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ARTICLE INFO ABSTRACT
Keywords: Irinotecan (CTP-11) is one of the standard therapies for colorectal cancer (CRC). CTP-11 is enzymatically con-
Carbon dots verted to the hydrophobic 7-ethyl-10-hydroxycamptothecin (SN38), a one hundred-fold more active metabolite.
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Conjugation of hydrophobic anticancer drugs to nanomaterials is a strategy to improve their solubility, efficacy,
and selectivity. Carbon dots (CDs) have garnered interest for their small sizes (<10 nm), low toxicity, high water
solubility, and bright fluorescence. This paper describes the use of CDs to improve drug vehiculation, stability,
and chemotherapeutic efficiency of SN38 through a direct intracellular uptake in CRC. The covalent conjugation
of SN38 to CDs via a carbamate bond provides a CD-SN38 hybrid material for slow, sustained, and pH-responsive
drug release. CD-SN38 successfully penetrates the CRC cells with a release in the nucleus affecting first the cell
cycle and then the cytoskeleton. Moreover, CD-SN38 leads to a deregulation of the extracellular matrix (ECM),
one of the major components of the cancer niche considered a possible target therapy for reducing the cancer
progression. This work shows the combined therapeutic and imaging potential of CD-based hybrid materials for
the treatment of CRC. Future efforts for targeted therapy of chronic diseases characterized by altered ECM
deposition, such as chronic kidney disease and chronic allograft nephropathy in kidney transplant patients are
envisaged.

Abbreviations: CNDs, carbon nanodots; CD-SN38, CNDs conjugate with SN38; CDK7, cyclin-dependent kinase 7; COLIal, collagen type I alpha 1 chain; CRC,
colorectal cancer; CPT11, camptotecin 11; o.n., overnight; ECM, Extracellular Matrix; FBS, fetal bovine serum; FCS, fetal calf serum; HT29, CRC cell line; Ki-67, antigen
Ki-67; HciGEnC, conditionally immortalized human glomerular endothelial cells; HciPodo, conditionally immortalized human podocytes; IF, immunofluorescence;
LD50, 50% lethal dose; MTT, 3-[4,5-dimethylthiazol-2-y1]-2,5- diphenyltetrazolium bromide; PBS, phosphate buffer saline; RPL4, Ribosomal Protein L4; RT, room
temperature; SD, standard deviation; SN38, 7-etil-10-idrossi-camptotecina; TGFf1, transforming growth factor betal; TME, Tumor Micro Environment; TNFo, tumor
necrosis factor alpha.
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D. Mattinzoli et al.
1. Introduction

With high mortality (56%) and very low early detection rate (<39%),
due to its asymptomatic condition, colorectal cancer (CRC) is considered
the third most common human malignancy [1]. Little improvement in
survival rate was observed only in the last decade due to the availability
of more sensitive diagnostic investigation, less invasive surgical ap-
proaches, and improved chemotherapeutical tools [2]. One of the stan-
dard therapies for CRC is irinotecan (CPT-11), a semisynthetic derivative
of the natural camptothecin (CPT), and commonly used either alone or in
combination with other drugs (such as 5-fluorouracil or oxaliplatin) [3].
The pharmacological mechanism of CTP-11 is based on the inhibition of
the topoisomerase I, which is a nuclear enzyme that plays a critical role in
DNA replication and transcription [4]. Although CPT-11 exhibits itself an
anticancer activity, it is mostly considered a prodrug because releases the
SN38 derivative after metabolization that has an anticancer activity
100-1000 times higher than CPT-11 [5]. However the use of SN38 as an
active anti-cancer metabolite is strongly dampened by its slow, incom-
plete and variable hydrolyzation, and its high hydrophobicity [6]. These
limitations are currently the cause of prolonged therapies based on
CPT-11 and prompted the combination of CPT-11 with other drugs to
reach acceptable clinical results. One strategy to improve the vehi-
culation in water and enhance the therapeutic efficacy of SN38 is to use
carriers and prodrugs [7,8]. Various systems have been successfully
developed for this purpose, which include liposomes [9], inhibitor-drug
complexes [10], antibody-drug complexes [11], protein-drug complexes
[12], multi-component drug delivery systems [13], drug-loaded poly-
meric nanoparticles [14,15], graphene-based materials [13,16,17], to
name a few.

Carbon dots (CDs), the latest member of the carbon nanomaterial
family, are quasi-spherical carbon nanoparticles defined by a size <10
nm, a carbon core, and a surface rich in functional groups, such as car-
boxylic acid or amines, that is responsible for their hydrophilic properties
[18,19]. Besides the water solubility, the most peculiar property of CDs is
their fluorescence (FL) that prompted their fast rise for bioimaging and
therapeutic applications [20,21]. In preparing drug-delivery systems,
also their tunable and functionalizable surface after their synthesis,
usually without the need of postsynthetic modification, combined with
their low toxicity and easiness of biological clearing and degradation by
the excretory system, have provided an advantage over other (carbon)
nanomaterials [22-26]. All these properties make CDs an appealing
nanomaterial for developing multifunctional drug-carrier systems that
allow improved solubility of hydrophobic drugs, and localization anal-
ysis by exploiting CDs as bioimaging agents [27]. However, the possible
beneficial effects of a CD-SN38 hybrid material have not been investi-
gated so far.

Here, we report the design and preparation of a covalent CD-SN38
hybrid material via an acid-cleavable carbamate linkage. The hybrid
material retains the fluorescence emission and the water solubility of the
CDs, thus offering opportunities for both bioimaging and drug delivery.
We demonstrate that the slow drug release promotes prolonged drug
efficacy, thereby pointing at advantages for future in vivo biological
systems that include minimizing the loss of the drug in circulation and
general systemic toxicity and, additionally, maximizing the release of the
drug in the nucleus in order to affect the DNA replication [28]. The
hybrid material CD-SN38 is evaluated for cancer treatment on an in vitro
model using enteric human colon cancer cells (HT29) through bio-
imaging localization and cytotoxicity studies [29,30]. The mechanism of
the possible interference of the material on the CRC cell cycle is moni-
tored by analyzing the expression of two key molecules: the
cyclin-dependent kinase 7 (CDK7) and the antigen Ki-67 [31,32]. Also,
given the importance of creating a cancer niche during cancer progres-
sion [33], we further evaluate the effects on the tumor microenvironment
(TME) by examining the cell exposure to the hybrid material via analysis
of the extracellular matrix (ECM) and its principal component collagen
type I alpha 1 (COLlal) and regulatory factor transforming growth
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factor-beta (TGFp) [34-36]. Ultimately, this work demonstrates a cova-
lent hybrid CD-SN38 system in which the slow and prolonged
pH-sensitive release of the drug results in a cell cycle, cytoskeleton and
niche CRC toxicity where the CDs can be used as bioimaging agent.

2. Materials and methods

Ultrapure water was obtained by a MilliQ™ water purification system
(water resistivity of 18.2 MQ at 25 °C). All the solvent and reagents
(reagent grade) were bought from Sigma-Aldrich and used without
further purification. Size exclusion chromatography (SEC) was carried
out using Sephadex™ LH-20 as stationary phase and methanol as mobile
phase. Transmission electron microscopy (TEM) was performed on a
JEOL JEM-1400PLUS transmission electron microscope operating at an
acceleration voltage of 120 kV from drop cast of aqueous samples (con-
centration of few mg mL™') on a carbon-coated 300 mesh copper grid.
TEM images were analyzed using Gatan Microscopy Suite as TEM-image
analysis software. Atomic force microscopy (AFM) was performed on a
Nanoscope IIla VEECO Instruments microscope from drop cast of
aqueous samples (concentration of few mg mL 1) on a mica substrate.
AFM images were examined using Gwyddion 2.50 software. Dynamic
light scattering and Z-potential measurements were performed on a
Malvern DLS Litesizer 500 from aqueous samples. Fourier-transform
infrared spectra (KBr) were recorded on a Perkin Elmer 2000 spec-
trometer. "H NMR spectra were obtained in DMSO-ds on a Varian Inova
spectrometer (500 MHz) using the solvent residual peak as the internal
reference. Self-diffusion coefficient evaluations were carried out using a
Varian Inova (500 MHz) NMR spectrometer equipped with Performa II-Z
gradient coils (Varian, Palo Alto, CA, USA) using a diffusion gradient
length of 3.0 ms and a diffusion delay of 75.0 ms. UV-Vis spectra were
recorded on an Agilent Cary 5000 UV-vis spectrophotometer, using
quartz cells with a path length of 1.0 cm. Fluorescence emission spectra
were recorded on an Agilent Cary Eclipse fluorescence spectrophotom-
eter, using quartz cells with a path length of 1.0 cm. Fluorescence
quantum yield (QY) measurements were performed exploiting the rela-
tive determination using quinine sulfate or fluorescein as standard. SN38
release studies were performed using dialysis (molecular weight cutoff
0.5-1 KDa) from 1.5 mL of a 570 pg mL ™~ CD-SN38 solution (PBS at pH
7.4 or MilliQ water adjusted at pH 5.3 with HCI) against 14 mL of dial-
ysate, at 37 °C and under slow stirring; 1 mL of the dialysate was with-
drawn at different time intervals (and replaced with an equal volume of
fresh solution at pH 7.4 or pH 5.3), dried under reduced pressure and
freeze-dried overnight, redissolved in DMSO, filtered through a 45 pm
PTFE filter and analyzed by HPLC (Agilent 1260 Infinity II, 15 min via
gradient 95-5 — 5-95 of HyO (4+0.1% HCOOH)-MeCN, detection by
UV-Vis absorption at 390 nm). The same HPLC parameters were applied
for the standard calibration curve determination reported in Figure S1.
Human Colorectal Adenocarcinoma Cell Line HT29 (ATCC® HTB-38™)
was acquired by ATCC (ATCC, LGC Standards S.r.], Milan, Italy).

2.1. In vitro studies

The studies were performed on HT29 cells, conditionally immortal-
ized human podocytes (HciPodo, from University of Bristol, Bristol, UK),
and glomerular endothelial cells (HciGEnC, from University of Bristol,
Bristol, UK) as controls (Cell Culture and Cytotoxicity Assay). The cells
were exposed to CDs or CD-SN38 or SN38 for 24, 48, and 72 h. IF and
gRT-PCR analyses were used to explore respectively the CDs cell distri-
bution and the impact of the different experimental exposures on cell
cycle and tumor microenvironment (cell morphology, nanoparticles up-
take, immunocytochemistry and qRT-PCR analysis).

2.2. Synthetic procedures

CDs were synthesized according to our previously reported procedure
[37]. Typically, a solution of L-arginine (L-Arg, 40.0 mg, 230 pmol),
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8-(4-carboxyphenyl)-1,3,5,7-tetramethyl-boron-dipyrromethene (BOD-
IPY, 22.0 mg, 59.8 pmol) and ethylenediamine (EDA, 8 pL, 115 pmol) in
MilliQ water (70 pL) was heated by microwave at 200 °C, 5 psi, 200 W for
180 s. The reaction mixture was then diluted with few milliliters of water,
filtered through a 0.1 pm microporous membrane. The solution at pH 7.2
was filtered once again through a 0.1 pm microporous membrane, dia-
lyzed in the dark against pure water through a dialysis membrane (mo-
lecular weight cutoff 0.5-1 KDa) for 48 h, and lyophilized obtaining a red
solid (Kaiser Test 900 pmolyy2 g’l), which is stored in a desiccator in the
dark until characterization or use. CD-SN38 was prepared adapting a
reported protocol [38]. SN38 (5.91 mg, 15.06 pmol), p-nitrophenyl
chloroformate (5.65 mg, 28.03 pmol), and DIEA (10 pL, 57.41 pmol)
were dissolved in DMF (0.5 mL) and the resulting solution was left stir-
ring at RT for 1 h. A solution of CDs (50 mg, 45.00 pmol) in a mixture of
DMF (7.5 mL) and MeOH (2.5 mL) was added to the previous one and the
whole mixture was stirred at RT for 24 h. The Kaiser test was used to
track the progress of the reaction. The reaction was then dried under
vacuum, the brownish residue was dissolved in MeOH (1.5 mL) and
purified by size exclusion chromatography using MeOH as mobile phase.
The methanolic fractions were collected and dried under vacuum.
Finally, the residue was dissolved in water and freeze-dried obtaining a
fine reddish powder (52.93 mg; Kaiser Test 100 pmolyy2 g’l).

2.3. Cell culture

According to manufacturer's instructions, HT29 cells were cultured in
McCoy's 5 A medium supplemented with 10% fetal bovine serum (FBS)
and 100 UmL ™" penicillin, 100 pg mL ™" streptomycin in the incubator at
37 °C and 5% CO2 and used after 3-5 days of seeding. The pH of the HT29
culture medium (T = 37 °C) was monitored at 24, 48 and 72 h (Table S1).
Studies were conducted after 24, 48, and 72 h, with CDs, CD-SN38 or
SN38 using a concentration below the LD50 value. The untreated cells
samples (CTRL) are cells cultures treated only with the culture medium.
In the case of Ki-67 IF, a cells synchronization by serum deprivation (only
McCoy's 5 A medium and 100 U mL™! penicillin, 100 pg mL ') for 24 h
was applied. Control cell lines HciPodo and HciGEnC were used to
confirm the absence of CDs cytotoxicity.

2.4. Cytotoxicity Assay

To determine cell viability, HT29 cells were plated at a density of 10
000 cells well ! in 96 well plates at 37 °C in 5% CO». The cells were then
incubated with a dosage of CDs from 0.003 to 1 mg mL ™, SN38 from 0.5
to 100 pM, and CD-SN38 from 0.43 to 140 pM for 24, 48, and 72 h (the
dosage of CD-SN38 is referred to the SN38 pM). For cell viability
assessment, we used MTT solution (3-[4,5-dimethylthiazol-2-y1]-2,5-
diphenyltetrazolium bromide, Thermofisher). The MTT is reduced by
NAD(P)H-dependent enzymes in formazan crystals which can be assessed
by spectrophotometer. At each time point, 10 pL of MTT was added to
each well for 4 h, equaling one-tenth of the original volume of the wells.
The medium was then removed, and formazan crystals were solubilized
with acid isopropanol (0.04 N HCl in absolute isopropanol) for 2 h at 37
°C in a humidified chamber. The absorbance at 570 nm for each well was
then determined by a spectrophotometer (SAFAS Flx-Xenius Monaco).
The blank was calibrated at 570 nm, using a culture medium without
cells. Background at 650 nm was subtracted to each reading and the
obtained average values were subtracted with the average value of the
blank. The results were expressed as % of cell death and were related to
the control wells containing only the cell culture medium. The percent-
ages were calculated by comparing the results to the average absorbance
of the controls samples at time=0. Podocytes and endothelial cells were
plated at a density of 25 000 cells well ! in 96 well plates at 37 °C in 5%
CO,, with an increasing dose of CDs from 10 to 200 pg mL ™ for 24, 48,
and 72 h following the same procedure adopted for HT29, as previously
described.
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2.5. Cell morphology, uptake, and immunocytochemistry

For the immunocytochemistry study, the cells were seeded at a den-
sity of 40 000 cells well ! in 12 well plates on coverslips and treated with
0.1 mg mL ™! of CDs, 1 uM of SN38, and 0.1 mg mL~! CD-SN38 (con-
taining 14 pM SN38) for 24, 48 and 72 h. The cells were monitored daily
to assess morphology and confluence in the control condition and after
incubation by Axiovert 25 inverted microscopy (Carl Zeiss SpA, Arese,
Milano, Italy). At each time point, the cells were fixed in 4% para-
formaldehyde for 10 min at RT or in cold acetone/methanol (ratio 1:1)
for 30 min, depending on the primary antibody. The fixation was per-
formed with 4% paraformaldehyde for 10 s for the visualization of CDs.
For Ki-67 and Collagen Type I analysis, after fixation the cells were then
permeabilized with 0.3% of Triton (TX—100, Sigma Aldrich) in PBS for
30 min at RT, and then incubated with 1% of BSA blocking solution in
PBS for 1 h at RT. A direct IF of actin filaments was performed to assess
cytoskeleton integrity, adding 50 pg mL~! of Tritc-labelled F-actin
(Sigma-Aldrich) in PBS for 30 min. For ECM1 analysis, the cells were
incubated with 1 mg mL™ Collagen Type I-FITC conjugate (Sigma-
Aldrich) for 1 h at RT. For indirect IF analysis, 2.5 pg mL ™! rabbit anti-Ki-
67 (Abcam, Milan, Italy), 5 pg mL™! as primary antibody in PBS were
used and incubated o. n. at 4 °C. Samples were then washed with PBS and
fluorescent secondary antibodies were applied for 1 h at RT: Alexa Fluor
546 goat anti-rabbit IgG for Ki-67 (Invitrogen, Milan, Italy). The nuclei
were stained with DAPI for 1 h at RT. The specificity of Ab labeling was
demonstrated by the lack of staining after substituting the primary
antibody with rabbit immunoglobulins (Invitrogen, Milan, Italy). Slides
were mounted with Fluorsave aqueous mounting medium (Calbiochem,
Merck CheSN-NPIs Ltd, Nottingham, UK). Tritc-labelled F-actin was used
to visualize actin filaments using filter 43 HE (excitation BP 550/25 beam
splitter FT 570; emission BP 605/70), Aexc = 545 nm, Aepy, = 573 nm, and
exposure time = 372 ms; FITC conjugate Collagen Type I was used to
visualize the collagen using filter 38 HE (excitation BP 470/40 beam
splitter FT 495; emission BP 525/50), Aexc = 490 nm, Aep, = 520 nm and
exposure time = 610 ms; Alexa Fluor 546 was used to visualize Ki-67
using filter 43 HE (excitation BP 550/25 beam splitter FT 570; emis-
sion BP 605/70), Aexe = 556 nm and Aep, = 573 nm and exposure time =
372 ms; the nuclei stained with DAPI were visualized using filter 34
(excitation BP 390/22 beam splitter FT 420; emission BP 460/50), Aexec =
364 nm, A = 454 nm and exposure time = 39 ms; the nanoparticles
were visualized using filter 38 HE (excitation BP 470/40 beam splitter FT
495; emission BP 525/50), Aexc = 495 nm and e, = 507 nm and expo-
sure time = 610 ms. Control experiments where the nanoparticles were
visualized with the experimental setup used to visualize the cell staining
dyes show that our experimental conditions provide negligible overlap of
the signals; no signal from the nanoparticles can be detected after the
acetone cells fixation used for collagen staining. The characteristic filter
HE (high efficiency) of ZEISS compared to a standard filter are distin-
guished by steep cut-off edges and extremely high transmittances. Cell
microscopy images were acquired by Zeiss AxioObserver microscope
equipped with a high-resolution AxioCamMRc5 digital videocamera and
Apotome system based on a statistical complex algorithm to obtain a
recovery of the missing element and a reduction of the interference and a
high quality of the structures examined. Some images were acquired with
the 3-D Z-Stack system (1 pM/section). The images are recorded by
AxioVision software 4.8 (Carl Zeiss). The IMAGE J program was used for
the COLIalI quantification.

2.6. Lysosomes and co-localization studies

For the localization of CDs in the subcellular compartments, and in
particular in the lysosomes, the cells were counterstained with Lyso-
Tracker Red DND 99 (Thermofisher) after the addition of 0.1 mg mL ! of
CDs or CD-SN38 (0.1 mg mL_l) for 12, 24 and 48 h. Next, the medium
was changed with pre-warmed probe-containing medium at a final
concentration of 50 nM and then incubated for 1 h at 37 °C 5% CO-. After



D. Mattinzoli et al.

incubation the cells were fixed with formalin for 10 s and the slides were
mounted and visualized by fluorescence microscope as reported in sec-
tion 2.5. The fluorescence microscope settings are: DND99-labelled Aexc
= 577 nm, Aem = 590 nm, and exposure time = 372 ms; 495 and 507 nm
were used as excitation wavelengths for the nanomaterials with an
exposure time = 610 ms.

2.7. qRT-PCR analysis

Cells were seeded at the confluence of 40 000 cells well ™! in tripli-
cates and treated with 0.1 mg mL™! of CDs, 1 uM of SN38, and 0.1 mg
mL~! CD-SN38 (containing 14 pM SN38), for 24, 48, and 72 h. Total RNA
of HT29 was extracted at each condition by Trizol (Invitrogen) and
precipitated by chloroform-isopropyl alcohol, washed in ethanol 75%,
resuspended in nuclease free-water, and quantified by spectrophotom-
etry after treatment with DNase. The cDNA was then prepared from 1 pg
of RNA using the iScript Select cDNA Synthesis Kit and oligo (dt)20
primers (Bio-Rad, Milan, Italy). The mRNA extracted was used to eval-
uate CDK?7, proliferation marker protein Ki-67, COL1al, ECM1, TGFf#1,
CASP3 and TLR4. Data were normalized against the expression of
housekeeping gene Ribosomal Protein L4 (RPL4) (Primer list in
Table S2). To verify the absence of genomic DNA in the samples qRT-PCR
was performed in triplicates also on the original RNA (minus-reverse
transcriptase). Real-Time qRT-PCR analyses were run with iQ Sybr Green
Supermix (Bio-Rad) on a MylQ instrument (Bio-Rad), and data were
analyzed by the IQ5 Bio-Rad Software.

2.8. Statistical analysis

Experiments were conducted on at least 3 replicates for each condi-
tion and time point. Data were expressed as mean =+ standard deviation
(SD), Student's t-test was applied to determine significance (p < 0.05).
For qRT-PCR analysis, relative RNA abundance was determined using the
comparative Ct method. The fold-change (FC) calculated by the software,
was evaluated according to the following formula:

2 2
6pc=FCIn2 <6X— + oy—>
n, ny

The fold change error bars represent the standard deviation () of the
fold change (FC). p values were calculated based on Student's t-test of the
replicate 2 (—Delta Ct) values for each gene in the control group and
treatment groups, and p values < 0.05 were considered significant.
Symbols “*” indicate significant differences: “*” = p < 0.05, “**” =p <
0.01, “***” = p < 0.001.

3. Results and discussion
3.1. Synthesis and characterization

The synthesis of CDs via bottom-up approaches provides straight-
forward procedures and the possibility to tailor core and surface prop-
erties via the choice of molecular precursors [39]. Our group reported the
use of arginine and ethylenediamine for the microwave-assisted syn-
thesis of nitrogen-doped CDs with a surface rich in various functional
groups, such as amino groups that can be exploited for covalent func-
tionalization [40,41]. More recently, we demonstrated that the intro-
duction of a boron-dipyrromethene (BODIPY) dye in the precursor's
mixture afforded small (~ 2.0 nm) and water-soluble BODIPY-doped CDs
with good photostability, and blue and green FL emission by retaining
the emission features of both the carbon nanoparticle and the dye [37].
While there have been notable reports on tuning the FL emission prop-
erties by modulating synthetic conditions such as the reaction tempera-
ture, the demonstration of dye-doped CDs by us and others provide a
rational approach towards CDs with multicolored emission [27,42],
which is of particular value to afford CDs with tailored properties for
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bioimaging applications. Here, we settled on our recent synthetic pro-
cedure for preparing BODIPY-doped CDs (CDs from now on) with a
surface rich in amino groups (Fig. 1).

For the conjugation reaction, SN38 was firstly activated by reacting
the phenolic hydroxyl at position 10 with p-nitrophenylchloroformate,
forming a reactive carbonate group (Figure S2) [38]. The activated SN38
was then reacted with primary amino groups presents on the surface of
CDs to form a carbamate bond (Fig. 1). The hybrid material, named
CD-SN38, was purified by size exclusion chromatography, using meth-
anol as the mobile phase, and was finally obtained as a light-red powder
after the removal of the solvent under vacuum and further freeze-drying
from water. Atomic force microscopy and transmission electron micro-
scopy showed an increased size for CD-SN38 of around 5 nm compared to
the value of around 2 nm for CDs (Figures S3-S4). The increase in size of
the hybrid material was further probed by dynamic light scattering
measurements (Figure S5). The change in zeta potential value from
—11.93 + 2.40 mV for CDs to —16.20 + 0.06 mV for CD-SN38 is
consistent with the decreases of protonated amine sites in the hybrid
material. The FT-IR spectrum of CD-SN38 showed bands analogous to
those of SN38 and CDs at around 1700-800 cm ™" (Fig. 2a and Figure S6).
Compared with CDs, the hybrid exhibited additional shoulder peaks at
1400 cm ™! and 1590 ecm ™! attributed to the C-N stretching band and
N-H bending vibration of the amide linkage, and a peak at around 3200
em™! ascribed to the N-H stretching vibration of the amides. The for-
mation of the covalent hybrid material was probed also by 'H NMR
spectroscopy. The 'H NMR spectrum of the hybrid shows the typical
signatures of both CDs and SN38, and the disappearance of the phenolic
proton in position 10 (singlet at 10.30 ppm) of the SN38 structure sup-
ports the formation of the carbamate bond (Fig. 2b and Figure S7). Proton
signals of the hybrid can experience broadening because of the slower
molecular motion of the drug [43]. In addition, diffusion-ordered spec-
troscopy NMR of the hybrid showed a homogeneous diffusion of the
peaks assigned to SN38 and CDs indicating the presence of a single
species in solution and, therefore, supporting the successful formation of
the covalent hybrid (Figure S8).

The optical properties of the hybrid were studied by UV-Vis and FL
emission spectroscopies (Fig. 2c). The UV-Vis spectrum of CD-SN38
showed the typical signatures of both SN38 (n—n* transitions at 370
and 388 nm) and CDs (at 501 nm) (Fig. 2c, black traces, and Figures S9-
13) [37,44]. Fluorescence spectroscopy revealed a dual emission of the
hybrid material upon excitation at 334 and 500 nm (Fig. 2c, red traces,
and Figures S9-13). Furthermore, UV-Vis and FL spectra of the hybrid in
water demonstrated the enhanced water solubility of the drug once
attached to CDs. The loading content of SN38 in the hybrid material was
calculated as 140 nmol mg ™! via a standard calibration curve method
(Figure S14).

Since different pH values are found in different cell compartments, a
possible pH-dependent drug release of CD-SN38 was investigated at 37
°C at pH 7.4 and pH 5.3. The amount of released SN38 was measured by
HPLC at time intervals over a period of 100 h (Fig. 2d and Figure S15).
The initial rapid release is followed by a slow and steady release of SN38
at both pH values, reaching 80% or 50% after 24 h of incubation at pH
5.3 or pH 7.4, respectively. The N-monosubstituted carbamate of phenol
is labile toward hydrolysis and the rate of release is higher at the lower
pH value because the carbamate linkage is prone to faster hydrolysis in
acidic conditions [28,45]. After internalization, the release of SN38 from
the hybrid material would therefore increase in the acidic compartment
of the nucleus affecting the DNA replication. Around 95% of drug is
rapidly released from the dialysis bag containing free SN38 within 5 h at
both pH 5.3 and 7.4 indicating a release controlled by diffusion, which is
significantly faster than the release observed from the hybrid material
(Figure S16). These results point at the advantage of the hybrid material
in controlling the drug release and prolonging its cytotoxic effect, which
imply the possibility of avoiding multiple administrations while main-
taining its effectiveness.
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Fig. 2. (a) FT-IR (KBr) and (b) 'H NMR (DMSO-dg, 298 K, 500 MHz) spectra of CDs (top), CD-SN38 (middle), SN38 (bottom). (c) UV-Vis (black solid line), and FL (red
dotted line for excitation at 334 nm, red solid line for excitation at 500 nm) spectra of CDs (top), CD-SN38 (middle) and SN38 (bottom) (DMF, 298 K). (d) Quantitative
analysis of the SN38 release from CD-SN38 at 37 °C and incubated at pH 7.4 (black trace) or pH 5.3 (red trace); the curves indicate the fit to experimental data using a

first-order release model.

3.2. Cell viability and localization studies

The in vitro analysis of CD-SN38 was firstly approached by cytotox-
icity studies to confirm its feasibility as drug-carrier and establishing the
experimental concentrations (Figure S17).

The applicability of our CDs as drug carriers was investigated by an
MTT assay based on succinate dehydrogenase reflecting the mitochon-
dria metabolic activity towards non-tumoral and more susceptible
endothelial (HciGEnC) and podocytes cells (HciPodo) (Figure S18) [46].

In these cases, we observed a maintained low toxicity (cells death <25%)
in the explored concentration range (10-200 pg mL™!). In a similar
fashion, the MTT assays of CDs applied to HT29 showed good biocom-
patibility and allowed the selection of an experimental concentration of
0.1 mg mL™! for CDs, 1 pM for SN38 and 0.1 mg mL~' CD-SN38 (con-
taining 14 pM SN38), which was made considering the higher value
recorded under the LD50 after exposure time of 48 h, e.g. 13 + 3.9% for
CDs, 43 + 4.7% for SN38 and 43 + 5.9% for the CD-SN38 hybrid
(Figure S17). CDs exhibited concentration-dependent cytotoxicity for
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tumoral HT29 cells, which was, however, significantly lower than the
LD50 value obtained at concentrations up to 1 mg mL~! and exposure
times up to 72 h. These results indicate the low cytotoxicity of our CDs,
which is in accordance with previous reports [27,47], and therefore
support their use as a safe drug carrier. Both SN38 and CD-SN38
exhibited, as expected, a concentration-dependent cell death, with a
trend indicating more pronounced cytotoxicity for the former than for
the latter (Figure S17). The presence of the CDs at similar SN38 dosages
mitigates the toxicity of the drug because the higher concentration below
the LD50 threshold was 1 pM SN38 and 0.1 mg mL~* (containing 14 uM
SN38) CD-SN38 (Figure S17). Despite a pronounced difference in the
concentration between SN38 and CD-SN38, we observe that the higher
drug effect was recorded at 48 h of exposure for both systems, but it was
maintained constant up to 72 h in the case of CD-SN38 (cell death of 43%
and 41% at 48 and 72 h, respectively) (Figure S17c). Compared to the
hybrid material, the cytotoxicity of free SN38 started to decrease faster
after 48 h (cell death of 43% and 26% at 48 and 72 h, respectively)
(Figure S17b). These last observations suggest that the apparent lower
toxicity of the SN38 when conjugated to CDs could be explained by the
slower and possibly persisting drug release that might prolong the
pharmacological activity, which agrees with the drug release study
(Fig. 2d).

We performed cell uptake studies via FL bioimaging during the
cytotoxic action after 30 min, 60 min, 120 min, 12 h, and 24 h of incu-
bation recording images with 3-D Z-Stack (Fig. 3a) in order to assess if
CDs, bypassing the three-dimensional scaffold embedded in the TME, are
able to reach the cytoplasm and then the nucleus of HT29. CDs and CD-
SN38 were localized by FL contrast imaging (green), the nuclei were
labelled with 4',6-diamidino-2-phenylindole (DAPI, blue) and the cyto-
plasm with the actin filaments with tetramethyl rhodamine (TRITC, red).
The cell uptake resulted very rapid starting from 30 min for both CDs and
CD-SN38. The capacity of CDs to reach the cytoplasm and the nucleus of
HT29 cells is an important clue to understand if the nanomaterial could
be considered as active sources of interferences for the natural intracel-
lular activities. For this reason, we further studied the time of the CDs
efflux and/or degradation. The nuclear and cytoplasmic uptake and
distribution of CDs, SN38, and CD-SN38 were then examinate after 24,
48, and 72 h of incubation (Fig. 3b). For both CD-SN38 and CDs, the
cytoplasmic and nuclear uptake were visible at 24 h and nearly vanished
at 48 h and 72 h. These results clearly demonstrated that there is no
accumulation of the CDs in the cells because of their good clearance,
which is a desirable property for a successful drug-carrier material. The
influence of CDs, SN38, and CD-SN38 on the actin filament, an essential
part of the cytoskeleton deputed to crucial cell roles (e.g., structural
support, mitosis, organelles transport, communication), was also exam-
ined (Fig. 3b). The well-organized actin filament is clearly visible in the
control sample (CTRL) and was maintained after exposure to CDs up to
72 h, but the treatment with both SN38 and CD-SN38 caused disorga-
nization and a strong accumulation of the actin filaments around the
nuclei at all the time points examinated. These results highlight that the
SN38 efficacy is maintained when it is administered as CD-based hybrid
material. Moreover, to investigate the possible CDs metabolization
mechanism we evaluated the lysosomes internalization of CDs with a
lysotracker label experiment at 12, 24 and 48 h (Fig. 3c). CDs and CD-
SN38 were localized by FL contrast imaging (green), the nuclei were
labelled with DAPI (blue) and the lysosomes with TRITC (red). The
lysosome-CDs co-localization can be observed after 12 h of incubation
indicating the beginning of a metabolic digestion pathway, and it almost
disappeared at 48 h confirming the absence of toxic accumulation.

The effects of CDs, SN38, and CD-SN38 on the HT29 cell proliferation
were further analyzed by both optical microscopy and the measurement
of cells metabolic activities at 24, 48, and 72 h (Fig. 4). Untreated HT29
cells progressively grew (Fig. 4a-d, 4s), but the CD treatment resulted in
an initially stopped (Fig. 4e-h, 4s) and thereafter decreased cell prolif-
eration (Fig. 4s), without any major modification of cell morphology and
with an apparent concomitant increase of ECM, considered the main
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component of cancer niche (Fig. 4h). This result further confirmed a non-
toxic effect of CDs, indeed the cells conveyed the energy on producing a
natural and self-protecting matrix (cancer niche) instead of devolving the
energy in the proliferation [36,48]. A significant difference between CDs
and CD-SN38 confirmed the non-toxicity of the CDs compared to
CD-SN38 and it was observed at all the time points analyzed (24 hp =
0.0003, 48 h p = 0.0005, 72 h p < 0.0001). The treatment with either
CD-SN38 or SN38 induced a marked and progressive decrease of cell
proliferation, production of debris, and destruction of the HT29 struc-
ture. It is important to highlight that, while no difference was observed at
24 and 48 h between CD-SN38 and SN38 (24 hp = 0.13,48 hp = 0.26),
at 72 h the significance (p = 0.0013) indicated more prolonged SN38
effect on cell proliferation when the drug is conjugated with CDs. More
importantly, the cells showed an apparent trend of recovery after 72 h
only in the case of SN38, providing another piece of evidence of a slower
release and, possibly, a persisting effect of the drug when loaded on CDs
(Fig. 4i-n, 4o-1, 4s).

3.3. Cell cycle monitoring

Encouraged by the cytotoxic effect of the CD-SN38 hybrid material,
the mechanism of cytotoxicity was investigated via the analysis of the cell
cycle. The study involved probing, via quantitative reverse transcription
polymerase chain reaction (QRT-PCR), of the encoding genes of two
typical proteins, CDK7 and Ki-67, which are expressed in the different
phases of cellular reproduction.

CDK7, a component of the Ckd-activating kinase family, is an
important target for the treatment of several cancers [49]. CDK7 is an
essential component of the transcription factor TFIIH, which is involved
in the transcription initiation by controlling the DNA repair and the ac-
tivity of enzymes involved in the regulation of cell cycle progression
(such as cyclin-dependent kinases 1, 2, 4, and 6) [50]. While no changes
in the expression of CDK7 were observed during natural HT29 growth,
SN38 induced a marked reduced expression after 24 h (p = 0.002) and
48 h (p = 0.009), with a trend to rebound after 72 h (p = 0.54)
(Figure S19). The treatment with CDs induced an increase of the CDK7
levels (p = 0.01 at 24 h, and p = 0.007 at 48 h) with a strong
up-regulation after 72 h (p < 0.001), but these stimulatory effects on
CDK7 were completely abolished when CDs were loaded with SN38 with
the most evident effect of the drug being visible at 48 h (p = 0.11 at 24 h,
p=<0.001 at 48 h, p = 0.8 at 72 h) (Figure S19). However, the drug
exhibited a more prolonged effect when it was administered in the form
of the hybrid as opposed to when it was in the free form (Figure S19). The
strong up-regulation observed after the CD treatment could be inter-
preted in two different ways. The first, positively, by attributing the
upregulation to the transcription role of CDK7, probably dedicated to the
production of matrix proteins observed in the optical images (Fig. 4h)
that confirms the non-toxicity of the treatment. In the second case,
negatively, the treatment with CDs could increase the possibility of HT29
proliferation after 72 h. However, even in the latter case, the effect is
completely abolished when the CDs transports the drug. These results
further pointed at the sustained effects of the drug for the hybrid mate-
rial, but the pleiotropic activities of CDK7 made the interpretation of the
cytotoxic mechanism difficult. Previous literature reports that a highly
selective inhibitor BS-181 of CDK7 significantly impeded the develop-
ment of collagen-induced arthritis in mice, supporting therefore the ex-
istence of a correlation between the overexpression of CDK7 and the
matrix (COLIaI) production [51]. For example, a study on scleroderma
fibroblast reports that Roscovitine inhibition of the transcriptional CDKs
(CDK7 and CDK9) impacts gene expression inhibiting the COLIal
expression [52].

The analysis of the sensible-oncologic prognostic proliferation marker
Ki-67 was carried out to gain more insights into the possible effects of the
treatments on proliferative kinetics. The investigation was supported by
apotome fluorescence microscopy via the staining of the protein (Alexa
Fluor 546) and the analysis of the mitosis phase after 48 h (Fig. 5). The
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Fig. 3. (a) HT29 nucleus (blue) and actin
filament (red) imaging after 30 min, 60
min, 120 min, 12 h, 24 h of incubation
with 0.1 mg mL~! of CDs (green) or 0.1
mg mL~! of CD-SN38 (green). (b) HT29
nucleus (blue) and actin filament (red)
imaging after 24 h, 48 h, 72 h of incuba-
tion with 0.1 mg mL ! of CDs (green), 1
UM of SN38 and 0.1 mg mL ™" of CD-SN38
(green). (c) CD-SN38 (0.1 mg mL’l,
green) and lysosomes (red) co-
localization IF in HT29 after 12 h, 24 h,
48 h of incubation. Scale bar: 50 pm.
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Fig. 4. HT29 microscopic optical images after 0 h, 24 h, 48 h and 72 h without (a—d) and with addition of CDs (e-h), SN38 (i-n) or CD-SN38 (o-1). Scale bar: 100 pm.
Cell proliferation at the same conditions (s); n = 6/group. “*” indicates the significant difference versus HT29 reference sample (CTRL) after 24, 48 and 72 h “**” =p

< 0.01, “***” = p < 0.001".

antigen Ki-67 is a specific marker of cell proliferation, which increases
during the cell cycle (except GO, resting state) and it is principally
associated with the mitotic phase, thereby allowing the correct separa-
tion of chromosomes [53,54]. During the natural growth, HT29 cells
showed a scalar increase of Ki-67 (Figure S20a) following each step of the
chromosomes division (Fig. 5al-a5). Therefore, during the prophase,
Ki-67 is well condensed in the center of the nucleus on the chromosome
(Fig. 5al). In the metaphase, Ki-67 was aligned with chromosome along
the whole nuclear equator (Fig. 5a2). In the anaphase, telophase, and
cytokinesis the Ki-67 followed the sister chromatids, which were sepa-
rated from each other and pulled towards opposite ends in the cells
(Fig. 5a3-a5).

The treatment with CDs resulted in a down-regulated expression of
Ki-67 that is partially recovered after 48 and 72 h (p = 0.004 at 24 h,p =
0.38 at 48 h, p = 0.86 at 72 h) (Figure S20b), and in a multipolar chro-
mosome spindle assembly checkpoint after 48 h during the anaphase
(Fig. 5b3). Usually, the normal cell division is characterized by a bipolar
mitotic spindle, with symmetrical segregation of chromosomes [53].
After CD addition, a rare mitotic aspect appeared, followed by a perfect
recovery of the normal chromosome separation (Fig. 5b4-b5). This un-
usual, and yet unclear, phenomenon described in cancer cells [55,561,
could be interpreted as a moment of stasis for checking the cell cycle,
followed by a recovery of the normal mitosis, and confirmed once again
the no-toxicity of CDs. The administration of SN38 induced a clear-cut
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Fig. 5. Rhodamine immunofluorescence (IF) of Ki-67 (red) and nucleus (blue) in HT29 cells (a) and after 0.1 mg mL~! CDs (b), 1 pM SN38 (c) or 0.1 mg mL ! CD-
SN38 (d) addition at 48 h. Scale bars: 50 pm. Representation of a panel of each mitosis phase after each treatment at each time point: Prophase (al-d1), Metaphase (a2-

d2), Anaphase (a3-d3), Telophase (a4-d4), Cytokinesis (a5-d5).

downregulation of Ki-67 that was visible after 24 h (p < 0.0001), fol-
lowed by a recovery after 48 h (p = 0.3) and a strong rebound after 72 h
(p =0.0008) (Figure S20b). The rebound effect could be explained by the
well-known release of debris from cells damaged by SN38, as shown also
in our experiments (Fig. 4), which can stimulate cell growth [57].
Moreover, SN38 caused dysregulation of the chromosome distribution of
Ki-67 already in the metaphase with subsequent complete disappearance
of chromosomes in most cells (Fig. 5c2-c5).

The Ki-67 expression after CD-SN38 treatment mimicked the one
observed after SN38 treatment for up to 48 h (p < 0.0001 at 24 h and at
48 h) (Figure S20b). However, the rebound effect at 72 h (p = 0.12)
observed with SN38 was absent when CD-SN38 was administered. This
last observation remarks another beneficial effect from the administra-
tion of SN38 conjugated to CDs because the absence of the rebound effect
could be related to the deactivation of cell reproduction and then to a
cytotoxic effect. Also, the chromosome dysregulation occurred later in
the telophase in the case of CD-SN38 as compared with the free SN38
(Fig. 5d4-d5). These results support the hypothesis of a slower release of
the drug from the hybrid material as the reason for a longer-lasting effect,
which is consistent with the reduced toxicity upon the administration of
the hybrid material as compared with the free drug. Given the Ki-67
behavior after the CDs addition (Figure S20), we believe that the
observed up-regulation of CDK7 (Figure S19) is mostly directed to con-
trolling matrix protein transcription and at a lesser extent to inducing cell
proliferation. These results confirmed the great matrix production
observed in the optical images (Fig. 4h).

Finally, we studied apoptosis and necrosis of HT29 cells by RT PCR 2
gene related to apoptosis caspase 3 (CASP3) and necrosis Toll-like re-
ceptor 4 (TRL4), respectively. CASP3 results indicated a significant
apoptosis at 48 h only for SN38 and CD-SN38, and without significance
between SN38 and CD-SN38 (p = 0.2 for CDs, p = 0.008 for CDs, p =
0.001 for CD-SN38) (Figure S21a). The TLR4 expression indicated no
activation of necrosis at 48 h for none of the systems studies, i.e. CDs,
SN38 or CD-SN38 (Figure S21b). These results are in agreement with a
previous report showing the absence of necrosis in HT29 even after four
days of incubation with SN38 [58,59].

3.4. Extracellular matrix analysis

We further evaluated the analysis of the extracellular matrix 1
(ECM1), considered one of the major TME components, interacting with
a variety of extracellular and structural proteins (cell surface receptors,
enzymes, and chemokines), to contribute to the maintenance of the TME
itself [33,60]. As expected, no changes in the ECM1 gene expression were
observed for the untreated HT29 cells between 24 and 72 h
(Figure S22a). In contrast to the untreated cells, treatments with CDs,
SN38, or CD-SN38 caused an increase of ECM1 till 72 h (p = 0.0005 for
CDs, p < 0.0001 for SN38, p = 0.0005 for CD-SN38), which was faster
and stronger in the case of SN38 (Figure S22c). The ECM dysregulation of
its component could affect its stiffness and elasticity with a possible
impact on CRC proliferation, migration, and metastasis [36]. The ECM1
study was therefore complemented by the analysis of COL1al expression,
which is the major ECM component [60]. While a constant gene
expression of COLlal was recorded during the natural cell growth
(Figure S22b), treatment with CDs or SN38 produced the following two
effects: (i) strong up-regulation after CDs addition only after 72 h (p =
0.9 at 24 h, p = 0.001 at 48 h, p < 0.0001 at 72 h); (ii) increased
expression following SN38 treatment after 48 h followed by a decrease
after 72 h (p = 0.002 at 24 h, p < 0.0001 at 48 h, p < 0.0001 at 72 h)
(Figure S22d). We interpret these results based on the following ratio-
nale. Starting from the overexpression of COLlal after SN38 and
CD-SN38 treatment at 48 h, the difference in the expression suggests a
possible drug involvement in the mechanism, which is higher in the case
of SN38 alone compared to CD-SN38 due to the slow release of SN38
from the hybrid material (Figure S22d). Regarding the COLlal over-
expression after CD addition at 72 h, our results can be interpreted
considering that a correlation exists between CDK7 and COL1lal, as
described above (section 3.3) and reported in literature [51,52].

The increases in the CKD7 (Figure S19b) and COLlal (Figure S22d)
expression following the CDs treatment might imply that the CDK7
production is mainly related to the COLlal protein production as a
defensive mechanism and not to cell proliferation. To better understand
the expression of COL1al during the studied time range, we probed the
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Fig. 6. Immunofluorescence (IF) of COLIal (green) in HT29 (a—c) and after 0.1 mg mL ! CDs (d-f), 1 pM SN38 (g-i) or 0.1 mg mL~! CD-SN38 (I-n) addition at 24,48
and 72 h of treatment (scale bars: 50 pm). (0) Quantification of COLIaI immunostaining. N = 19. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

protein (Fig. 6) via apotome fluorescence microscopy. The microscopy
images show that the production of the protein is in good agreement with
the results of the qRT-PCR analysis of the COLlal gene expression
(Fig. 6). Since our experiments represent a condition comparable to the
first stages of the tumoral disease, when the collagen production could
represent a promotion of cancer cell growth, the COL1a1 inhibitory effect
mediated by the CD-SN38 hybrid material demonstrates its superior ef-
fect compared to the free SN38.

The study was finally corroborated by the analysis of TGFf1, a
stimulatory cytokine for collagen production participating in the regu-
lation of the tumor growth and microenvironment [35,61,62]. While the
TGFp1 gene expression is maintained at a very low level during the

natural cell growth, it was observed overexpression starting at 24 h with
CDs, SN38 and CD-SN38 (p < 0.0001 for CDs, p < 0.0001 for SN38, p =
0.008 for CD-SN38), which was maintained only with CDs (p = 0.0009 at
48 h, p.0.006 at 72 h) confirming the maintaining of COLlal over-
expression data at 72 h (Figure S23).

4. Conclusions

In summary, we have reported a covalent hybrid material comprising
SN38 and CDs (CD-SN38) for the in vitro treatment of CRC. CDs are non-
toxic and multifunctional nanoplatforms that act as bioimaging agent and
reach the cancer cell nucleus bypassing the TME barrier. The slow and
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sustained release of SN38 from the hybrid material promotes a longer-
lasting effect of the drug, induces damage of the cytoskeleton and the
cell cycle preventing the rebound effect on proliferation, and produces a
deregulation of the ECM essential components of the tumor niche con-
trasting the cancer cell growth and reproduction. Additionally, SN38 is
tethered onto the surface of CDs via an acid-labile linkage that allows for
a controlled release in response to acidic pH, providing a mean of
minimizing the amounts of drug released in the circulation (pH 7.4) and
targeting release in the nucleus (pH 5.3) of the cancer cells. Future efforts
for targeted therapy of chronic diseases characterized by altered ECM
deposition, such as chronic kidney disease and chronic allograft ne-
phropathy in kidney transplant patients, are envisaged. This work dem-
onstrates that CDs are promising multifunctional nanocarrier for the
efficient bioimaging and delivery of the hydrophobic SN38 drug and
points at future interesting developments of water-soluble and dye-doped
CDs, synthesized via bottom-up approaches, in the field of cancer
treatment.
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