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Abstract: Cellulose nanocrystals (CNCs) have advantages as drug delivery carriers because of

their biocompatibility and the presence of hydroxyl groups which favor chemical modification

and drug binding. The present study describes the development of novel multifunctional rod-like

CNCs-based carriers as therapeutic platforms: CNCs were hybridized with folic acid for actively

targeting tumor cells, carbon dots (Cdots) for both imaging and photodynamic/photothermal
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treatments and doxorubicin (DOX) as an anticancer drug. Hybridized carriers displayed excellent
drug-loading capacity. Moreover, Cdots-containing hybrids showed fluorescence and
photosensitized singlet oxygen generation and temperature rise. Carriers exhibited pH-sensitive
drug release because of changing interactions with DOX, and this release proved to be effective
against in vitro cervical cancer cells, as evidenced by dose-dependent reduced cellular viabilities.
Additionally, DOX release was promoted by light irradiation and the photodynamic behavior by
reactive oxygen species was confirmed. These results demonstrate the potential of
multifunctional CNCs-based carriers as platforms for multimodal photodynamic/photothermal-

chemotherapy.

Keywords: cellulose nanocrystal; folic acid; carbon dot: Moxcrubicin; drug delivery system,
photodynamic therapy

1. Introduction

Plant-based natural products have been c:‘trasively used as medicines against diseases since
ancient times, and many drugs conti:'ie to be primarily extracted from natural resources.
Advances in nanotechnology have macc available diverse nanomaterials with potential for
biomedical applications, in partic' lar 'rug delivery systems (DDS). Polymer nanoparticles (e.qg.,
e-caprolactone, polyacrylamic'e), albumin, gelatin, dendrimers (e.g. poly(amido amine)), silica
materials (e.g., xerogels ana \mev,oporous silica nanoparticles), carbon nanomaterials (nanotubes
and nanohorns) and .~ay"et’c nanoparticles have been commonly used in research for drug
delivery (Cao, 2018; Sun.see et al., 2019). In recent times, plant-based nanostructures derived
from starch, cellulose, zein, and others have been considered attractive as they are cost-effective,
sustainable, and renewable materials with extraordinary physicochemical properties that are
suitable for various applications (Patra et al., 2018). Cellulose is the most abundant biopolymer
on the globe and it is distributed in plants, bacteria, fungi, and algae (Wondraczek & Heinze,
2015). Cellulose is composed of D-glucopyranose ring units surrounded by six hydroxyl groups
and each unit is linked by B-1,4-glycosidic bonds (Karimian et al., 2019). Nano-structured
cellulosic materials or nanocelluloses are divided into four main categories: bacterial
nanocelluloses (BNCs), cellulose nanofibrils (CNFs), cellulose nanocrystals (CNCs), and
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cellulose microfibrils (CMFs) (Plackett, Letchford, Jackson, & Burt, 2014). The main advantages
of BNC:s are their high porosity, low toxicity, and biocompatibility, as well as uniqgue mechanical
properties and good permeability. Therefore, BNCs can be used for wound dressing (e.g. for skin
burns) and artificial blood vessels (Almeida et al., 2014). However, the main challenge for BNCs
is the development of economically efficient processes for their large-scale manufacturing.
CMFs and CNFs have been considered as reinforcement materials that can be used for topical
administration (wound healing), bioscaffolds, and antimicrobials (Kebede, Imae, Sabrina, Wu, &
Cheng, 2017; Ramaraju, Imae, & Destaye, 2015). CNCs are produced as rod-shaped or whisker-
like nanoparticles, with sizes of 3-20 nm in width, and 100 to 3Cu "m in length, depending on
cellulose sources (wood, cotton, etc.). CNCs exhibit exceptiona' oh'sical (e.g. good mechanical
strength) and chemical properties, high aspect ratio and lar xe sirface area (Wang, He, Zhang,
Tam, & Ni, 2015). There are basically two types of <.-face modification of CNCs: covalent
(sulfonation, esterification, silylation, etc.), and non-cov. ‘ent (hydrophilic affinity, electrostatic
attraction, and hydrogen bonds) (Khanjanzadeh € 71.. 2018; Lin & Dufresne, 2014). CNCs are
generally obtained by acid hydrolysis usirz sclfuric acid (Lu & Hsieh, 2010). The surface
hydroxyl groups of cellulose can react wiu sulfuric acid through an esterification reaction that
produce anionic sulfate half-esters. The ~egatively charged surfaces of CNCs enhance colloidal
stability and serve as a platform for tre .onjugation of numerous positively charged materials,
such as cationic drug molecules, nion.olecules (peptides, blood proteins), polymers, and metal
nanoparticles via electrostatic :nte.action (Sunasee, Hemraz, & Ckless, 2016; Wang et al., 2015).

Cancer mortality is a ser‘ou. cuncern and therefore there is a large demand for effective cancer
treatments. Chemotherap  I1s one of the common strategies for cancer treatment, and can involve
single or multiple anti-cancer drugs. However, conventional chemotherapy faces limitations such
as drug resistance, lack of selectivity, and side effects such as nausea, hair loss, heart and kidney
damage, among others. The fabrication of CNCs as drug delivery carriers with large surface area
have allowed to control not only drug binding processes but also drug loading and release.
Fluorescein-5’-isothiocyanate (FITC) has been successfully used to prepare fluorescence-
labelled CNCs for bioimaging applications (Dong & Roman, 2007). In this sense, the
modification of CNCs with anionic FITC and cationic rhodamine B isothiocyanate dyes has

shown the ability of these materials to promote cell internalization with no indication of



cytotoxicity, suggesting that CNCs could be considered new candidates not only as bioimaging
probes but also as drug carriers. (Mahmoud et al., 2010). Moreover, it has been reported that the
CNCs can inhibit E. coli ATCC 25922 adhesion to the intestinal HT29 cell line (D'Orazio et al.,
2017) and be also internalized by cancer cells in bone tumors (Colombo et al., 2015).

Wang et al. (Wang et al., 2015) reported the grafting of poly(ethyl ethylene phosphate) onto
CNCs, and the encapsulation of doxorubicin (DOX) via electrostatic interaction. However,
DOX-loaded nanocrystals showed lower cytotoxicity against HeLa cells in comparison with free
DOX. The morphology of nanoparticles (geometry) is a key fa‘tor in biodistribution, cellular
uptake, circulation time, and phagocytosis in the DDSs. Compa.~ad 0 spherical nanoparticles,
commonly used as a nanocarrier, non-spherical nanoparticlez {aic:gated, filament, or cylinders

nanoparticles) appear to enhance the circulation time and . ug :2ading capacity (Dong, Cho, Lee,
& Roman, 2014).

Nanotechnology has enormous potential for cs 3ning multifunctional nanostructures and
consequently, can help in improving cancer ti-atments. Herein, we report the development of
multifunctional rod-like or whisker-lik~ ZNCs modified with folic acid (FA), DOX
(chemotherapeutic drug) and carbon dc*s (Cdots) as a dual imaging-drug delivery system. Rod-
shaped CNCs seem to easily penetre e 1.>t2 tumor cells, and improve cellular uptake (Li et al.,
2019). FA is a ligand that targets {ola.~ receptors (FRs), which are overexpressed on the plasma
membrane of many cancer re.! types, in contrast to healthy cells that rarely express FRs
(Darkhor et al., 2019). Cdo.: are attractive for biomedical application as they show excellent
photoluminescence f~r hio'maging (in vitro and in vivo) and have small size and
biocompatibility (Li et al , 2012; Wang et al., 2013). Moreover, it has been also reported that
Cdots could be a promising candidate for photodynamic therapy because of the singlet oxygen
production (Wu, Zhou, Chen, Zhang, & Wu, 2020; Zheng, Lai, & Tan, 2019). Thus, the use of
Cdots is expected the wide-ranging of biomedical applications like bioimaging, photodynamic
and photothermal therapies and drug delivery system.

To address these challenges, we have engineered new multifunctional nanoplatforms based on
modifying the hydroxyl groups on the CNCs’ surface with (3-aminopropyl) triethoxysilane
(APTES) in order to improve their dispersibility. The resultant modified-CNCs were then

functionalized with FA via EDC/NHS amidation followed by the incorporation of Cdots onto
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CNC/APTES/FA through electrostatic interactions to produce CNC/APTES/FA/Cdots. Finally,
DOX was encapsulated in both hybridized CNC/APTES/FA and CNC/APTES/FA/Cdots also by
electrostatic interaction. Thus, it is expected that the extracellular pH of cancer cells may have an
influence in destabilizing the electrostatic binding in our functionalized nanosystem, which
would induce the release of DOX and Cdots in model cervical cancer cells. This constitutes a
dual therapeutic strategy that would favor not only the in vitro cytotoxicity effect of an anti-
cancer drug in cell culture but also photodynamic effects in the form of singlet oxygen
generation. This research will provide a strategy to functionalize CNCs with the well-controlled
drug release behavior, the better bioimaging property and the abinc’ to produce singlet oxygen
usable for photodynamic therapy or the temperature rise for photcchermal therapy, which can

extend to the multimodality treatment of cancer.

2. Experimental methods

2.1 Materials
Pulp was donated from Formosa Chemica. - and Fiber Corp, Taiwan. APTES and 3,3°,5,5’-
tetramethylbenzidine (TMB) were products from Alfa-Aesar, UK, and Dojindo, Japan,
respectively. Doxorubicine-HCI anct  (3-(4,5-dimethylethiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (MTT) were purcha.~d from Sigma-Aldrich, USA. Anthracene (99%), N-
hydroxysuccinimide (NHs, 99%), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC, 9893,, ciuic acid, FA, and ethylenediamine were purchased from Acros
organics, UK. Other re~gents were in commercial grade. Deionized and distilled water was

obtained by purification .1 a Millipore purification system (Yamato Millipore WT100).

2.2 Instruments
Fourier transform-infrared (FT-IR) absorption spectra were measured on a Nicolet™, Thermo
Scientific, USA, using KBr pellets. X-ray diffraction (XRD) measurements were performed on a
Rigaku D/Max-Ka diffractometer with CuKa (A = 1.54184 A) at 40 kV and 30 mA in an angle
range of 20 = 10 - 60°. Crystallinity index (Crl) values were calculated following the Segal

equation, Crl (%) = (oo~ Tam 100, where l2o0) is the peak intensity at 20 = 22.6°, and lam iS

I(200)

5



the peak intensity of Bragg peak at 26 = 18.0° of amorphous cellulose (Wu, Cao, Jiang, & Zhang,
2017). X-ray photoelectron spectroscopy (XPS) was performed on a VG Scientific ESCALAB
250, UK. The hydrodynamic diameters and zeta-potential of materials were obtained on a
dynamic light scattering (DLS) analyzer (ELS-Z) from Photal Osaka Electronics, Japan.
Materials were dispersed at 1 mg/ml in water or phosphate buffer solution (PBS). Ultraviolet
(UV)-visible absorption spectra were measured in a Jasco V-670 spectrometer (Japan) with a 1
mm quartz cell. Fluorescence was measured with a Hitachi F-7000 fluorimeter at a scan rate of
2400 nm/min using a 1 cm quartz cell. Specimens were imaged by transmission electron
microscopy (TEM) using a JEOL JEM-2100 instrument (Japan) nperated at 120 kV. For a
positive staining, a material mixed with phosphotungstic acic' (2'6 (w/v) was dropped on a
collodion-coated copper grid and air-dried before TEN' ol servation. Negatively stained
specimens were prepared by depositing the materials o~ > =M grid, dropping phosphotungstic
acid (2% (w/v)) on it, and then air-drying. Cdots dispei. ons were observed by high-resolution
TEM (HRTEM, FEI Tecnai 20 G2 S-Twin, USA’ 2. #n acceleration voltage of 200 kV. Optical
microscope images under white light (ha'2ae. lamp, LHS-H100P-1, 12 V, 100W) and in
fluorescence mode (super high-pressure me~dry lamp, model C-SHG1, 100 W) were taken on a

Nikon-Eclipse TE 2000-U microscope (.onan).

2.3 Material preparatir.n

Pulp (20 g) was heated in ay.*2cous NaOH (500 mL, 4 wt%) at 70°C for 4 h to remove
hemicellulose and other impurities, following by washing with water (Hastuti, Kanomata, &
Kitaoka, 2018). The sodivm hydroxide-treated pulp was hydrolyzed by using H,SO,4 (500 mL, 65
wt%) at 80°C for 2 h under vigorous stirring (Scheme 1(a)). Then, the slurry was collected and
washed thoroughly with water. Finally, the aqueous slurry was ultrasonicated for 30 min at 40
amplitude on an ultrasonic processor with a half-inch tip in an ice bath (QSONICA Q700, USA)
(Lin & Dufresne, 2014), and finally water was evaporated to get a dry powder.

The modification of CNC by APTES was performed as previously reported (Khanjanzadeh et al.,
2018). Briefly, APTES (10 mL) was added to water (90 mL) under vigorous stirring at pH 4
adjusted by glacial acetic acid. CNC (1 g) was added and continuously stirred at room
temperature (~25°C) for 12 h, as shown in Scheme 1(b, c). Then, the precipitate (CNC/APTES)
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was washed twice in ethanol and once in water by centrifugation (4,000 rpm, 5 min), heated in
an oven at 110°C for 30 min, purified once in ethanol and twice in water by centrifugation, and
finally dried to get a powder.

For the conjugation of FA, FA (50 mg) dissolved in agqueous Na,COs3 solution (0.5 wt%, 20 mL)
was amidated with CNC/APTES (dry powder, 100 mg) by adding EDC (43.6 mg) and NHS
(26.2 mL) and stirring 48 h at room temperature (~25°C) in dark conditions (Siriviriyanun et al.,
2018). The yellow precipitate (CNC/APTES/FA) was collected by centrifugation (6,000 rpm, 30
min), washed three times with water, and finally dispersed in water to form a stable dispersion.
Carbon dots (Cdots, 1:1 mole ratio of citric acid and ethylenecicmine) were hydrothermally
synthesized (Scheme 1d) (Efa & Imae, 2018). Briefly, an equitrola mixture of citric acid (1 g)
and ethylenediamine (300 pL) in water (50 mL) was incuba.2d i1 an autoclave at 230°C for 5 h
and, subsequently, Cdots were collected as a powder ~nu dispersed in water. The aqueous
dispersion of Cdots (10 mL, 1 mg/mL) was dropped into (e dispersion of CNC/APTES/FA (100
mg) in water (10 mL) and continuously stirred for 24 h (Scheme 1(e)). The brown precipitate
(CNC/APTES/FA/Cdots) was collected by ~er‘rifugation (6,000 rpm, 30 min), washed with

water, and, finally, dispersed in water for fu.*'er use.

2.4 Conductometric titratior.
For conductometric titration, an aqueous suspension of target material (3 mL, 1 wt%) was
adjusted to be acid pH by acing an adequate amount of aqueous HCI solution (1 mM) and
titrated with an aqueous M=C'2 solution. On titration of sulfonation on CNC, a volume of an
added HCI solution wv~ .2 :nL and a suspension adjusted at pH 2.76 was titrated by a 1 mM
NaOH solution. The tit~.don of amine on CNC/APTES and CNC/APTES/FA was performed
using an aqueous 10 mM (= Cnaon) NaOH solution for the dispersions at pH 3.54 adjusted by an
aqueous HCI solution (2 mL). Then the content of target element in a relevant material can be

calculated by

AV c
% element = a0 X =Naok X Tele 1)) (1)

Mmater X Cmater

where AVnaon IS the volume difference of NaOH between two inflection points determined by
the intersection of the linear regions, Cnaon IS the concentration of NaOH, mg is the element

mass, and Mmater aNd Cater are the mass and concentration of target material, respectively.



2.5 Loading and release of doxorubicin (DOX)
DOX (2 mL) at different concentrations (0.01-0.3 mg/mL) was added to a dispersion (2 mL, 0.1
mg/mL) of carriers (CNC/APTES/FA or CNC/APTES/FA/Cdots) in water and stirred for 48 h in
the dark. The mixture was centrifuged (10,000 rpm, 1 h) and the supernatant was collected. The
supernatant collection was repeated by adding fresh water, and the collected total supernatant
was analyzed for the determination of free DOX. The loaded amount (DL) per carrier was
calculated as follows (Siriviriyanun et al., 2018):

Total mass DOX—Free mass DOX

DL (mg/mg carrier) = (2)

Mass of carrier

Amounts of total DOX in initial dispersion and free DOX i1 the supernatant after loading were
calculated from the absorbance at a UV-visible absorntic.» band of DOX at 480 nm using a
calibration curve. All measurements were performed in .-in',cate and averaged.

The release of DOX from carriers was studied au physiological temperature (37°C) and two
different pH (5.6 and 7.4) which correspona to uie endosomal pH of cancer cells and the
physiological pH of healthy cells, respecti .el* . The DOX-loaded carriers in PBS (pH 5.6 or 7.4,
2 mL) were incubated in a water bath .* 37°C. The supernatant was collected by centrifugation
(10,000 rpm, 10 min), the fresh PBS 2 . '.) was added to the centrifuged residue and the release
experiment was continued. The ‘elecsed DOX was determined using the same colorimetric
method used for quantifying DC.7 loading. The drug released was calculated as the total released
amount divided by the oriainc! Inaded amount. For the DOX released under light irradiation, the
DOX-loaded carriers ‘ncchat:d in PBS at 37°C were irradiated 5 min at 2, 10 and 25 h by a
light-emitting diode (LEL ) light (450 nm, 0.08 Wcm 2, SkyFire (LumiTorch), Taiwan) and the

release experiments were continued out as described above (Bao, Yin, Liu, & Chen, 2019).

2.6 Oxygen photosensitization and detection of singlet oxygen generation
The oxygen photosensitization of materials was determined from reactive oxygen species (ROS)
using TMB as probe. Colorless TMB is oxidized by ROS generated from photosensitization,
resulting in a blue product which was examined by absorbance at 655 nm (Wu et al., 2020). A
mixture of TMB (200 pg:mL™) and test materials (Cdots, CNC/APTES/FA,

CNC/APTES/FA/Cdots) (10 pg-mL™) was diluted with 2 mL water. Then, the mixture was
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placed under (LED) light (450 nm, 0.08 Wcm 2, SkyFire (LumiTorch), Taiwan) irradiation for
20 min before measuring absorbance.

To quantify the singlet oxygen generation, anthracene was used. This assay is based on the
quenching of anthracene fluorescence by singlet oxygen. Emission spectra of anthracene
solutions were recorded at an excitation wavelength of 320 nm (Ashjari, Dehfuly, Fatehi,
Shabani, & Koruji, 2015). 1 mL of solution of anthracene in methanol (200 pg-mL™) was added
to 100 pL of test materials (Cdots, CNC/APTES/FA, CNC/APTES/FA/Cdots, and PPIX as a
control) (200 pg-mL'l). After 10 min, the mixtures were irradiated for 60 min with an LED lamp
(450 nm, 0.08 W cm 2, SkyFire (LumiTorch), Taiwan). The rate f singlet oxygen generation
was calculated from the decrease of fluorescent intensity ai‘er _ED irradiation. The same
experiments were performed even for CNC/APTES/FA/Cdats ¢t LED lamp (520 nm, 0.08 W
cm %, ZHNAER X-POT 26356, Germany), green lase: ‘522 nm, 0.1 W cm?, Huonje Laser

Scope, Taiwan) and red laser (650 nm, 0.1 W cm 2, Huni,;= Laser Scope, Taiwan).

2.7 Photothermal tests
Aqueous dispersions of Cdots and CNC/ArT=S/FA/Cdots at Cdots concentration of 200 pg/mL
were irradiated using LED (450, 650 an.' 808 nm, 0.1 Wcm 2, ZHNAER CIMPS-X, Germany),
and the temperature change of the d.seision was recorded over the period of LED irradiation

using a thermometer.

2.8 In vitro cell cy*2to. iLity tests
The cytotoxicity of ca -iei vvas evaluated in cell culture using HelLa cells by the MTT (3-(4,5-
dimethylethiazol-2-yl)-2 =-diphenyltetrazolium bromide) assay. In short, cells were seeded in a
Dulbecco’s modified Eagle’s medium (DMEM) using 96-well plates at a density of 4,000 cells
per well and cultured at 37°C with 5% CO, for 24 h. Then, aqueous dispersions of carriers at
varying concentrations (0.002 to 10 pg-mL™) were added and further incubated for 48 h (200 pL
as a final volume). After that, DMEM was discharged and replaced by fresh DMEM solution
(200 pL), and cells were additionally incubated for 2 h. The cells were then subjected to the
MTT assay. MTT (15 pL, 0.5 mg-ml™ in PBS) was added in each well and incubated for 2 h.
After the medium was removed, the dark-blue formazan crystal in each well was dissolved in

dimethyl sulfoxide (200 pL). The absorbance of the resulting cell dispersions was measured at
9



560 nm using a microplate reader (Labsystem, Multiskan, Ascent, Model 354, Finland). The cell
viability in percentage was calculated and compared to untreated cells. The cytotoxicity of
reference materials to HelLa cells at pH 7.4 was also evaluated using the MTT assay. The ICs
values were determined by GraphPad Prism Software.

3. Results and discussion
3.1 Preparation and characterization of CNCs-based hvbridized carriers

CNC-based drug delivery systems were synthesized and hybridize' by combining APTES, FA,
and Cdots, as illustrated in Scheme 1(a), following thrre ctep reactions: (i) APTES was
chemically grafted onto CNCs through Si-O-C bonds, .'i) ~A was bound by an amidation
reaction on CNC/APTES, and (iii) Cdots were adsorbec on “NC/APTES/FA.
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Scheme 1. Strategy for the s n’hesis of hybridized materials. (a) Acid hydrolysis of pulp, (b)
hydrolysis of APTES, (c, ckemical binding of hydrolyzed APTES onto CNCs and amidation
binding of FA onto CMC/APTES, (d) synthesis of Cdots, (e) adsorption of DOX onto
CNC/APTES/FA and CNC/APTES/FA/Cdots, and (f) chemo- and photo-therapeutic actions of
CNC/APTES/FA and CNC/APTES/FA/Cdots in Hera cells.

TEM images of positively and negatively stained CNCs are shown in Fig. 1(A1, A2). CNCs in
positive staining appear as rod-like or whisker-like particles, regardless of surface
functionalization (Baek, Hanif, Cho, Kim, & Um, 2013), in contrast to cellulose nanofibers
(CNF) that are thinner and longer (Ujihara, Hsu, Liou, & Imae, 2018). In comparison with
positively stained TEM images, the negatively stained TEM images seem to be rather
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homogeneous strings. The effect of preparation procedure on TEM textures has been previously
discussed (Imae, Takahashi, & Muramatsu, 1992). Note that Cdots cannot be observed in
Fig.1(Al, A2) since they are very small and required higher magnification to be imaged. The
size of Cdots was estimated to be ~1 nm from HRTEM (Supplementary Information Fig.
S1(a)).

IR spectra and band assignments for the synthesized materials are included in Fig. 1(B), Fig.
S1(b, c) and Table S1. For CNCs, the bands at about 1430 and 1373 cm *, respectively, are
ascribed to the symmetric CH, bending vibration and the overla jped —C-H and —C-O bending
vibrations of the aromatic rings in polysaccharides (Khanjanzeuch et al., 2018). The bands at
1058 and 1012 cm™ are assigned to —C-O stretching vibratiors ™ .ccondary and primary alcohol
groups of cellulose and hemicellulose, and the vibratin vaid at 902 cm ™ is attributed to
the glycoside bonds which are symmetric in polysacch:rides and correspond to the B-glucosidic
linkage between glucose units in cellulose (Lopes. Carci., & Souza, 2018). The spectrum of
CNC/APTES also shows the characteristic abscrp: or bands of CNCs and an additional band at
around 1550 cm™, assigned to —~NH bendiry v bra.ion of primary amine, suggesting that APTES
were successfully bonded onto CNCs surface ‘Khanjanzadeh et al., 2018). The CNC/APTES/FA
spectrum shows the main bands of bet~ F,%, and CNC/APTES and confirms the conjugation of
FA to modified CNCs (CNC/APTZS) ~, using EDC/NHS as a coupling reagent. The bands at
1628 and 1540 cm™ are assign=d 1. the amide bonding vibrations of ~-CONHj, which confirms
the conjugation of FA onto the CNC/APTES surface. The spectrum of Cdots in Fig. S1(c) shows
bands at 3392, 1653, 1754, and 1492 cm™, attributed to —OH, ~C=0, —C=C bonds of the
aromatic ring and —C-N w»2nds, respectively. However, there is almost no difference between the
FT-IR spectra of CNC/APTES/FA and CNC/APTES/FA/Cdots samples because these CNCs-
based hybridized carriers contain almost the same functionalized groups (hydroxyl, carbonyl,

and nitrogen-containing groups).
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Fig. 1. TEM images ar.cr (Al)-positive staining and (A2)-negative staining of (a) CNC, (b)
CNC/APTES/FA, (c) CNC/APTES/FA/Cdots. (B) FT-IR absorption spectra, and (C) XRD

patterns of raw pulp, CNC, CNC/APTES, CNC/APTES/FA and CNC/APTES/FA/Cdots and
Cdots.

Fig. 1(C) displays the XRD patterns of raw pulp, CNC, CNC/APTES, CNC/APTES/FA,
CNC/APTES/FA/Cdots and Cdots. The diffractogram of raw pulp showed peaks at 15.1°, 16.4°
and 22.6° assigned to (110), (110), and (200) crystallographic planes, respectively, of monoclinic
cellulose I lattice (Taipina, Ferrarezi, Yoshida, & Gongalves, 2012). Bragg peaks of CNC at
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22.6° and 34.3° of (200) and (004) planes, respectively, became sharper, because of the
degradation of amorphous and disordered regions of cellulose during the acidic hydrolysis.
CNC/APTES showed the same XRD pattern as neat CNC, indicating no influence of APTES on
crystallinity. The XRD pattern of CNC/APTES/FA revealed a new peak at 27.3° which comes
from FA crystals (Beagan et al., 2017), although this peak was not indexed. The XRD of
CNC/APTES/FA/Cdots showed a similar pattern to that of CNC/APTES/FA although the peak at
27.3° was more intense. The XRD analysis of Cdots resulted in a very broad diffraction peak
around 23° corresponding to the (002) graphite lattice plane, being typical of very small particles
(2-3 nm) (Geleta & Imae, 2021). The calculated Crl of raw pulp vas 59.9%, and it was lower
than CNC (76.5%). Crl values of CNC/APTES, CNC/APTES, A iand CNC/APTES/FA/Cdots
were 70.1%, 68.0% and 66.0%, respectively (Chekini et al., 20:.9). The decrease of Crl values
upon addition of APTES, FA and Cdots suggests that t".c g, ~fting of additives on CNC reduces
crystallinity (Mohd et al., 2016; Wu et al., 2017). Thus, *e XRD results indicate that chemical
modification did not significantly affect the cryste li*e structure of CNCs but changed the degree

the crystallinity.

Materials were further characterized bv XPS. Full survey XPS spectra (Fig. 2(A)) revealed the
existence of C 1s (286 eV) and O 1s (523 +'/) for all materials and of Si (100 eV), and N 1s (400
eV) only for CNC/APTES and CNZ/A>7 ES/FA. In high resolution and deconvoluted Fig. 2(B),
C 1s spectra of CNC displayed t vo peaks at 284.15 and 285.53 eV assigned to sp*C and sp”C (C-
H and C-C), respectively, a nean 286.87 eV assigned to C-OH, and a peak at 288.77 eV assigned
to C-O-C. (Alanis et al. 20'9). The deconvoluted O1s spectra showed two peaks located at
532.13 and 533.33 eV cu.vesponding to C-OH and C-O-C, respectively (Pereira et al., 2014).
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Fig. 2. (A) XPS survey scan and (B) high resolution and deconvoluted spectra of CNC,
CNC/APTES, and CNC/APTES/FA.

Peaks at 284.62, 285.59, 287.06 and 288.78 eV in the deconvoluted C 1s spectra of CNC/APTES
can be assigned to CNC, but a peak at 287.06 eV was overlapped with the one corresponding to
C-N binding energy (Liu, Duan, Qian, Zhou, & Yuan, 2013). A new peak at 282.86 eV
corresponds to C-Si bond. In addition to C-OH bond (532.51 eV) and C-O-C bond (533.77 eV)
of CNC, the deconvoluted O 1s spectra of CNC/APTES show a new peak at 530.67 eV assigned
to O-Si bond. CNC/APTES displayed one N 1s peak at 399.9.' a2V assigned to C-NH,. The
deconvoluted Si 2p show two peaks located at 100.37 and 101.7.5 &'/, which correspond to Si-O
and C-Si, respectively (Ruiz-Cafias, Quintero, Corredor, Mar riy.'e, & Romero Bohdrquez, 2020).
These XPS results confirm the binding of APTES on CNC ‘Gueye et al., 2016).

The deconvoluted C 1s spectra of CNC/APTES/FA -tiowed the same peaks as those of
CNC/APTES and located at 282.25, 283.94, 285 17, and 286.30 eV. In addition, new peaks at
287.14, 288.02 and 289.15 eV can be assignad 1. C=0, N-C=0 and COOH bonds of FA (Ekiz et
al., 2011; Kwon et al., 2018). Two deco.vuluted N1s peaks at 399.92 and 400.50 eV were
assigned to NH/NH; and N-C=0, respectively, of FA (Arcot, Lundahl, Rojas, & Laine, 2014).
The O 1s spectrum of CNC/APTES/i /. was deconvoluted into three peaks (530.23, 532.74, and
533.91 eV) of CNC/APTES and « new peak at 531.61 eV corresponding to COOH bound to FA.
The deconvoluted Si 2p peakc or “NC/APTES/FA were consistent with those of CNC/APTES,
confirming the existence rf s,'~ane bonds produced by the binding of APTES on CNC. Thus,
the binding of FA on _NIC/2“TES was proved by these XPS results.

Table 1 lists the elemental composition of CNC, CNC/APTES and CNC/APTES/FA calculated
by integration of deconvoluted XPS peaks using CasaXPS software. The content of elemental S
in CNCs, CNC/APTES and CNC/APTES/FA was 0.57, 0.13 and 0.10 atomic %, respectively,
which are quite small. The content of elemental N of CNC/APTES was 3.72 atomic % and it
increased to 6.08 atomic % after FA conjugation. On the other hand, the content (3.61 atomic %)
of elemental Si in CNC/APTES decreased to 2.02 atomic % in CNC/APTES/FA. Then the
calculated O/C ratio was 0.61 % for CNCs but decreased with APTES and FA.
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Table 1. Elemental composition (by atomic %) and O/C atomic ratio obtained from XPS
analysis for CNC, CNC/APTES and CNC/APTES/FA.

Sample C O N S Si O/C ratio
CNC 61.59 37.84 0 0.57 0 0.61
CNC/APTES 65.04 27.56 3.72 0.13 3.61 0.42
CNC/APTES/FA  69.27 22.54 6.08 0.10 2.02 0.33

Elemental analysis can also be carried out by conductometric titration. Titration curves of
sulfonation on CNC are shown in Fig. 3(A). Initially, there is & cecrease in conductivity with
adding NaOH because of the neutralization of free HCI in the suspcnsion. Then there is a change
in the conductivity trend with a slight increase caused by deru.nation of sulfonic acid. Finally,
there is a steep increase in conductivity due to the prescce ur excess NaOH. The volume of
NaOH utilized for deprotonation was AVyaon = 3.452 £ G 015 mL; from this value, the sulfur
content was estimated as 0.383 = 0.018 wt%. This content is small alike a value from XPS
analysis (Table 1) and similar to that reported by Ruck et al (0.54-0.62 %) (Beck, Méthot, &
Bouchard, 2015). Thus, the contaminatior. of suhonated-CNC unit is negligible, although it is
expected that the sulfur content wi'l depe~d on sample preparation (reaction time, acid

concentration) and purification before u:auon.

The binding of APTES and FA ¢ CixT was also analyzed by conductometric titration of target
elemental N (amine-related), 2s chown in Fig. 3(B, C). The estimated nitrogen contents were
3.379 £ 0.012 % and 5.502 ~ 1,010 %, for CNC/APTES and CNC/APTES/FA, respectively.
These values are cr.owab.e to the results (Table 1) obtained from XPS analysis. The
conductometric titration curve for CNC/APTES, as seen in Fig. 3(B), shows three stages. In the
conductivity-decreasing first stage (black dotted line), added NaOH neutralizes free HCI. In the
second stage (blue dotted line) protonated primary amine groups are neutralized. In the last stage
(red dotted line), conductivity increases with increasing NaOH ionic species. In contrast, for
CNC/APTES/FA, the conductometric titration (Fig. 3(C)) proceeded through four stages. The
two stages in the middle correspond to neutralization of protonated primary and secondary amine
groups of FA in CNC/APTES/FA (Zhao et al., 2017). Thus, the total N content of
CNC/APTES/FA is higher than that of CNC/APTES.
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The size of CNCs-based carriers in water was evaluated by DLS. The equivalent hydrodynamic
diameter of CNCs ranged from 100 to 300 nm (179.4 + 16.1 nm). Interestingly, the equivalent
hydrodynamic diameter of these nanomaterials changed little when they were modified using
APTES, FA or Cdots, as seen in Fig. S1(d). The zeta-potential values of CNCs and their
hybridized materials are shown in Fig. S1(e). CNC/APTES displayed an isoelectric point at
around pH 4 caused by the contribution of the protonated amine groups of APTES bound on
CNCs. The zeta potential became negative (-15 to -35 mV) after conjugation with FA whereas
amphoteric Cdots did not affect much the zeta potential values of CNC/APTES/FA.
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As seen in the UV-visible absorption spectra (Fig. 4(A)), both CNC and CNC/APTES have no
absorption bands in the UV-visible region. However, the UV-visible absorption spectrum of
CNC/APTES/FA (Fig. 4(B)) shows two bands at 288 and 355 nm assigned to m-x and n-

7 transitions, respectively, of pterine ring in FA molecule (Dong et al., 2014). These bands of
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CNC/APTES/FA were slightly shifted as compared to the bands (281 and 360 nm) of pristine FA
(Fig. 2(C)). This shift may relate to the production of an amide bond between FA and
CNC/APTES (Chakraborty, Roy, Bairi, & Nandi, 2012). The FA content in CNC/APTES was
approximately 13.9 wt% as determined from the absorbance band at 360 nm (Fig S2(a)). The
UV-visible absorption spectrum of Cdots showed two bands at 245 and 350 nm, respectively,
corresponding to a =—m* transition of aromatic -C=C—, and —C-C— bonds in the sp? domains of
graphitic structure, and an n—z* transition of —-C=0, —C-N or —C-OH bonds in carboxyl or amine
groups in the sp® domains of Cdots, as seen in Fig. 4(C). However, after the conjugation of
Cdots on CNC/APTES/FA, the absorption bands (290 and 365 in.> Fig. 4(B)) were closer to
those of CNC/APTES/FA than to those of pristine amphoteric ~do.s because of the low Cdots
content (12.8 wt%), (quantified by the absorbance at 350 n™) (~ig S2(b)) (Chakraborty et al.,
2012). There are also macroscopic changes in the san.;le. after the functionalization of our
nano-carriers with FA and Cdots. The CNC/APTES sam\.'~ appeared as a white gel that changed
to yellow after FA was added, and the resultant ‘7e’icw CNC/APTES/FA gel became brownish
with the addition of Cdots as shown in Fig. 24/N),.

As shown in Fig. 4(A), CNC, and CNC/AP =S did not show any UV-visible absorption bands
and they did not have any fluorescen* nrurerties either. As shown in Fig. 4(E), the maximum
excitation and emission wavelengtr.c a1 > 'ocated at 370 and 460 nm for FA (Juzeniene, Thu Tam,
lani, & Moan, 2013). These baads vere also observed for CNC/APTES/FA, which confirmed
the successful conjugation of F,° as seen in Fig. 4(F). On the other hand, Cdots showed much
more intense fluorescenc': as ~ompared to FA. The fluorescence bands (an excitation band at 340
nm and an emission banu at 450 nm) of Cdots were also observed for CNC/APTES/FA/Cdots.

The increase of fluorescence upon addition of Cdots is also evident macroscopically, as shown in
Fig. 4(G). CNC/APTES/FA/Cdots displayed strong fluorescence emission as well as free Cdots,
but this behavior was different from free FA and CNC/APTES/FA, which presented very weak
emission. The prepared materials also showed fluorescence when adsorbed on substrates such as
cotton fibrils, as seen Fig. 4(H) (Wang, Imae, & Miki, 2007). CNC/APTES/FA/Cdots-treated
cotton fibrils and Cdots-treated cotton fibrils showed strong blue emission. These results are
attributed to the strong luminescence property of Cdots (Etefa, Imae, & Yanagida, 2020; Geleta
& Imae, 2021), suggesting potential use as fluorescence markers.
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3.2 Characterization of DOX-loaded on CNCs-based hybridized carriers

The zeta-potentials of DOX and DOX-loaded hybridized carriers were determined at pH 5.6 and
7.4 in PBS (see Fig. 5(A)). At pH 5.6, DOX and DOX-loaded hybridized carriers have a positive
charge, however, DOX-loaded hybridized carriers are negatively charged except for DOX at pH
7.4. These changes might be caused by the electrostatic interaction of positively charged DOX
molecules with negatively charged hybridized carriers. These results suggest that the DOX-
loaded CNC-based hybridized carriers can maintain their negativ.- surface charge in the blood
(pH 7.4), and change to a positive surface charge in acidic en\ iror, ment after internalization in
tumor cells. In addition, the reduction of the negative char¢e n.ight result in longer circulation
times and reduced uptake by macrophages (Khandelia 2115). In Fig. 5(B), the UV-visible
spectra of DOX-CNC/APTES/FA and DOX-CNC/AP =S ~A/Cdots at pH 5.6 and 7.4 in PBS
shows a new band at 480 nm attributed to DOX. ‘wi-;reover, the pictures in Fig. 5(C) show that
DOX-CNC/APTES/FA/Cdots hybridized carric-s were darker than DOX-CNC/APTES/FA due
to the anchoring of Cdots on the surface As seen in Fig. S2(c, d), free DOX, DOX-loaded
hybridized carriers (CNC/APTES/FA cnd CNC/APTES/FA/Cdots) in PBS at pH 5.6 and 7.4
(excitation wavelength: 480 nm) shcwz' *he characteristic emission bands of DOX (560 and
590 nm) (Motlagh, Parvin, Ghas2m\, & Atyabi, 2016). These results indicate the successful

loading of DOX onto these hyhr.dized carries.
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3.3 Loading and release of doxorubicin (DOX) on CNC/APTES/FA and
CNC/APTES/FA/Cdots

DOX was loaded on the surface of CNCs-based hybridized carriers (CNC/APTES,
CNC/APTES/FA and CNC/APTES/FA/Cdots) at pH 7.0. DOX loading on CNC/APTES/FA and
CNC/APTES/FA/Cdots was higher than on CNC/APTES as shown in Fig. 6(A). This could be
due to the presence of more available binding sites in CNC/APTES/FA and
CNC/APTES/FA/Cdots and an increase in the number of their hydrogen bonding and n-n
stacking interactions with DOX besides the presence of electrostatic interactions of CNC/APTES

with DOX (Sunasee et al., 2016; Wang et al., 2015). The loading at neutral pH is expected to be
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more effective than in acidic or basic conditions since carboxylate and amine groups in the
carrier and DOX are normally charged (Siriviriyanun et al., 2018) and then electrostatic
interaction is favored (Leisner & Imae, 2003). As seen in Fig. 6(A), the DOX loading increased
with concentration of DOX until saturation plateau is reached. The DOX loading capacity at a
0.15 mg/ml DOX concentration on CNC/APTES, CNC/APTES/FA and CNC/APTES/FA/Cdot
was 0.714 (15.7 %), 1.034 (25.2 %) and 1.053 mg/mg of carrier (27.3 %), respectively. It is
fascinating that the present loading capacities are much superior to 8 % reported for rod-like
cellulose/cis-aconityl-DOX prodrug (Li et al., 2019) and 19.4 % for cellulose-nanocrystal-based
folate (Li et al., 2019).
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The drug release from the hybridized carriers at 37°C (physiological temperature) was studied in

PBS at pH 5.6 and 7.4, corresponding to the endosomal pH of cancer cells and the physiological
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pH of healthy cells, respectively. As shown in Fig. 6(B-E), the drug release at pH 5.6 is much
larger than that at pH.7.4. The DOX release at pH 5.6 for DOX-CNC/APTES/FA and DOX-
CNC/APTES/FA/Cdots increased with time and reached 88.1 + 2.7 % and 67.3 = 0.6 %,
respectively, after 96 h-incubation. Meanwhile, 43.4 + 1.4 % (DOX-CNC/APTES/FA) and 37.2
+ 0.5 % (DOX-CNC/APTES/FA/Cdots) of DOX were released at pH 7.4 for the same
incubation times. The sustained release of DOX at neutral pH may have a major advantage since

some side effects might be prevented (Wang et al., 2015).

In the presence of the light irradiation (see Fig. 6(B-E)), t'e DOX release from DOX-
CNC/APTES/FA at both pH 5.6 and 7.4 was slightly higher t-..» u.at in the absence of light
irradiation, although these differences were within experiri.c . error. In contrast, the drug
release of DOX-CNC/APTES/FA/Cdots at pH 5.6 and *.4 .-creased significantly upon light
irradiation, reaching 85.8 + 1.6 % and 47.8 £ 1.8 % res»ectively. These results suggest that
Cdots act as a photosensitizer that generate thermal enrgy :ocally upon light irradiation, causing

a bond cleavage and triggering DOX release.

3.4 Singlet oxygen generation oe.-formance of materials

The singlet oxygen generation was, s:'iu.ed using Protoporphyrin IX (PPIX) as a control since it
is a model photosensitizing mo!~culc for various applications (Ashjari et al., 2015). The oxygen
photosensitization propertiec of e materials were confirmed by using TMB as a ROS probe,
which changes to blue u,on Hxygen photosensitization with a characteristic absorption band at
655 nm, as seen in Fig. ‘A, B) and Fig. S3 (Wu et al., 2020). The singlet oxygen productivity
of the materials was measured using anthracene, as a chemical probe for the detection of singlet
oxygen (‘0,), as seen in Fig. 7(C-H) and Fig. S4(a) (Ashjari et al., 2015). The amount of
anthracene consumption (indicated by the fluorescence decay) correlates with the amount of
singlet oxygen produced. The emission spectrum of anthracene shows the characteristic four
excitation bands at 388, 403, 426, and 450 nm (Fig. S4(b)).
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line: 0 min, red line: 10 min, blue line: 20 min, pink line: 30 min, green line: 40 min, dark blue
line: 50 min and violet line: 60 min). The anthracene degradation of these materials (G) without
and (H) with LED irradiation. (I) Anthracene degradation of CNC/APTES/FA/Cdots under
irradiation with (black) LED (450 nm), (red) LED (520 nm), (blue) green laser (532 nm) and
(pink) red laser (650 nm).

In the presence of PPIX as well as Cdots, the fluorescence intensity of anthracene dramatically
decreased under LED light irradiation (60 min), and the efficiency of singlet oxygen generation
of Cdots as a photosensitizing molecule was determined (see F'g 7(C, D)). However, in the
absence of LED light irradiation (60 min), the fluorescence inter..*v  f anthracene showed little
change (Fig. S4(c, d)). The emission spectra at 32C 1. excitation wavelength of
CNC/APTES/FA were essentially unchanged during 60 m.n v.:inout or with LED light, as seen
in Fig. 7(E) and Fig. S4(e). FA, a poor singlet ox:gen sensitizer, hardly produced singlet
oxygen in comparison with other pterin derivates ~uch as 6-formylpterin, 6-carboxypterin,
neopterin, and biopterin). The fluorescence qga «ur1 yield of FA was much inferior when
compared to other pterin derivatives due tr, th. pr.sence of substituted long-chain, which could
behave as an internal quencher to fluorescenc. increasing of the deactivation (without radiation)
of the singlet excited state. Consequ~:tly, the intersystem-crossing turns out ineffective, and
causes FA to be a poor singlet z:'vy~>"1 photosensitizer (Juzeniene et al., 2013). Moreover,
CNC/APTES/FA/Cdots also siww.~d a high efficiency in singlet oxygen generation in
comparison with CNC/APTEC'FA, as seen in Fig. 7(F) and Fig. S4(f). Notably, the
fluorescence decay of eithiacene after 60 min in the presence of Cdots under LED light
irradiation was much hiyer (ca. 50 %) than in the absence of irradiation (dark condition) (ca.
10 %), as seen in Fig. 7(G, H), illustrating that the singlet oxygen generation mostly occurred by
photosensitizing (Zheng et al., 2019). These results demonstrate the high potential of
CNC/APTES/FA/Cdots carriers for photodynamic application in comparison with
CNC/APTES/FA carrier. In addition, the dependence of light source on singlet oxygen
generation was examined. It can be noticed from Fig. 7(l) that the anthracene degradation was
higher by laser than by LED, when it was compared between LED of 520 nm and laser of 532

nm, but the degradation at lower light wavelength was superior to the degradation at higher light
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wavelength, although the difference of degradation under LED of 450 nm and laser of 650 nm

was at most 15 %. Thus, an LED light of 450 nm was preferable in the present work.

3.5 Photothermal effect of materials

To improve the suggestion described above that Cdots may act as a photosensitizer to generate
thermal energy upon light irradiation, the temperature rise upon the light irradiation was
examined. Aqueous dispersions of Cdots and CNC/APTES/FA/Cdots were irradiated using LED
(450, 650 and 808 nm), and the temperature change of the disnei_fon was recorded over the
period of laser irradiation using a thermometer. As seen in Fin. 2(A, the temperature increment
of water was at most 2°C even by any LED lights under 17 i irradiation, but the temperature
of both Cdots and CNC/APTES/FA/Cdots dispersior.s nc.eased by irradiation of an LED.
Furthermore, the temperature increase depended on LFD ~avelength (about 6°C, 11 - 12°C and
up to 14°C under LED 450 nm, 650 and 808 n.m, n spectively). Fig. 8(B) suggested that the
increasing temperature was mainly effected u, tho concentration of Cdots. These results indicate
that the photothermal efficacy of Cdots ai. « CNC/APTES/FA/Cdots is mainly dominated by
Cdots, irradiation time, wavelength of =D and concetration of Cdots or Cdots-incorporated
materials. Although the lower waveienotn light (LED 450 nm) was advantageous for singlet
oxygen generation, the light sovrc> of higher wavelength (650 and 808 nm) in near IR spectral
region was effective for phowthermal performance, being preferable on therapy because of
deeper light penetration irw tfisoues.

Polythiophene phenylproy.ionic acid conjugated Cdots were a promising agent for photothermal
therapy (Ge et al., 2015). The ideal photothermal agents for in vivo applications required high
absorption coefficient that should run into the biological transparency window, i.e. 650 — 950 nm,
where light tends to have the maximum depth of penetration in tissues. Thus, a new type of S, N-
doped Cdots had intense absorption bands in the red to near IR region and showed near IR
fluorescence and high photothermal conversion efficiency (Bao et al., 2018). Fluorescent
polydopamine passivated Cdots also exhibited the excellent effectiveness of photothernal therapy
in vitro test (Bai et al., 2018). These reports support the valid performance of Cdots as a

photothernal trigger.
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Fig. 8. (A) Temperature rise of (dashed :*ne) water, (dotted line) an aqueous Cdots dispersion
and (solid line) an aqueous CNC/AP "ES/FA/Cdots dispersion at Cdots concentration of 200
pg/mL during 10 min irradiatior b, (black square) LED (450nm), (red circle) LED (650nm) and
(blue triangle) LED (808nm), aid (B) temperature rise difference of aqueous Cdots and
CNC/APTES/FA/Cdots s rsions at different concentrations under LED (808nm) irradiation
for 10 min. (C) Ceh wvianility and (D) ICsy of HelLa cells treated with DOX, DOX-
CNC/APTES/FA and DUX-CNC/APTES/FA/Cdots at different concentrations of DOX after 48

h-incubation. Data are average values of triple independent experiments.

3.6 In vitro cell cytotoxicity tests

We studied the release and toxicity of DOX in cell culture. According to Scheme 1(f), we
expected that DOX release from CNC-based hybridized carriers (CNC/APTES/FA and
CNC/APTESFA/Cdots) would be higher in acidic conditions. This could have a positive
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outcome if these nanoplatforms were used to target cancer cells. Besides the effect of pH, the
presence of FA as a ligand in CNC may result in high affinity to tumor surface-receptors (FRS),
which may tend to enhance the cellular uptake of CNCs-based carriers. Moreover, the rod-like
morphology and specific surface chemical properties of the present carriers might increase
cellular uptake and consequently promote cancer cell death (Li et al., 2018; Li et al., 2019).
Herein, the cytotoxicity of DOX-CNC/APTES/FA and DOX-CNC/APTES/FA/Cdots was
studied in the presence of cervical cancer cells at various concentrations of DOX after 48h-
incubation using the colorimetric MTT assay. These toxicity results were compared to free DOX
as a control. As shown in Fig. 8(C), both DOX-CNC/APTESA and hybridized DOX-
CNC/APTES/FA/Cdots displayed an efficacy similar to free LOX i.e. approximately 10% at
0.002 pg-mL™* and 90% at 1 pug-mL™, when compared to frec DC X as positive control. The ICs
(half-inhibition to cell growth) values of these two carrie:z 21> shown in Fig. 8(D) and Table S2.
Interestingly, we found that ICsq values for free DOX (10+ = 76.26 ng-mL™) were higher than
that DOX-CNC/APTES/FA (ICsp = 58.8 ng-mL * and DOX-CNC/APTES/FA/Cdots (ICsp =
46.01 ng-mL™).

4. Conclusions

Material (CNC/APTES/FA/Cdrts, with potential application in therapy made of CNCs
hybridized with FA and Cdots has been synthesized and successfully characterized. In addition,
DOX has been loaded as = 1.>ouct chemotherapeutic drug. The drug release was pH-sensitive, i.e.
it increased when pH we.* Liianged from 7.4 to 5.6. This pH-responsive behavior along with high
drug loading makes this system a promising candidate for controlled and targeted drug delivery.
In addition, the drug release increased under light irradiation, indicating that the conjugation
with photothermal procedure is useful to release drug and that the utilization of drugs with side
effects can be diminished. In fact, the temperature rise under LED light irradiation was detected,
suggesting that the weakened interaction between DOX and carrier (CNC/APTES/FA/Cdots)
promotes the release of DOX. Moreover, ROS and singlet oxygen generation of
CNC/APTES/FA/Cdots was confirmed, which may be promising the photodynamic therapy.
Finally, toxicity results showed that DOX-loaded CNCs-based hybridized carriers exhibit a

potential anticancer activity against cervical cancer cells. In view of these results, CNCs may be
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envisaged as promising nanoplatforms to be wused both in chemical and
photodynamic/photothermal therapies against cancer. Based on the present reports relating to the
possible multimodal therapeutic application, the biomedical research of the relative materials
should be performed.
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Hightlights

e Multifunctional cellulose nanocrystal (CNC) drug delivery carriers were fabricated.
e CNCs bear folic acid to target tumor cells and Cdots for singlet oxygen generation.
e Doxorubicin was loaded in the carriers as a model chemotherapeutic drug.

e Carriers display pH-responsive behavior for controlled and targeted drug delivery.
o Carriers showed potential anticancer activities against cervical cancer cells.
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