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Introduction

Amphiphilic-like carbon dots as antitumoral drug
vehicles and phototherapeutical agentsy

Mariano Ortega-Mufioz,® Paula Vargas-Navarro,® Simona Plesselova,”

M. Dolores Giron-Gonzalez, (2 ° Guillermo R. Iglesias, {2 © Rafael Salto-Gonzalez,
Fernando Hernandez-Mateo, (29 Angel V. Delgado, (=) © F. Javier Lopez-Jaramillo (2} *
and Francisco Santoyo-Gonzalez (2 *°

b

Water-insoluble carbon dots are recognized as promising materials, although their applications in
nanomedicine are rarely explored, despite their lipophilic character and foreseen compatibility with
biological membranes. In this article, we exploit the anhydride functionalization of carbon dots obtained
by thermolysis of citric acid to synthesize amphiphilic-like carbon dots (LCDs) by reaction with alkyl
amines. A differential feature of this approach is that the hydrophobicity of LCDs is a balance between
the ionization of the carboxylic groups resulting from the reaction and the hydrophobicity from the
grafted amines. The alkyl chains allow LCDs to entrap hydrophobic molecules and the ionization of the
carboxylic groups increases the hydrosolubility, permitting the transfer between organic and aqueous
phases. The biomedical interest of these features is illustrated by analyzing the application of LCDs as
carriers of the drug campothecin and their evaluation on a battery of cancer cell lines, as well as the
transformation of LCDs into a phototherapeutic agent by the formation of a complex with IR780 dye.
Results demonstrate that LCDs behave as nanocarriers in a manner that resembles other supramolecular
hosts with two differential features: (i) the length of the alkyl chains determines the size of the hosted
guest, and (i) the hydrosolubility of the complex can be modulated by pH.

Reports on CDs that are soluble in non-aqueous solutions,
termed hydrophobic CDs (hCDs), are still scarce. In general, the

Carbon dots (CDs) are nanosized carbon particles that, since
their discovery in 2004, have attracted the attention of researchers
from different fields for their potential applications due to their
high photostability, tunable excitation and emission, low toxicity
and high biocompatibility."™ The synthesis of CDs is well estab-
lished. The preparation has been approached by bottom-up
and top-down strategies using different sources of carbons,
including biomass.” CDs have been functionalized® and doped
with heteroatoms’ and metal ions to tune their properties and
widen their applications.® However, most CDs are hydrophilic and
incompatible with organic solvents, limiting their application
in organic-based electronic and energy storage devices or in
synthesis and catalysis in organic solvents.
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synthesis involves either the use of a water-insoluble binary
mixture of a carbon source and a capping agent®* or the specific
post-synthesis functionalization of hydrophilic CDs,">"® although
polysaccharides'” and microwave assisted synthesis'® have also
been reported. hCDs bearing an aliphatic chain are an emerging
subgroup that has focused the interest of researchers. Among the
alkyl chains, 1-hexadecylamine is frequently used either as both
carbon source and alkyl chain'” or in combination with citric acid
(CA)"*?° or ascorbic acid®" as source of carbon.

Although the applications of hCDs are rarely detailed, they
are recognized as promising materials and explored as sensors,*>
fluorescent inks,”® nanoadditive for lubricants,* or in light-
emitting diodes.”® The compatibility of hCDs with biological
membranes facilitates their traversing.'**>?® This feature is
attractive for biomedical applications, in particular in cancer,
where drug resistance and low specificity urge the development
of new drugs whose fate may be compromised by solubility,
stability and clearance rate, as illustrated by the paradigmatic
case of campothecin.?’ Additionally, the side effects of anti-
cancer agents are a challenge that demands new therapeutic
approaches, among them the use of nanoparticles for photo-
thermal therapy.”® In this context, heptamethyne dyes such as
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IR780 are interesting molecules not only for bioimaging and
theranostics but as photothermal agents that yield a tempera-
ture increase and production of ROS upon illumination with
near-infrared (NIR) light.*® However, poor solubility in biological
fluids, toxicity and fast clearance are major limitations® that have
been partially overcome by encapsulating IR780 in diverse
materials®**>® or the production of CDs from IR780 and PEG by
a solvothermal method.*®

In this context, we describe in this work the thermolysis of
CA in DMSO to obtain CDs functionalized with acid anhydride
groups which, upon reaction with alkyl amines, are trans-
formed into CDs (LCDs) presenting features that resemble
those of amphibious'” and amphiplic**?*?® CDs. LCDs bear
both hydrophobic alkyl chains and carboxylic groups, the
former making them suitable for hosting hydrophobic guests
and the latter allowing the modulation of their hydrosolubility.
As proof of concept of the biomedical applications of LCDs as
carriers, the highly insoluble drug camptothecin and the
photothermal and photodynamic therapeutic agent IR780 are
examined as guests.

Results and discussion
Design of the synthesis of LCDs

hCDs are promising nanoparticles that are synthesized by the
use of water-insoluble binary mixtures of a carbon source and a
capping agent” ™ or by specific post-synthesis functionaliza-
tion of hydrophilic CDs.">'” We envisioned a two-step synthesis
consisting of a first step of thermolysis of CA, to yield CDs
functionalized with acid anhydride groups (AA-CDs),*” and a
second step of reaction with alkyl amines to yield the grafting of
the hydrophobic alkyl moiety via an amide linkage, with the
concomitant formation of a carboxylic group. A differential
feature of this approach is that the hydrophobicity of the
resulting material is a balance between the ionization of
the carboxylic groups and the hydrophobicity of the grafted
amines.

The solvent free thermolysis of CA yields AA-CDs as a solid
material stuck to the flask that forces the use of a solvent for the
reaction with the alkyl amine. To avoid this manipulation we
hypothesized that if the solvent, in addition to the inertness
toward the anhydride groups and the good miscibility/solubility
with the hydrophobic amine, presents thermal stability, the
two-step synthesis can be conducted in the same pot. DMSO,
with a boiling point of 189 °C at 1 atm and vapor pressure of
0.6 mm at 25 °C was the preferred solvent. This choice is
further supported because DMSO is a green solvent,*®?° well
ranked in different selection guides®®*"' and it has been already
used in the synthesis of CDs.**>"?

Thermolysis of CA in DMSO

The appropriateness of the proposed design was evaluated by
heating CA at 180 °C for two hours using DMSO as a solvent.
The FTIR spectrum of the resulting liquid sample, named CD-1,
(Fig. 1A) showed that the signals of the O-H stretching of the
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CA at 3500 and 3285 cm ™ ' vanished and those corresponding to
the C=C stretching (1650 cm ") and bending (880-1014 cm )
appeared, in full agreement with the transformation of CA into
CDs. The analysis also revealed a double signal at 1844 and
1766 cm ™' that is the characteristic spectral signature of the
asymmetric and symmetric C=O0 stretching of acid anhydrides,
supporting the use of DMSO as a solvent to yield AA-CDs. CD-1,
was treated with a NaOH solution to hydrolyze the anhydride
groups, dialyzed against water and lyophilized to yield CD-1Na.
The FTIR spectrum of CD-1Na (Fig. 1A) did not show the double
signal at 1844 and 1766 cm ™' but those of the O-H stretching
and the typical symmetric stretching vibration signature of
carboxylic acid salts separated by 150 cm ' and peaks at
1550 cm ™" and 1400 cm ™ *, further confirming that the thermo-
lysis of CA in DMSO yields acid anhydride coated CDs.**

The surface chemistry of CD-1Na was characterized by XPS.
The full scan XPS spectrum (Fig. S1A, ESIt) showed peaks at
ca. 285 eV, 532 eV, 1071 eV and 164 eV, indicating that the
sample contains C, O, Na and sulfur. The content of sulfur was
estimated to be 0.3% (Table S1, ESIt) and it was initially
assigned to residual DMSO. The high resolution C 1s spectrum
was fitted with three peaks centred at 248.4 eV, 286.2 eV and
288.1 eV which are assigned to graphitic carbon, C-O and
C=O0, respectively (Fig. S1B, ESI{).*> The O 1s spectrum
(Fig. S1C, ESIt), besides the peaks centred at 530.9 eV and
531.3 eV corresponding to O—C and O-C, consisted of a third
peak at 535.4 eV attributed to Na KLL Auger emission.*® The
analysis of the high resolution S 2p spectrum(Fig. 1B) was fitted
with three peaks centred at 163.3 eV, 164.5 and 165.9 €V, the
latter being the only coincident with the features of the S 2p
spectrum of DMSO."’

The position of the two former peaks, the spacing of 1.18 eV
and the intensity ratio of 0.48 agree with the 2p;, and
2p1» spin-orbit splitting of the -C-S- covalent bond of the
thiophene-S.#¥>* This result discards a contamination with
DMSO and demonstrates that the thermolysis of CA in DMSO
yields the incorporation of sulfur to the CDs.

Sulfur is an interesting dopant because it shares with carbon
similar electronegativity (2.55 for carbon and 2.58 for sulfur)
but different size (empirical atomic radius of 70 pm for carbon
and 100 pm for sulfur), features that make feasible the incor-
poration of sulfur to aromatic rings and conjugation to planar
ring carbon frameworks.>® Indeed, sulfur doping has been
reported to improve quantum yield and shift the wavelength
the maximum emission peak.>* >®> Hence, morphology, size and
photoluminiscence of CD-1Na were investigated. High-resolution
transmission electron microscopy (HR-TEM) revealed spherical
particles with an average diameter of 2.2 nm and selected area
electron diffraction pattern supported the crystalline nature of
CD-1Na with an interplanar spacing of 0.275 nm (Fig. S2A, ESIf).
The emission spectrum of CD-1Na was very similar to that for the
CDots obtained by solvent free thermolysis of CA*” sharing the
excitation at 326 nm and emission at 454 nm peaks (Fig. S2B,
ESIt), and a quantum yield of 4% (Table S2, ESIt). A closer
analysis of the emission spectrum of CD-1Na (Fig. S2B, ESIT)
revealed a shoulder at 435 nm that can be rationalized

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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(A) FTIR spectrum of CA (blue), of the solution resulting from the thermolysis of CA in DMSO (red), and after treatment with a NaOH, dialysis and

lyophilization (black). (B) S 2p high resolution XPS spectrum of CD-1Na. Experimental data are shown in light blue, envelope in black and residuals on top
in brown. Inset, table showing the main features of the peaks resulting from the peak fitting.

considering that the thermolysis of CA is a complex process
that involves the formation of several intermediates to yield a
combination of CDs with different emission peaks. In particular,
the intermediates trans-aconitic acid and itaconic acid have been
reported to yield fluorescent CDs that emit at lower wave-lengths
and that the relative abundance of the different intermediates is
influenced by reaction conditions.>®

Functionalization of CD-1 with alkyl chains

The presence of acid anhydride groups in CD-1 makes them
reactive and functionalizable without any previous step of
activation.®” Our attention was focused on exploiting this
feature to attach alkyl chains as hydrophobic moiety. Hexane-
1-amine and octadecan-1-amine were selected on the basis that
they share reactivity toward CD-1 but differ in their contribu-
tion to hydrophobicity, the octanol water partition coefficient in
terms of logP being estimated as 1.63 and 5.37 respectively.®”

Thus, the thermolysis of CA in DMSO and, without purifica-
tion, later reaction with hexane-1-amine or octadecan-1-amine
yielded products LCD-1 and LCD-2, respectively. LCDs were
purified by dilution of the crude reaction mixture with toluene-
diethyl ether and washing with 5% HCI to isolate the LCDs
from the organic phase. XPS analysis found 0.8% and 1.1% of N
for LCD-1 and LCD-2 (Table S1, ESIY), confirming the alkylation
of CD-1. The deconvolution of the N 1s peak revealed the
expected signal at 399.8 eV for the amide-type nitrogen and a
second signal at 401.6 eV that was assigned to amine-type
nitrogen (Fig. 2A and B).>® However, the ratio between both
peaks was close to 1, pointing to the presence of alkyl amine in
spite of the extraction with 5% HCI.

In order to assess the elimination the alkyl amine, the
organic phases containing LCDs were further purified by washing
with a solution of sodium bicarbonate. The luminescence was
observed to migrate to the aqueous phase due to the deprotona-
tion of the carboxylic groups to form the sodium salts LCD-1Na

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

and LCD-2Na. After exhaustive dialysis against water followed by
lyophilization, LCD-1Na and LCD-2Na were characterized by XPS
and HRTEM. The deconvolution of the N 1s peak showed that the
signal assigned to unreacted alkyl amine persisted and the
amide:amine ratio remained close to 1 for LCD-2Na (Fig. 2D)
but increased to 6 for LCD-1Na (Fig. 2C). These results suggest
that the reaction of CD-1 with the alkyl amines yields the grafting
of the alkyl chain by both covalent bonds (i.e. amide-type) and
non-covalent interactions, the latter being dependent on the
length of the alkyl chain. Thus, whereas for short chain alkyl
amines the non-covalent interactions are mainly ionic and dis-
rupted by pH, for long alkyl amines they are mainly hydrophobic,
due to interactions among the alkyl chains, and insensitive to pH.
At this point it is important to highlight that the unreacted
amines present in LCD-2 and LCD-2Na are part of the CDs and
do not exchange with the solvent. HRTEM analysis revealed
that LCDs are spherical nanoparticles with an average diameter
of 2.5 nm, with 0.14 as the coefficient of variation (Fig. 3A).
As expected, they are fluorescent and their spectra show a 20 nm
blue shift of the emission peak relative to CD-1Na (Fig. 3B). The
quantum yield of LCD-1Na is similar to that of CDN-1, but larger
than that of LCD-2Na (Table S2, ESIt), pointing to a lower
fluorescent mass:overall mass ratio, in agreement with the longer
alkyl chains appended to LCD-2Na.

The fact that LCDs can be transferred from the organic phase
to the aqueous phase and vice versa resembles amphibious'” or
amphiphilic'>**?® CDs. In order to gain additional insight into
the features of LCDs, the Z-potential (Table S3, ESIt) and the
octanol water partition coefficient (log P) (Table 1) were estimated.
The values of logP are within the —0.5 < logP < 5 range
predicted by the Lipinski rule of five for compounds with suitable
cell permeability. Salt forms are highly hydrosoluble, LCD-2Na
being the least hydrosoluble, and the lipophilicity can be modu-
lated by the protonation/deprotonation of the carboxylate groups.
As expected from previous studies that have demonstrated that

Mater. Chem. Front., 2021, 5, 8151-8160 | 8153
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Fig. 2 N 1s high resolution XPS spectra of LCD-1 (A) LCD-2 (B) LCD-1Na (C) and LCD-2Na (D) experimental data are shown in light blue, envelope in
black and residuals on top in brown. Inset, table showing the main features of the peaks resulting from the peak fitting.
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Fig. 3 (A) HRTEM image of LCND-2Na showing the size distribution (inset). (B) UV-Vis absorption (black line) and photoluminescence emission
(excitation at 326 nm) spectra of LCD-1Na (green), LCD-2Na (blue) and CD-1Na (red).
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Table 1 Octanol-water partition coefficient of both the sodium salt and
the acidic form of CDs obtained by solvent free thermolysis (AA-CDNa and
AA-CD), in DMSO (CD-1Na, CD-1,LCD-1Na, LCD-1, LCD-2Na and LCD-2)

Sample Log P Sample LogP
AA-CDNa — AA-CD 0.09
CD-1Na — CD-1 0.79
LCD-1Na — LCD-1 1.03
LCD-2Na —1.05 LCD-2 0.89

“ Particles remain in the aqueous phase.

sulfur increases the hydrophobicity of nanoscale zero-valent iron,
the incorporation of sulfur shifts the log P from 0.09 for AA-CDs
obtained by solvent free thermolysis of CA to 0.79 for CD-1.>°
When the C18 alkyl chains are grafted, the log P increases to 1.03,
which is slightly above the threshold value (logP > 1) to
distinguish membrane permeant from impermeant compounds.*
These values support the amphiphilic nature of LCDs and their
ability to transverse membranes.

Zeta potential of the CDs

The effect of the coating structure of the CDs and of pH on the
zeta potential of the carbon dots is a significant feature of these
nanoparticles, considering their potential application as drug
vehicles to be injected in the body and subjected to environ-
ments of either physiological (7.4) or tumoral (6.5) pH values.
The pertinent data are presented in Table S3 (ESIT), and they
show that the modification of pH in the interval mentioned
does not affect beyond experimental uncertainty the zeta
potential.

Application of LCDs

Since LCDs consist of a carbon core bearing ionizable car-
boxylic groups and hydrophobic flexible alkyl chains that can
establish hydrophobic interactions, we hypothesize that LCDs
can act as supramolecular hosts of hydrophobic guest mole-
cules. With this feature LCDs can behave as nanocarriers in a
manner that resembles other supramolecular hosts, but with
additional advantages since the size of the hosted guest can be
modulated by the length of the alkyl chains and the solubility of
the complex by pH. Additionally, the cytotoxicity assay of LCDs
against the cell line HEK 239 revealed that they are well
tolerated (Fig. S3, ESIT), anticipating their potential in biome-
dical applications, as their hydrosoluble counterparts.®

The hypothesis was put to test with the hydrophobic drug
camptothecin (CPT) and with the NIR fluorescent hydrophobic
dye IR780. The former is a potent chemotherapeutic agent’
and the latter, besides the emission in the 807-823 nm wave-
length range that makes it suitable for bioimaging, shows an
absorption peak at 792 nm that yields a temperature increase
and a production of ROS upon illumination with NIR
light, enabling its use in photothermal and photodynamic
therapies.”® However, the clinical implementation of both
molecules is limited by their poor solubility, the improvement
of which being a challenging task.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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LCDs as antitumor drug vehicles

From a structural point of view the planar structure of CPT
is expected to favour the intercalation in the alkyl chains.
The formation of the LCD@CPT inclusion complexes was
approached by combining an aqueous solution of the sodium
salt of LCDs in water and CPT in the organic phase and either
removing the organic phase to force the formation of inclusion
complexes or shaking overnight. Regardless the procedure,
LCD-1Na did not form inclusion complexes with CPT. This
result was not unexpected considering that the shorter length
of the alkyl chain of the hexane-1-amine compared to the size of
CPT may be insufficient to form stable inclusion complexes
(Fig. S4, ESIf). LCD-2Na forms stable complexes by both
approaches, but the load of CPT was 3-fold higher when the
formation of the inclusion complexes proceeded by shaking
overnight (253 + 13 pg mg ™' vs. 85 + 25 ug mg™ ). When LCD-
2Na is loaded with CPT to yield LCD-2Na@CPT the effect on the
viability of the HEK 239 is in the range and even slightly better
than an equivalent amount of free fresh CPT (Fig. S5, ESIT).
This result is encouraging when recalling that CPT from LCD-
2Na@CPT underwent a processing incompatible with the sta-
bility of free CPT. Additionally, it confirms that the interaction
between LCD-2Na and CPT is reversible and that the released
drug is functional. In order to further evaluate the application
of LCD-2Na as carrier of CPT, the cytotoxicity of LCD-2Na@CPT
was assessed against a battery of cell lines and compared with
an equivalent amount of free fresh CPT (Fig. 4). As depicted in
Table 2 the IC50 of free CPT is cell line dependent and when
compared to LCD-2Na@CPT it is in the same range for N2a,
CT26wt and SKBR3. This result is remarkable when considering
that it is assumed for the comparison that the full load of CTP
is active and released from LCD-2Na@CPT. For the cell lines
G361 and HeLa the IC50 of LCD-2Na@CPT is two- and four-fold
higher than that for free CPT, suggesting an influence of the
carrier. Flow cytometry analysis on the cell line G361 confirmed
the result (Fig. S6, ESIf). Overall, these data support the
potential of LCD-2Na as a drug carrier.

LCDs in photothermal therapy

The formation of the inclusion complexes with IR780 is more
challenging since the molecule is not planar. Based on the
structure of IR780 and the length of the alkyl chains of LCDs
(Fig. S4, ESIt) LCD-1(Na) were discarded and the formation of
inclusion complexes with LCD-2(Na) were approached by two
strategies: (i) combination of the hydrosoluble form of LCD
(i.e. LCD-2Na) in water and IR780 in the organic phase, or
alternatively (ii) both, LCD-2 and IR780 in the organic phase.
Since CDs absorb in the UV-region and IR780 shows a charac-
teristic peak at 792 nm, the absorption spectra allow the
estimation of the IR780 load. Data reveal that the latter strategy
was the most successful in the formation of the inclusion
complexes (Fig. S7, ESIT).

As a proof of concept to evaluate use of LCD-2Na@IR780 in
photothermal therapy, the thermal behaviour of a solution
of the latter containing 72 pM of IR780 was compared with a

Mater. Chem. Front., 2021, 5, 8151-8160 | 8155


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1qm00855b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 1443. Downloaded on 09/08/47 01:52:19 .

(cc)

Research Article

Hela

View Article Online

Materials Chemistry Frontiers

i . G361 N2a
(cervical carcinoma) 120 (malignant melanoma) 120 4 (neuroblastoma)
25 12 £100 £ 100-
< 100 > | >
Z 80 = 8 £ 80
= o)
] 60 g 601 8 601
> 40 5 404 5 407
8 20 O 204 O 20
0 0 04
0 25 50 100 200 0 25 50 100 200 0 25 50 100 200
[CPT] (ug/mL) [CPT] (ug/mL) [CPT] (ug/mL)

CT26wt SKBR3 MDA-MB-231
1204 (colon carcinoma) 120 (Her2+ breast cancer) A120 & (triple negative breast cancer)
< 100 2100 1 £100 1
£ 80+ Z 80- 2 807
€ 60 8 601 8 60
5 40+ = 401 =
O 204 O 20 O 204

0+ 04 0 -
0 25 50 100 200 0 25 50 100 200 0 25 50 100 200
[CPT] (ug/mL) [CPT] (ug/mL) [CPT] (ug/mL)

Fig. 4 Comparison of the cytotoxicity of LCD-2Na@CPT (green) and free CPT (red) on different cancer cell lines at different equivalent concentrations
of CPT. Cell lines were incubated for 24 h with suitable amounts of either free CPT or LCD-2Na@CPT and cytotoxicity was assayed by the MTT method.

Results are means +1 standard deviation.

Table 2 IC50 values (in uM) of free CPT and LCD-2Na@CPT against a
panel of cancer cell lines

Cell line Free CPT LCD-2Na@CPT
HeLa 46 189

G361 58 114

SKBR3 115 139

N2a 170 160

CT26wt 213 215
MDA-MB-231 264 >575%

¢ Highest concentration assayed due to solubility limitations.
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133 puM solution of the closely related hydrosoluble hepata-
methyne IR783. As shown in Fig. 5A, upon irradiation with a
808 nm laser (1.4 W cm™?) for 5 minutes, both solutions
showed similar behaviour during the first 66 seconds, with a
heating rate of 0.3 °C per second. However, whereas the
temperature of the LCD-2Na@IR780 solution continued
increasing to rise up to 50 °C after 135 seconds and maintained
the temperature for about 1 min, the temperature of the
solution with IR783 declined abruptly after reaching 44.6 °C.
To gain additional insight into this differential behaviour,
drops containing a diluted solution of IR783 (i.e. 13 nM) were
illuminated with the laser for 30 seconds. Thermal images
showed that within this short period of time the drop behaved
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Fig. 5 Temperature increase as a function of time of 200 puL of a water solutions containing 133 uM IR783 (red), 72 uM LCD-2Na@IR780 (blue) and
285 uM LCD-2Na@IR780 (magenta) irradiated with a 808 nm NIR laser at a power of 1.2 W cm™2 for 5 min (A) or 10 min (B). Inset B: Thermal image of the
epperdorf containing the LCD-2Na@IR780 solution and the sample holder during the illumination. The temperature was recorded in real time with a

high-resolution infrared camera.
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as the 72 uM solution, with an increase of temperature for the
first seconds and then cooling down (Fig. S8, ESIf). Visual
inspection of the drop showed that its colour changed from the
characteristic blue to yellowish and the absorption spectrum
revealed that the peak at 780 nm vanished. These observations
have been ascribed by other authors to the generation of singlet
oxygen and degradation of IR780 into dioxetanes and carbonyl
compounds.>®©2

The above results suggest that the thermal profile is depen-
dent on the concentration of NIR dye and that the formation
of a complex with LCD-2 spans its life. This hypothesis was
confirmed when the thermal profiles of two solutions of
LCD-2Na@IR780 containing 72 pM and 258 pM of IR780 were
compared. As shown in Fig. 5B, the 72 uM solution behaved as
expected from the previous experiment, reaching a maximum
temperature after 3 min and then cooling down due to the
destruction of the dye. However the 258 pM solution withstood
10 min of irradiation with the laser and the temperature
reached 68.5 °C, with a slope of 19 °C in the first 30 seconds
that flattened to 2 °C in the last 5 min of irradiation, and the
temperature did not drop until the laser was turned off. These
results lead to conclude that the irradiation with the laser yields
the formation of oxygen singlet with the concomitant destruc-
tion of IR780 and that the concentration determines not only
the maximum temperature reached but also the time that the
laser is effective. At this point, it is important to recall that
temperatures above 48 °C for minutes provoke irreversible
injury that is enhanced by the reactive species produced during
the destruction of IR780 by the laser.>’

Experimental
Thermolysis of CA

Thermolysis of CA was carried out by modification of the
protocol previously reported for AA-CDs.*” Briefly, an amount
of 10 g of CA was placed in an open-round bottom flask and
heated in an oil bath at 180 °C for 2 h in 10 mL of anhydrous
DMSO to yield CD-1.

Synthesis of LCD(Na)

In the same open-round bottom flask where CD-1 were obtained
by thermolysis at 180 °C of 10 g of CA in 10 mL of anhydrous
DMSO, 1 mL of the solution was reacted overnight at room
temperature with 0. 5 mmol of, either hexane-1-amine (70 uL) or
octadecan-1-amine (140 mg) in the presence of 0.5 mmol of
triethylamine (70 pL) to yield LCD-1 and LCD-2 respectively. For
the isolation, a volume of 20 mL of ether:toluene (1:1) was
added and then washed with 5% HCI (20 mL). The organic phase
was collected, treated with anhydrous Na,SO, and the solvent
eliminated with a rotary evaporator to yield CDs decorated with
hexane-1-amine (LCD-1, 0.859 g) or with octadecan-1-amine
(LCD-2, 0.441 g). Sodium salts (LCD-1Na and LCD-2Na) were
obtained by extraction of LCDs with a saturated solution of
HCO;Na, exhaustive dialysis (MWCO =14 000 Da) against deio-
nized water and then lyophilization.
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Preparation of LCD-2Na@CPT for biological assays

A volume of 14 mL of a 0.5 mg mL ™" solution of LCD-2Na in
water was combined with 14 mL of 0.5 mg mL™" solution of
CPT in Cl;CH. The mixture was shaken at room temperature
and protected from light for 24 h and phase separation was
allowed to proceed for 48 hours. The organic R3 phase was
discarded and the concentration of CPT in the aqueous phase
was estimated from the remaining fluorescence in the dis-
carded organic phase.

Preparation of LCD-2@IR780 for photothermal assay

A volume of 6 mL of a 0.5 mg mL~" solution of IR780 in Cl;CH
was combined with 6 mL of LCD-2 in Cl;CH (0.5 mg mL ™).
After sonication for 2 min, it was shaken overnight at room
temperature protected from light. The sample was extracted
with 50 mM carbonate-bicarbonate buffer pH 9 (3 x 4 mL). The
concentration was estimated from the interpolation in the
suitable calibration curves of absorbance at 326 nm and
fluorescence at 454 nm (Ex 326 nm) for LCDs and of absor-
bance at 792 nm for IR780.

Cytotoxicity of LCD-2Na@CPT

Cell lines were incubated for 24 h with suitable amounts of
either free CPT or LCD-2Na@CPT to yield final CPT concentra-
tions up to 200 pg mL~". Cytotoxicity was assayed by determin-
ing the percentage of cell viability (with respect to unexposed
cells) using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) method. Results are reported as
% viability based on the untreated control cells at 24 h normal-
ized to 100% viable. ED50plus v1.0 software was used to
calculate IC50.

Photothermal measurements

Water solution samples of 200 pL contained in 1.5 mL Eppen-
dorf tubes were irradiated with a near-infrared continuous laser
at a wavelength of 808 nm for 10 min. The laser power was
calibrated at 360 mW, corresponding to a power density of
1.2 W em 2. The distance between the sample and the laser was
6 cm, and the laser spot in the sample was 0.3 cm? The
temperature profile as a function of time was recorded in real
time with a high-resolution infrared camera FLIR E60 with
320 x 240 pixels IR resolution and thermal sensitivity better
than 0.05 °C (FLIR Systems Inc., USA). Data was processed with
FLIR RESEARCHIR MAX 4 thermal analysis software. (provided
by the manufacturer).

Conclusions

The one-pot thermolysis of CA in DMSO and further reaction
with alkyl amines is a suitable approach to obtain amphiphilic-
like CDs bearing hydrophobic alkyl chains and carboxylic
groups. The alkyl chains allow the formation of inclusion
complexes with hydrophobic guest whereas the ionization of
the carboxylic groups can be modulated by pH, determining the
hydrosolubility of the complexes. LCDs are well tolerated by
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cells and, using a suitable length of the alkyl chains, they form
inclusion complexes with hydrophobic guests of complemen-
tary size. The values of log P and the results obtained from the
model drug CPT support the biotechnological potential of LCDs
as drug carriers that overcome solubility problems and protect
from degradation. The IC50 of LCD-2Na@CPT is in the same
range as that of free IC50 for the cancer cell lines N 2a
(neuroblastoma), CT26wt (colon carcinoma), SKBR3 (Her2+
breast cancer), twofold higher for G361 (malignant melanoma)
and fourfold higher for HeLa (cervical carcinoma). The perfor-
mance of LCD-2Na complexes with IR780 dye, yielding a signi-
ficant sustained increase of temperature of up to 68.5 °C, also
supports their application in photothermal therapy.
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