorbance at the excitation wavelength was kept below 0.1.
Absorbance measurements were carried out in a Biotek PowerWave XS
multiplayer VIS / UV absorption spectrophotometer using 96-well
plates.

Fluorescence intensity of nanomaterials in cultured cells was
measured using a Biotek Hybrid Synergy H4 multiplate fluorimeter by
exciting at 350 nm and emission at 430 nm. In vivo fluorescence bio-
images were acquired on a Xenogen IVIS Imaging System (MA, USA) at
520 nm (GFP filter) using 430 nm as excitation wavelength, exposure of
1 min and pixel binning set at 4. Images from tissue samples were ob-
tained in a Leica TCS-SP8X confocal fluorescence microscope (Heidel-
berg, Germany) using a 405 nm laser diode and the emitted fluorescence
detected with a photomultiplier tube detector.

Detection of fluorescent nanoparticles within living cells was ana-
lysed on a Beckman Coulter Cytoflex S cytometer and their effect on cell
cycle phase distribution was carried out on a Beckman Coulter Cytomics
FC500 cytometer (CA, USA). Images from cultured cells were obtained
in a Zeiss Axiovert 200 m inverted microscope using 3 excitation
wavelengths 365, 436 and 546 nm.
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2.2. Synthesis of the new nanomaterial

Raw carbon dots (CDs) were synthesized as described by Diaz-Faes
et al. [17]. Functionalization of CDs with p-cyclodextrin was carried out
as reported by S. Mondal et al. [18] with some modifications.

a Functionalization of CDs with 4-aminophenylboronic acid, CD-APBA

10 mL of Milli-Q water were added to a Schlenk flask containing 0.4 g
of CDs and the mixture was sonicated in an ultrasound bath for 18 min.
Then, the flask was connected to a stream of Ny and sonication
continued for 2 more min. 38.4 mg (0.2 mmol) of N-(3-dimethylami-
nopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI) and 43.4 mg
(0.2 mmol) of sodium N-hydroxysulfosuccinimide (sulfo-NHS) were
added and allowed to react 1 h with constant stirring at 360 rpm, at
room temperature under a N atmosphere. Finally, 31.6 mg (0.2 mmol)
of 4-aminophenylboronic acid were introduced into the foregoing re-
action. The mixture was continuously stirred at room temperature for 48
h. Lastly, the solvent was evaporated on a rotatory evaporator under
reduced pressure. The visible orange solid was purified by dispersion in
5 mL of ethanol, centrifugation at 5000 r.p.m for 10 min and removal of
the supernatant. The process was repeated 3 times to obtain the CD-
APBA. 0.13 g of CD-APBA were obtained.

b Functionalization of CD-APBA with f cyclodextrin, CD-fCyD

0.13 g of CD-APBA were dispersed in 5 mL of 0.1 M tris(hydrox-
ymethyl)aminomethane (TRIS) buffer at pH 10.4. Then, 1 mL of a
saturated solution of fCyD in 0.1 M TRIS buffer pH 10.4 was added and
the mixture was continuously stirred at 360 rpm for 12 h. Thereafter, the
solvent was removed using a rotatory evaporator under reduced pres-
sure. The obtained solid was dispersed in 5 mL of ethanol in an ultra-
sonic bath, centrifuged at 5000 rpm and the supernatant discarded. This
sequence was repeated three times and 0.08 g of CD-fCyD, a light brown
solid, was finally obtained.

¢ Functionalization of CD-BCyD with methyl-3-(4-(2-(5-
((methylsulfonyl)oxy)pentyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]
isoquinolin-6-yl)piperazin-1-yl)propanoate, FP-CD-fCyD

The surface functionalization of CD in the ensemble CD-CyD with a
pH-sensitive fluorescent probe (FP, methyl-3-(4-(2-(5-((methylsulfonyl)
oxy)pentyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)
piperazin-1-yl)propanoate was carried out following the steps described
by Espina et al. [16] (See supplementary Information), obtaining 0.03 g
of a dark orange solid, FP-CD-BCyD.

2.3. In vitro studies

Three cell lines were used to analyze CDs-cell interaction: the murine
melanoma cell line B16F10, the human osteosarcoma cell line U20S and
human mammary fibroblasts HMF. B16F10 and U20S were kindly
provided by Dr Carlos Lépez-Otin (Universidad de Oviedo) and the HMF
cell line was purchased from Innoprot. All cells were routinely cultured
in an incubator at 37 °C, in a 5 % CO4 atmosphere and in DMEM medium
containing 10 % heat-inactivated fetal bovine serum, supplemented
with 100 U/mL penicillin and 50 pg/mL streptomycin from Gibco Life
Technologies (Complete Cell Medium). These incubation conditions and
cell medium composition are described as Standard Conditions
throughout the text.

2.3.1. Cell culture and MTT assay

To quantify the effect of CDs on cell proliferation, B16F10 and U20S
were employed. To this end, the kit Cell Proliferation Assay (Promega)
was used following manufacturer’s instructions. In brief, 5000 cells/well
were seeded in 96-well plates and exposed to free CDs and CD-BCyDs at
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Fig. 1. Surface modification of CDs with pCyDs.

concentrations of 0.0, 0.01, 0.1, 0.5, 1.0 and 2.0. mg mL? resuspended
in Complete Cell Medium from a 10 mg mL™! stock solution in PBS
during 5 days at 37 °C and 5 % COs. Cell proliferation was measured by
the conversion of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTT) into formazan water
soluble compound. Absorbance can be then measured at 570 nm using a
Synergy H4 Hybrid reader. Each condition was performed in sextuplets.

2.3.2. Fluorescence imaging

5 x 10° B16F10 and HMF cells were cultured on cover glasses within
24-well plates (Menzel-Glaser, Germany) and allowed to attach for 24 h
(Standard Conditions). Cells were then incubated in the presence of 1 mg
mL ™! solution of free CDs or CD-BCyDs in Complete Cell Medium for 60
min under the same conditions. Then, media was removed, and cells
washed 3 times with PBS pH 7.4. Finally, cells were fixed with 4%
formaldehyde and mounted with Vectashield Antifade Mounting
Medium.

2.3.3. Flow cytometry

B16F10, U20S and HMF cells were cultured in 6-well plates in the
presence of 1 mg.mL™ of CDs for 1 h in Complete Cell Medium. After the
incubation, cells were washed three times with PBS and detached from
the well with a solution containing 0.25 % trypsin, 0.5 mM EDTA in
DMEM. Following centrifugation (433xg), cells were re-suspended at a
concentration of 1 x 10° cells/mL in 500 pL of Sorting Buffer enriched
with 2 % fetal bovine serum. Samples were filtered through a 35 pm
filter before each cytometer measurement to remove cell aggregates.

For cell cycle phase distribution studies, after 1 h incubation with
CDs in the above conditions, tripsynised U20S and HMF cells were
washed three times with PBS, fixed with 80 % ethanol and kept at 4 °C
until analysis was performed. For cytometric analysis, cells were
centrifuged to remove ethanol and re-suspended in 250 pL PBS. Finally,

2 mg of ribonuclease A and 0.2 mL of 1 mg mL~! propidium iodide were
added. Cell cycle distribution was analysed in a Beckman Coulter
Cytomics FC500 cytometer.

2.3.4. Intracellular pH by bioimaging

U20S cells were cultured in the presence of 2 x 10> M FP-CD-BCyDs
during 15 min in Standard Conditions. Then, cells were washed three
times with PBS and fixed with 4 % v/v formaldehyde. Finally, images
were taken in a Leica SP8 confocal microscope using a 405 nm laser and
after 30 min incubation with high potassium cation regulators (30 mM
NacCl, 120 mM KCI, 1 mM CaCly, 0.5 mM MgSO4, 1 mM NaH2PO4, 5 mM
glucose, 20 mM HEPES, 20 mM sodium acetate) at pH 6.0 and at pH 7.4.

2.4. In vivo studies

To perform in vivo studies, six 24-week-old C57BI/6J mice were used,
housed under SPF (Specific Pathogen Free) conditions and according to
the guidelines of the Animal Experimentation Committee of the Uni-
versity of Oviedo. They were distributed into two groups (n = 3), with
one of them used as a control. All experiments and procedures with
animals were carried out following the European Directive 2012/63/EU
and following the indications of the Animal Experimentation facility of
Universidad de Oviedo.

2.4.1. Fluorescence bioimaging

Mice anesthetized with ketamine (50 mg kg~ body weight) and
xylazine (10 mg kg™! body weight) were used for in vivo fluorescence
bioimaging. Once anesthetized, a dose of 2 mg kg™! animal of FP-CD-
BCyD in PBS was injected through the lateral tail veins. Fluorescent
distribution throughout the body was observed with the Xenogen IVIS
Imaging System over a period of 1 h. To analyse specific organs, one
hour after the intravenous injection of the nanomaterials, mice were
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sacrificed in a CO3 chamber. Liver, lung, kidney and heart were removed
and immediately fixed in a 4 % formaldehyde saline solution for 24 h.
Organs were then washed with 70 % ethanol and embedded in paraffin
blocks. Before measuring fluorescence, samples were deparaffinized and
treated with 0.1 % Triton X-100 to permeabilize and 0.1 M glycine to
decrease autofluorescence.

3. Results and discussion
3.1. Synthesis and functionalization of carbon dots

Raw CDs obtained by a hydrothermal synthesis from glutathione and
citric acid [17] have been selected in this work due to their interesting
characteristics, mainly, a) high luminescence quantum yield with no
photobleaching drawbacks [19], an interesting characteristics for bio-
imaging applications; b) low cytotoxicity [20], c) antioxidant activity
[21], and d) an easily modifiable surface due to the presence of the
glutathione and citric acid functional groups (—COOH, NH—; and
S—H). Due to the presence of these surface groups, it was possible to
sequentially modify glutathione-citric acid based CDs with different
functions. So, in a first step, the covalent bond of pCyD was achieved by
activation of surface C—OOH groups using a carbodiimide (EDC-HCI)
reaction forming an amine-reactive O-acyl isourea intermediate which
was then stabilized by the addition of sulfo-NHS, forming a sulfo-NHS
ester more stable and efficient for conjugation to primary amines,
APBA in the present case. As a result, the CDs were grafted with a thin
organic layer of APBA (CD-APBA) (Fig. 1a), which further reacted with
hydroxyl groups of the BCyD forming stable cyclic boronate esters [22],
to render the CD-BCyD (Fig. 1b).

The ATR-FTIR spectrum of CD-BCyD (Fig. S1) shows the character-
istic bands from their precursor compounds, which suggest an efficient
functionalization. Thus, sharp band between 3300-3500 em?, assign-
able to stretching vibrations of O—H bonds, can be clearly observed in
CyD as well in the CD-BCyD spectra, while in raw CDs the band is
unsharpened broad and weak. On the other hand, characteristic bands of
BCyD can be observed in CD-PCyD such as the band at 2917 cm™,
assigned to stretching vibrations of groups with C in sp® hybridization
(—CH and C—H,) and the band at 1152 cm~! the vibration of the
COC— (cyclic ether) group. The peak appearing at 1700 em ! in CD
and CD-BCyD spectra can be attributed to carboxylic groups on CD
surface (from glutathione/citrate), although in the CD-BCyD the in-
tensity of this band decreased significantly indicating a possible
involvement of the APBA linker. The peak appearing at 1577 em ! was
assigned to the flexion of the NH group and stretching of the CN——
group (amide, glutathione). Peaks at 1384 cm™! and 996 cm ™! were
assigned due to the asymmetric stretching of the B—O group and the
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Fig. 3. ATR-FTIR spectra for FD-CD-BCyD and its main precursors.

deformation of the BOH group, respectively. These data, therefore,
proved the participation of all precursors used in the synthesis of CD-
—BCyD. The comparative FTIR band assignment of precursors and
final functionalized CDs are shown in Table S1. On the other side,
HRTEM images demonstrated that the functionalization did not affect
significantly the spherical morphology nor affected the original size of
the raw CDs, being the nanoparticle diameter in the 3 + 2 nm range both
for CD and CD-BCyD (Fig. S2). In a second step, we performed a further
functionalization of CD-pCyD with the fluorescent probe FP. This reac-
tion was carried out in pyridine as solvent. Pyridine also acted as reac-
tion activator, that is, the basic pyridine-like nitrogen ability to accept
protons from the —COOH groups on the CD surface which, in turn
favored the carboxylates nucleophilic attack of carboxylates to the
carbon bound to the mesylate group of the dye. As a final result, the bi-
functional ensemble FP-CD-BCyD was obtained (Fig. 2).

ATR-FTIR spectra of the bi-functional assembly exhibited charac-
teristic peaks of the fluorescent probe FP (Fig. 3). The peaks at 1684 and
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1645 cm ™! due to CO= stretching of amide groups, peaks at 1350 or
1151 cm! ascribed to ester acyl groups and peaks at 750—780 cm !
assigned to aromatic rings. Besides, it is worth to note that in FP-CD-
BCyD the peaks at 1199 cm™ and 1145 cm™ (S—0 symmetric stretching)
and that at 1089 cm™! (from S—O flexion) characteristics of the meth-
anesulfonate leaving group are absent, thus suggesting an efficient
functionalization (Fig. 3, Table S1).

3.2. Spectroscopic characterization

Fig. 4a shows the absorption spectra of CDs and FP-CD-BCyD
together with those of the chemicals used for functionalization. Raw CDs

spectrum exhibits a dominating absorption band at 248 nm assigned to
7-1* transitions in sp2 dominions of CC and NC—= bonds in CD [23]
and a less intense band at 356 nm ascribed to n-n* transitions of surface
plasmon states corresponding to CO— bonds [24,25]. The FP-CD-BCyD
shows an intense band centered at 248 nm somewhat broader than that
of the raw CDs, due to the overlapping bands from APAB at 237 nm (zn-1*
transitions of CC= phenyl bond) and at 294 nm from the CN n-¢*
transitions. This suggests that APAB was successfully attached to the CD
surface and supports the FTIR data. As can be seen in the Fig. 4a, the
absorption band of FP could also contribute to the broadening due to its
band at 240 nm. FP-CD-BCyD also presented an absorption band at 393
nm, characteristic of the FP, which supported that the dye has been
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Fig. 5. Boron electron-withdrawing effects on the CDs surface states.

Table 1
Absolute quantum yields bands of the different synthetized nanomaterials.

Nanomaterial Aex, NM Aem, NM Absolute quantum yield, %
CDs 350 440 49
CD-pCyD 356 430 35
350 445 51
FP-CD 395 535 16
345-350 425 21
FP-CD-{CyD 395 533 60

successfully attached to the CDs.

The fluorescence excitation spectra of FP-CD-$CyD (Fig. 4b) showed
an intense excitation band with a maximum intensity at 395 nm and a
weak shoulder at 345 nm consistent with the relevant Vis-UV absorption
bands. The fluorescent emission spectra of FP-CD-BCyD in Fig. 4b show
that excitation at 395 nm (long wavelength absorption band of FP)
shows a single emission band centred at 535 nm, whereas excitation at
345 nm leads to a very weak emission band centred at 446 nm, due to
the excitation in-between the absorption bands of CD-BCyD (see Fig. S3)
and a more intense band from FP centred at 536 nm. In accordance with
this, the simultaneous presence of two luminescent centres in FP-CD-
BCyD does not seem to influence the position of the main emission band.
This can be also seen in the 2D excitation-emission contour map for the
FP-CD-BCyD ensemble (Fig. 4c).

Upon excitation at 356 nm, the quantum yield of CD-BCyD resulted
to be 35 %, lower than that from neat CDs, (49 % when excited at 350
nm) that could be ascribed to the presence of the boronic group close to
the CD surface. As fCyDs were not directly bound to the CDs surface but
to peripheral boronic groups, their influence on the CDs luminescent
properties should be marginal. However, the proximity to the CDs sur-
face of boron atoms, archetypal Lewis acids due to an empty p orbital,
makes them act as electron-withdrawing inductive groups over neigh-
bouring donating groups on the CDs surface, such -NHj, -OH and -SH.
The surface electronic states of the CDs may change as result of those
inductive and resonance effects (Fig. 5) which, in turn, can affect the

Sensors and Actuators: B. Chemical 346 (2021) 130555

electronic band structure of the CDs lowering significantly (approxi-
mately 30 %) the quantum yield of CD-pCyD in comparison to neat CDs.

On the other hand, the photoluminescence quantum yield of the bi-
functional ensemble FP-CD-$CyD resulted to be 21 % when excited at
345—350 nm and increased to 60 % when excited at 395 nm. According
to these data (Table 1), we conclude that when FP-CD-pCyD were
excited in the range 345—350 nm (excitation maxima of neat CDs) the
influence of the boron effect manifested itself as a low quantum yield.
However, the high quantum yield upon excitation at 395 nm (excitation
maximum of FP) could be ascribed to the presence of fCyD moieties that
provided a protective restricted environment to the FP molecules from
collisional quenching. In fact, in absence of fCyD, the quantum yield of
the the FP-CD system decreased to 16 % upon excitation at 395 nm
(Table 1).

3.3. pH response and in vitro studies

In aqueous solution, the FP-CD-BCyD ensemble showed a similar
response to pH to that of FP-CD, thus suggesting that the presence of the
cyclodextrin moiety did not modify its ability to recognize H' ions
through a PET process [16]. The profile of the FP-CD-pCyD fluorescence
intensity versus pH (excitation at 395 nm) showed a linear response in
the interval pH 2-9 with a correlation coefficient 0.998 and a high
sensitivity, around 100 fluorescence units/pH unit (Fig. S4). To deter-
mine the fitness of FP-CD-CyD as fluorescent intracellular pH probe or
as a bio-imaging dye, any potentially harmful cytotoxic effect must be
evaluated. For that purpose, cytotoxicity was checked using B16F10
cells incubated in the presence of CDs, CD-BCyDs or FP-CD-BCyDs at 1
mg mL ™! for 1 h. A cell culture without nanoparticles was employed as
control. The optical microscope images (Fig. 6) did not show significant
differences in cell morphology, which suggest that CDs do not alter cell
integrity under the assayed conditions.

Cell proliferation studies [26], evaluated through the mitochondrial
activity of cells using the MTT assay, were carried out by exposing
B16F10 and U20S cell lines to different concentrations of nanoparticles
from 0.01 to 2.0 mg mL' for 96 h. Presence of CD-pCyDs and
FP-CD-BCyDs induced low toxicity at lower concentrations (0.01—0.1
mg mL™1) towards B16F10 cells which was comparable to that of free
CDs. At higher concentrations and larger exposure times, CD-pCyDs and
FP-CD-BCyDs induced higher toxicity than that of free CDs (Fig. 7).
Similar response profiles were observed for U20S cells (Fig. S5), even
though U20S were more sensitive to both, CD-fCyDs and FP-CD-BCyDs,
than B16F10 cells. In fact, BL6F10 showed a cell viability of 90 % with
concentrations as high as 0.1 mg mL™!, whereas U20S show this cell
viability till the range of 0.01 mg mL ™', On the other hand, while free
CDs caused no apparent damage on any of the two cell lines within the
concentration range studied, no differences in cell-induced toxicity be-
tween CD-fCyDs and FP-CD-BCyDs were observed. These results seem to
suggest that the presence of the fCyD moiety on the FP-CD-BCyD surface
is responsible for the observed toxic effect, rather than the fluorescent

B16F10

Control

CD-BCyD

FP-CD-BCYD

<

Fig. 6. Phase contrast microscopy images of control BI6F10 cells in the absence (control) and in the presence of 1 mg/mL of CDs, CD-BCyD and FP-CD-BCyD for 1 h

at 37 °C. Images were taken with a 20x objective.
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Fig. 7. Cytotoxicity evaluation of B16F10 cells after incubation with different concentrations of CDs, CD-BCyDs and FP-CD-BCyDs and during different times.

probe itself. In this regard, several reports describe the toxic effects of
BCyD to living organisms due to its affinity to cholesterol and to its ca-
pacity to solubilize cell membrane lipids [27-29].

Fluorescence microscope images, obtained at 365 nm, 436 nm and
546 nm, showed that FP-CD-BCyDs were located at the cytoplasm of
treated cells, likely internalized by an endocytosis mechanism [30]
(Fig. 8). Furthermore, after cell internalization, a clear contrasted fluo-
rescence signal was observed within each cell with discrete spots indi-
cating specific compartmentalization of the nanoparticles. This images
clearly suggest the potentiality of these nanoparticles to be used in
cellular bioimaging. These results were confirmed by cell sorting in a
cytometer (Fig. S6) in which different cell populations can be distin-
guished. Thus, the signal of the intensity in the cell population con-
taining FP-CD-BCyDs clearly differs from that of the control population
and is characterized by higher fluorescence signal within the cells.
However, cells containing CD-BCyDs cannot be as clearly differentiated
from control cells. The fluorescence observed upon excitation at 546 nm
may be due not only to the presence of fluorescent proteins in the cells
but also to the CDs. In fact, it is well known that the CDs photo-
luminescence spectrum is excitation-wavelength dependent, undergoing
bathochromic shift as the excitation red shifts. Besides, the presence of
surface functional groups in CDs such as C—=0 and CN= groups can tune
the fluorescence of CDs. So, O-related groups (C—=0) and N-related
groups (C=N) may introduce two new energy levels (HOMO-ng and
HOMO-ny), thus producing new electron transitions and the red-shift
emission occurs when the electrons in C=0 or CN—= groups related
defect states return to the HOMO [31-34].

Effects of CD-BCyDs and FP-CD-BCyDs in cell cycle phase distribution
of the tumor cell line U20S in comparison with HMF cells was studied
after incubation with 1 mg.mL? of the corresponding nanoparticles.
Fig. 9 shows that HMF cells slightly accumulate in S (DNA synthesis) and
G2 (mitosis preparation) phases after incubation with both modified CDs
and when compared with control cells. Thus, presence of the fluores-
cence probes in the CDs may compromise among other things cellular
division. On the other hand, cell cycle distribution of U20S cells was not
affected after incubation with CD-pCyD or FP-CD-BCyD, suggesting the
biocompatibility of these nanoparticles with this cell line.

3.3.1. Intracellular pH

In cancer cells, cytoplasmic pH may oscillate between 7.2 and 7.5
during cell growth as consequence of cell metabolism, while intracel-
lular pH can oscillate between 6.2 and 6.9 (Warburg effect) [35]. We
recently demonstrated [16] that the FP-CD fluorescent system was
sensitive to pH in aqueous media through a PET (photoinduced electron
transfer) process.

In Fig. 10, confocal microscopy images for U20S cells shows the
inactivation of the PET process in the probe at pH 7.4 in comparison
with pH 6.0 after incubation with the FP molecule for 30 min. In order to
evaluate the potential of FP-CD-CyD as a fluorescent probe for the
recognition of cancer cells based on the Warburg effect, we carried out a
comparative study with healthy HMF cells and cancerous B16F10 cells
treated with 1 mg mL~! CDs, CD-BCyD and FP-CD-BCyD. The relative
intensity data showed that fluorescence after incubation with CD and
CD-BCyD did not seem to be pH sensitive as marginal differences were
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Fig. 8. A. Cell localization of FP-CD-BCyDs after incubation with the indicated cell line. Images were taken at 63x from fixed cells after 1 h incubation at 37 °C with 1
mg mL ™! of FP-CD- CyDs. B. Detailed images of U20S cells were taken by confocal fluorescence at 63x augmentation showing discrete distribution of FP-CD-BCyDs.

Scale is indicated in white.

observed between HMF and B16F10 cells (Fig. 11a). However, there was
a significant difference in the fluorescence emission in HMF culture
compared to that of B16F10 cells when FP-CD-pCyDs were used (2-fold).
The mechanism of FP-CD- BCyD interaction with cell surface is suggested
in Fig. 11b in which we take into consideration the fact that cyclodex-
trins are known to interact with components of cell membranes [36]. In

this scenario, a possible mechanism that could explain the difference
between both cell lines may be based on the interaction of FP-CD-CyDs
with the cell membrane. While the fCyD unit of FP-CD-pCyDs may
penetrate the cell membrane interface forming hydrogen bonds with
phosphate and glycerol ester-groups of lipids [37], the FP unit can
remain exposed towards the external membrane surroundings
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Fig. 10. Fluorescence confocal microscopy images for U20S cells (63x, laser 405 nm). at pH 6.0 and pH 7.4 in the presence of the FP molecule.
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Fig. 11. A. Fluorescence relative intensities of HMF and B16F10 cells after 1 h exposition to 1 mg mL ™" of nanomaterials (control: untreated cells). B. Suggested
mechanism of FP moiety exposure to the cell surface. (*** p < 0.005, t Student).
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Fig. 12. A. In vivo bioimages of mice 5 min after intravenous injection of FP-CD-BCyDs. Left: control mouse with no injection showing autofluorescence. Right: FP-
CD-BCyD injected mouse. B. Ex vivo images of organs removed 1 h after FP-CD-BCyD injection. C. Confocal fluorescence images of liver and kidney tissue slices.

(Fig. 11b). In the case of HMF cells, the FP unit was in contact with an
intracellular pH 7.2-7.5 and its fluorescence was quenched due to the
electron transfer from the nitrogen atoms of the H' recognition unit (the
piperazine group, pKa = 7.45) to the excited 1,8-naphthylamide
signaling subunit (PET process) [16]. On the contrary, when the FP
unit was in contact with the low pH (6.2-6-4) of B16F10 cells the PET
process was blocked and the fluorescence revived when the lone nitro-
gen atoms of the recognition units were protonated.
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3.4. In vivo studies

In vivo studies were carried out in mice in order to study the distri-
bution of FP-CD-BCyDs in whole organisms after blood injection. Results
showed that nanoparticles tend to accumulate in several organs in which
higher fluorescence was detected (Fig. 12a). To characterize these or-
gans, mice were sacrificed one hour after FP-CD-BCyD injection and
then, liver, kidneys and lungs were analyzed. Fluorescence of these or-
gans are shown in Fig. 12b. Results indicated that liver and kidney
accumulate more FP-CD-BCyDs than lung attending to the level of the
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fluorescence intensity. In addition, tissue samples were microtomized
and analyzed using confocal fluorescence microscopy, confirming that
liver was the organ with the highest amount of FP-CD-pCyD (Fig. 12c),
probably due to its unique vasculature among the other organs and its
role in the transformation of xenobiotics to compounds that the body
can eliminate.

4. Conclusions

In this article, glutathione-based carbon nanoparticles have been
successfully bi-functionalized. In the first place, with the incorporation
of a fluorescent FP label which can be used as a tool to differentiate
healthy cells from cells with an acid external pH (typically cancer cells
due to Warburg effect). On the other hand, cyclodextrins have also been
incorporated as a glucose source, which in turn, eases glycolysis in
cancer cells and favors its use as a controlled transport and delivery
system for different drugs.

The cytotoxicity studies of these materials in three different cell
lines, revealed that, although there is not any visual substantial modi-
fication in cell morphology, the fCyD functionalized CDs diminished cell
viability and induced alterations in cell cycle phase distribution. In fact,
HMF cells seem to be arrested around G2/M phase, something that did
not happen with the unfunctionalized CDs.

Likewise, CDs are not only able to get inside the cells and accumulate
within discrete points of the cytoplasm, but also to emit fluorescence
allowing in vitro images with high contrast, especially when using FP-
CD-BCyDs, whose fluorescence in cancer cell lines is significantly higher
than in the noncancerous cell line. In addition, these materials have been
used for obtaining in vivo fluorescence images after their injection in
mice, with an important incidence in those organs with the highest
vasculature (mainly liver). These results suggest that these materials are
a promising alternative for bioimaging applications.

Finally, from our results we can stand out that the bi-functionalized
nanoparticles show a high potential for their use in theranostics as
sensor and actuator. Thus, they can be used either as cancer cell marker,
because of their ability to identify cells with a slightly acidic environ-
ment, as well as to facilitate drug administration during therapy.
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