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Background: 5-fluorouracil (5-FU) is the most widely used anti-pyrimidine drug that exerts its cytotoxic effect by causing DNA
damage. The Wnt/f-catenin pathway has been considered a promising strategy to improve chemosensitivity by enhancing the DNA
damage response of chemotherapy drugs. Combination therapies against cancers could inevitably affect endogenous levels of
ribonucleotides (RNs) and deoxyribonucleotides (dRNs) which are critical for DNA synthesis and repair. However, exploring
satisfactory Wnt/f-catenin inhibitors for synergistic therapy through regulating RNs and dRNs remains challenging.

Methods and Results: Here, aloe vera-derived carbon dots (A-CDs) with good bioactivity were synthesized via a one-step
hydrothermal process, demonstrating both intrinsic Wnt/f-catenin inhibition and bioimaging capabilities to overcome the limitations
of conventional Wnt/f-catenin inhibitors. The as-prepared A-CDs were further served as the transport vehicle for 5-FU, facilitating
synergistic combination therapy by inhibiting the Wnt/f-catenin pathway, which could possibly accelerate nucleotide imbalance of
dATP, ATP, TMP, and dUMP, ultimately leading to enhanced 5-FU efficiency. Additionally, the tumor-targeted material (HA-CDs
@5-FU) was synthesized by modifying hyaluronic acid (HA) onto CDs@5-FU and exhibited superior antitumor efficacy in vivo with
negligible side effects.

Conclusion: Overall, this study provided a novel strategy for Wnt/f-catenin inhibition and synergistic therapy, providing insights into
the application of nano-agents in cancer therapy.
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Introduction

5-fluorouracil (5-FU), the first synthesized antimetabolite, is the most widely used anti-pyrimidine drug in clinical
treatment. The cytotoxicity of 5-FU has been ascribed to cause DNA damage.>® The Wnt/f-catenin pathway is
a conserved signaling axis participating in diverse physiological processes such as proliferation, differentiation, apoptosis,
migration, invasion and tissue homeostasis. Increasing evidence indicates that dysregulation of the Wnt/f-catenin contributed
to the development and progression of some solid tumors.*> Moreover, recent studies demonstrate that Wnt/3-catenin
components including FZD5, GSK-3/, and fS-catenin play a role in regulating DNA repair factors, and silencing them can
lead to decreased DNA repair and enhanced DNA damage in cancer cells.* ® Thus, targeting the Wnt/f-catenin signaling
pathway has emerged as a promising approach to achieve improvements in combined chemotherapy.”*

The combination therapy could inevitably affect endogenous levels of RNs and dRNs that are essential for a variety
of cellular processes.” '" It has been well characterized that the reduction or imbalance in RNs and dRNs levels is known
to result in uncontrolled DNA replication, which plays an important role in transformation and tumor progression.'*'?
However, the exact impact of RNs and dRNs under this combination therapy is yet to be fully elucidated. Moreover, the
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systemic toxicity and low tumor specificity of conventional Wnt/-catenin inhibitors cannot be avoided,'*'® exploring
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a satisfactory method to inhibit Wnt/f-catenin pathway is beneficial to provide an understanding of potential nucleotide
metabolism in combined therapy.

Bioactive nanomaterials have gained growing interest in biology owing to their unique bioactivity and nanomaterial
properties, including low toxicity, facile preparation, and ability to undergo targeted modifications.'”'® If nanoparticles
could be applied in Wnt/f-catenin inhibition strategies, it would be of higher value in combinational therapies. Among
these nanoparticles, carbon dots (CDs) have garnered considerable attention due to their small size, robust fluorescence
properties, and excellent biocompatibility.”*2® Furthermore, some CDs prepared from the biomass may maintain the

2730 \which conferring diverse

similar properties of their precursors and potentially increase new biological activities,
pharmaceutical properties to CDs in cancer therapy. Therefore, these accomplishments inspire us to develop a novel CD-
based strategy to overcome the limitations of conventional Wnt/f-catenin inhibitors in combinational therapies. As
demonstrated in our previous research, Aloe vera exhibited inhibitory activity against the Wnt/f-catenin signaling
pathway.’! Therefore, utilizing aloe vera as the precursor for CDs could combine the advantages of both aloe vera
and CDs, which is meaningful to the development of nano-Wnt/S-catenin inhibitor.

In this study, the novel A-CDs with intrinsic Wnt/f-catenin inhibition capacity were synthesized from aloe vera via a one-
step hydrothermal method, offering a new approach to inhibit Wnt/f-catenin by integrating biological function and
nanomaterial properties. Moreover, A-CDs were utilized as the transport vehicle for 5-FU, facilitating synergistic combina-
tion therapy by suppressing the Wnt/f-catenin pathway, resulting in promoting DNA damage through intracellular RN and
dRN metabolic regulation. Hyaluronic acid (HA) coated CDs@5-FU complexes (HA-CDs@5-FU) were designed to achieve
tumor-specific targeting (Graphical Abstract). Our research aimed to provide novel ideas of Wnt/f-catenin inhibitors for
achieving better synergistic chemotherapy. Additionally, elucidating the mechanism of combination therapy through
intracellular RNs and dRNs metabolic regulation might provide a new perspective on effective tumor therapy.

Materials and Method

Materials

5-FU (purity > 99%) was s supplied by from GuangZhou Lide Biotechnology Co. (Guangdong, China). Medicinal aloe vera
L. (4. barbadensis Miller) was obtained from the market, Zhuhai. Hyaluronic acid (HA), N-Hydroxysuccinimide (EDC), and
N-Hydroxy succinimide (NHS) were purchased from GuangZhou Lide Biotechnology Co. (Guangdong, China). The Wnt/f-
catenin inhibition ability was determined by Steady-glo®luciferase assay system kit (Promega Corporation, Madison, USA).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was provided by Sigma-Aldrich Inc. (St. Louis, USA).
The ultrapure water was prepared using a Milli-Q Gradient water system (Millipore, Bedford, MA, USA).

Preparation of A-CDs

Medicinal aloe vera components were determined by LC-MS/MS method. Among of them, aloesin (1.21 £ 0.27 ng/mL),
aloenin (1.96 = 1.01 ng/mL), aloin B (25.59 + 3.61 ng/mL), and aloin A (25.11 £ 4.09 ng/mL) were the main components
of aloe vera. Then, aloe vera was used as the precursor to prepare A-CDs through a one-pot solvothermal method.
Specifically, aloe vera (0.5 g) was dissolved in 8 mL ultrapure water. Next, the mixture was transferred into a 25 mL
stainless-steel autoclave vessel. After heating at 240 °C for 6 h, the mixtures were filtered with a Millipore filter
(0.22 pum) to remove insoluble impurities. Finally, the obtained solution of 8 mL was dialyzed for 48 h against the
deionized water of 2 L, with the deionized water being changed every 12 h until the deionized water was colorless. The

A-CDs were then collected and freeze-dried for further usage.

Preparation of CDs@5-FU/HA-CDs@5-FU

CDs@5-FU Synthesis

Five milligrams of 5-Fu was incubated with 10 mL of A-CDs (1 mg mL™") solution at 37 °C for 24 h, the product was
obtained by dialyzing 24 h to remove non-conjugated 5-FU. Finally, the solution was freeze-dried to obtain solid
CDs@5-FU.
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HA-CDs@5-FU synthesis. 2 mg HA was added in 5mL CDs@5-FU solution (2mg mL™") and incubated for another
24 h. Then, the synthesized nanoparticles were collected through dialyzing with water. Finally, the synthesized HA-CDs
@5-FU had been freeze-dried and stored for further use.

To evaluate 5-FU loading efficiency in nanomaterials, the amount of free drug outside of the dialysis membrane was
measured by a UV-vis spectrophotometry at 266 nm and calculated using a calibration curve of pure 5-FU. The drug
loading capacity was assessed using the following equations. Drug loading capacity = (total drug added — free non-
conjugated drug)/(total weight of nanomaterials) x 100%.

Characterization of NPs

Transmission electron microscopy (TEM, JEOL, FEI, Tokyo, Japan) was used to observe the morphology and structure
of nanoparticles. A-CDs were dispersed in anhydrous ethanol and subjected to ultrasonic treatment. Then, the ultrasonic
dispersion sample was dropped on a copper mesh and observed under TEM.

Fourier transform infrared spectroscopy (FTIR, STA6000-TL9000-Clarus SQS analyzer, PerkinElmer, Waltham, MA,
USA) was used to evaluate the functional groups of nanoparticles. The sample powder was mixed with potassium
bromide powder in a mortar under an infrared lamp and then pressed into a transparent sheet on the tablet pressing
machine. FTIR spectrometer was used to record the spectra, the infrared spectral resolution is 4 cm ™', the scanning range
is 4000400 cm ™', and the scanning times are 32.

Fluorescence spectrophotometer (Hitachi F-4600 spectrophotometer, Hitachi, Japan) was performed to determine the
fluorescence intensity of nanoparticles. A-CDs were diluted in water (500 ug mL ") and measured. The fluorescence
spectra excited ranging from 300 to 400 nm with an interval of 10 nm using excitation and emission slit widths of 5 nm.

ZS90 ZetaSizer Nano series (Malvern Instruments Ltd., UK) was used to determine the zeta potential of the
nanoparticles. The water-soluble sample was placed in 40 uLL Malvern Micro Sample Pool (Cuvette Cell, ZEN0040)
for analysis. The Zetasizer Software was used to evaluate the zeta potential of nanoparticles.

X-ray photoelectron spectroscopy (XPS) was performed on a thermo scientific K-Alpha XPS system (Thermo Fisher
Scientific, UK) to investigate the element composition for nanoparticles.

Confocal laser scanning microscope (CLSM, Leica SP8, Wetzlar, Germany) was used to take cell images.

5-FU Release From Nanomaterials

In brief, 40 mg of CDs@5-FU or HA-CDs@5-FU were dissolved in 4 mL of deionized water and transferred to dialysis
bags, which were subsequently immersed in 400 mL of PBS buffer (pH 6.8) in an incubator (37 °C, 400 rpm),
respectively. At the scheduled intervals (10, 30, 60, 120, 240, 360, 480, 600,1440, 2160 min), 2 mL suspension was
taken out from each group and replaced with the same quantity of fresh PBS buffer.”> The collected aliquots were
analyzed with a UV-vis spectrophotometer at 266 nm. All measurements were separately performed in triplicate.

Cell Culture

NIH/3T3 cells stably transfected with a Super TCF (STCF) reporter gene plasmid were obtained from Curegenix Inc
(Guangzhou, China). HCT 116 cells (human colon cancer cells), LLC-1 cells (Lewis lung carcinoma cells), HT-29 cells
(human colon adenocarcinoma cells), and normal LO2 cells (human hepatic cell lines LO2) were purchased from
Guangzhou Lide Biotechnology Co. (Guangdong, China). NIH/3T3, HT-29, LLC-1 and LO2 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS, 100 U mL™" penicillin and 100 ug mL™" strepto-
mycin in a 5% CO, humidified incubator at 37 °C. HCT 116 cells were cultured in McCoy’s SA Medium containing 10%
FBS, 100 U mL™" penicillin, and 100 ug mL™" streptomycin in a humidified atmosphere of 5% CO2 at 37 °C. The
medium was changed every 2-3 days.

Cell Cytotoxicity Assay

Cytotoxicity Assays of A-CDs: HCT 116, HT-29, LLC-1 and LO2 cells at a density of 4x10* cells mL ™" were seeded into
each well of a 96-well plate and cultured overnight. Then, the medium was removed, and 100 pL of medium containing
different concentrations of 4-CDs (12.5, 25, 50,100, 200, and 300 pug mL_l) was added to each well. After 24h, 48h, and
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72 h incubation, 10 uL of MTT (5 pg mL ') was added to each well and incubated for another 4 h. Finally, the medium
was replaced with 150 pL dimethyl sulfoxide, and a microplate reader (Infinite M200 PRO, Tecan, Salzburg, Austria)
was used to measure the absorbance at a wavelength of 490 nm. The cell viability was presented as a percentage of the
control group.

Cytotoxicity Assays of nanoparticles: HCT 116, HT-29, LLC-1 and LO2 cells were cultivated in 96-well plates at
a density of 4x10* cells mL™" and allowed to adhere overnight. Subsequently, 5-FU, CDs@5-FU, and HA-CDs@5-FU
(with equivalent concentration to free 5-FU) were added to each well for suitable incubation. Eventually, MTT assay was
used to measure the cell viability, and ICs, values were calculated as mean + SD.

Whnt/B-Catenin Inhibiting Activity

The Wnt/f-catenin signaling inhibitory activity of aloe vera and A-CDs was assessed using a luciferase reporter assay.”'
First, NIH/3T3 cells at a density of 2x10* cells were seeded onto 96-well plates per well for 24 h. Next, the culture
medium was exchanged with fresh medium containing different concentrations of drugs (aloe vera and A-CDs for 0—400
ug mL™") and Wnt3a protein solution (100 ng mL ") for another 24 h. After washed twice with PBS solution, the cells
were exposed to 30 pL of Steady-Glo@ assay reagent per well for 5 minutes at room temperature. Luciferase activities
were measured using a fluorescence spectrophotometer reader.

LC-MS/MS Analysis

LLC-1 cells at a density of 2x10° cells were cultivated per dish in 10 cm petri dishes for 24 h. Next, 0.5 uM of 5-FU,
CDs@5-FU, and HA-CDs@5-FU (with equivalent concentration to free 5-FU) was added to each dish for another
24 h. The cells were re-suspended and twice washed with ice-cold PBS before collection and counting. Cell pellets were
subsequently treated with 150 pL of 80% methanol that contained 2 uM of both AMP-13C10,15N5 and ATP-
13C10,15N5. The sample preparation process and endogenous RNs and dRNs measurement were carried out according
to the previously established protocol on a Thermo Fisher TSQ LC-MS/MS system (Thermo Fisher, San Jose, CA, USA).

Western Blotting of LLC-1 Cells

LLC-1 cells were seeded in a 6-well plate and cultured overnight. The medium was then replaced with 2 mL medium
containing A-CDs (100 ug mL™"), 5-FU, CDs@5-FU, and HA-CDs@J5-FU (with equivalent concentration to free 5-FU
of 0.5 uM) for another 24 h. The protein extracts were run on SDS-PAGE and then transferred on transferred onto PVDF
membranes (Millipore). The blot was blocked with 5% BSA for 1 h at room temperature and incubated with primary
antibodies overnight at 4 °C. The following primary antibodies were used: anti-GAPDH ((ab8235, 1:1000 (Abcam)), -
catenin ((ab6302), 1:1000 (Abcam)), cyclin D1 ((ab134175), 1:1000 (Abcam)), and y-H2AX ((ab26350), 1:1000
(Abcam)). Afterward, secondary antibodies were added and incubated for 2 h at room temperature. And secondary
antibodies including anti-rabbit IgG (# 7074P2) and anti-mouse IgG (# 7076P2) were obtained from Cell Signaling
Technology Inc. (Boston, MA, USA).** After final washing, the signal was detected with chemiluminescence reagent by
Amersham Imager 600, and the band density was analyzed by Quantity One software (Version 4.6.2, Bio-Rad, USA).

LLC-I Tumor Treatment in Vivo
C 57 mice (68 weeks old, female) were purchased from Guangdong Medical Laboratory Animal Centre (Guangzhou,
China). All animal experiments were performed in accordance with the Guidelines for the Animal Inspection and Control
of Macau and were approved by the Animal Care and Use Committee of Macau University of Science and Technology.
LLC-1 cells (1x10” mL™", 100 pL) were implanted into the backs of mice to establish a cancer model. Chemotherapy
was initiated when the tumor volume reached 50—100 mm?. Tumor-bearing mice were randomly divided into four groups
(six mice per group) and treated with PBS, 5-FU, CDs@5-FU, and HA-CDs@5-FU, respectively (with a 5-FU equivalent
of 12.5 mg kg —'). Five injections were administered in total from day 10 to day 25, at two-day intervals. The tumor
volume and body weight of mice were monitored every three days to evaluate the antitumor activities and systematic
toxicities of nanomaterials. The tumor volume (V) was calculated according to the formula: V = LxW?/2, where L is the
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largest tumor diameter and W is the smallest tumor diameter. At the end of the experiment, all the mice were sacrificed,
and the tumors were collected for weighing, hematoxylin and eosin (H&E) staining and Western blotting.

Statistical Analysis

All data were presented as mean =+ standard deviation (SD). The difference between groups was determined by the 7 test
(GraphPad Prism 9.0 software) and one-way ANOVA (SPSS 23.0 software). *p < 0.05, **p < 0.01, and ***p < 0.001
were considered to be statistically significant.

Results and Discussion

Preparation and Characterization of A-CDs

In this work, A-CDs were successfully prepared from aloe vera via the hydrothermal method. As shown in Figure 1a, the TEM
image confirms that A-CDs were well dispersed, and their diameters are mainly in the range of 3—5 nm. The corresponding
HRTEM image (Figure 1b) shows 0.25 nm lattice fringes, which is ascribed to the (100) crystal plane of graphitic carbon.?***
The UV-vis absorption spectrum of A-CDs exhibited an obvious absorption band at 280 nm (Figure 1¢), which was attributed
to the -7t transition of the sp> domains.?® As shown in the inset of Figure 1¢ and Figure S1, the photographs of A-CDs solution
display yellow transparent under sunlight and strong blue fluorescence under UV radiation at 365 nm. And the fluorescence
quantum yield of the A-CDs was measured to be 9.3% using quinine sulfate as standard. To further understand the PL
character of A-CDs, the PL excitation and emission spectra of A-CDs with different wavelengths were recorded. As shown in
Figure 1d, the PL spectra excited ranging from 300 to 400 nm with an interval of 10 nm show excitation-dependent
fluorescence. Additionally, the optimal excitation wavelength of A-CDs is 330 nm with a maximal fluorescence emission
peak position at 450 nm, as depicted in Figure 1c.

The excellent optical properties of A-CDs indicated their potential as a fluorescent probe for cell imaging
applications.>*>® To validate this hypothesis, LLC-1 cells were subjected to A-CDs at non-toxic concentrations (300
ng mL™") for 4 h, followed by observation via CLSM. As shown in Figure le, considering that excitation at 405, 488, and
561 nm results in blue, green, and red fluorescence emissions, respectively, the synthesized A-CDs could effectively label
the cells under varying light irradiation conditions and identify the precise localization of CDs within the cells. Moreover,
the longer the incubation time corresponded to enhanced fluorescence intensity, indicating that cellular uptake occurred in
a time-dependent manner.

To investigate the element composition for A-CDs, XPS survey was performed. As shown in the XPS full scan
spectrum in Figure 2a, the A-CDs mainly consist of carbon, nitrogen, and oxygen. The high-resolution C 1s XPS
spectrum (Figure 2b) exhibits four peaks at 283.78, 284.68, 286.48, and 288.08 eV, which are corresponding to C-C/
C=C, C-N, C-0, and C=0, respectively.”>**> The N1s XPS spectrum (Figure 2c) shows two peaks at 398.28 and 400.48
eV, which belonged to N-H and C-N, respectively. The Ols XPS spectrum (Figure 2d) involved two peaks at 531.28
and 532.78 eV, which belong to the C=0 and C-O bonds, respectively.”*>’ The FTIR spectrum in Figure 2e¢ shows the
functional groups on the surface of A-CDs. The absorption bands at around 3020-3720 cm ' correspond to the
stretching vibrations of OH/NH. The peak at 1630 cm ' reflects the absorption of C=0 bonds of COOH, CHO, and
CONH. The peak at 1390 cm ™' and 1120 cm™' belongs to the C-N and C-O groups, respectively.”’>’ The analysis of
the FTIR spectrum is consistent with the results of the XPS spectrum, revealing that synthesized A-CDs possess
abundant functional groups on their surface, which endowed A-CDs with negative zeta potential of ~10 mV
(Figure 2f). The structural characteristics and small particle size of A-CDs substantiated their potential biological
significance.

Bioactivity of A-CDs

The cellular effect of A-CDs was assessed on LO2, LLC-1, HT-29, and HCT 116 cells. As shown in Figure 2g and Figure
S2, over 80% of cells remained viable after exposure to increasing concentrations of A-CDs up to 100 ug mL™" for 72 h,
demonstrating the exceptional biocompatibility of A-CDs in cancer therapy.
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Figure | Characteristics of A-CDs. (a) TEM, (b) HRTEM, and (c) UV-vis absorption (black) and PL emission spectra (red) of A-CDs; (d) PL excitation dependent spectra of
A-CDs; (e) CLSM images of LLC-1 cells incubated with A-CDs for |h and 4 h in fluorescence radiation at 405 nm, 488 nm, 561 nm, and merge field (scale bar = 25 pm).

Wht/B-Catenin Signaling Inhibition Activities of A-CDs

To evaluate whether A-CDs could preserve the biological activity of aloe Vera, we investigated the influence of aloe vera
and A-CDs on Wnt/f-catenin signaling pathway through the luciferase reporter gene assay. As shown in Figure 2h, the
activation of Wnt/f-catenin was weakened as the concentration of A-CDs increased, which eventually converted to an
inhibitory effect when reaching a certain concentration, indicating that A-CDs could inhibit Wnt/#-catenin signaling. In
addition, to clarify the synergistic effect of A-CDs, we evaluated the combinatorial effects of A-CDs and 5-FU at various
concentrations on cancer cells. As demonstrated in Figure S3, the proliferation of LLC-1, HT-29, and HCT 116 cells was
suppressed when pretreated with A-CDs (at a concentration of 100 ug mL ") compared to free 5-FU treatment. These
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Figure 2 (a) Full scan XPS survey spectrum of A-CDs; High-resolution spectra of A-CDs for (b) C Is, (c) N Is, and (d) O Is; (e) FTIR spectra of A-CDs, 5-FU, and
CDs@5-FU; (f) Zeta potential of A-CDs, CDs@J5-FU, and HA- CDs@5-FU;) (g) Cell viability of HCT |16, HT-29, LLC-1, and LO2 cells treated with A-CDs 72h (n = 4); (h)
Whnt/f-catenin signaling pathway inhibition activities of A-CDs and aloe vera by luciferase reporter gene assay (n = 3); (i) UV-vis absorption spectra of 5-FU, A-CDs,
CDs@5-FU, and HA-CDs@5-FU aqueous solution.

data presented here provided convincing evidence for A-CDs could retain the biological activity and synergistic efficacy
of aloe vera.

Drug Loading and Drug Release of CDs@5-FU and HA-CDs@5-FU

The A-CDs were expected to load and deliver drugs for cancer therapy. 5-FU, the most widely used anti-pyrimidine drug, was
selected for such investigation.'-* First, the standard absorbance curve of 5-FU was established by a UV-vis spectrophotometry
at 266 nm. As showed in supplemented Figure S4, the absorbance intensity and concentration of 5-FU drugs showed a good
linear relationship (R*=0.99). Then, 5-FU loading efficiency (in weight) of the CDs@5-FU was determined to be approxi-
mately 4.7% using the calibration curve of pure 5-FU. The FTIR spectra of bare 5-FU (Figure 2e) showed the characteristic
peaks of 5-FU at 3140 em ', 1670 cm !, 1510 em !, 1430 cm™ %, 1250 cm™ !, and 818 cm ™!, corresponding to N-H stretching,
C=0 stretching, N-H bending, C-N stretching, C-F stretching, and C-H bending, respectively.*® *° As seen from Figure 2e, the
FTIR spectrum of CDs@5-FU showed peaks of A-CDs and 5-FU at 3450 cm ™, 3160 cm™', 1640 cm ™', 1390 cm ',
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1130 cm™ ', and 887cm ', suggesting the successful binding of 5-FU. There were no new peaks detected in the CDs@5-FU
spectrum, indicating 5-FU conjugated with A-CDs through non-covalent interactions. Since 5-FU contains a double C=C
bond, thus it may bind with A-CDs through 7-m interactions.**~? In addition, the UV spectrum of CDs@5-FU (depicted in
Figure 21) showed a clear peak at 266 nm, suggested the successful loading of 5-FU. The formation of CDs@5-FU was further
investigated by H-NMR spectrometry (Figure S5a-5c). The chemical shift at 7.7 ppm in Figure S5a corresponds to the
aromatic hydrogen atoms of 5-FU, which had also been observed in CDs@5-FU (Figure S5c), verifying the successful loading
of 5-FU.

HA has a special affinity for CD44 receptors that are overexpressed on the surface of tumor cells,*"*?
consequently prompting the further modification of CDs@5-FU with HA to achieve tumor-specific targeting. The
5-FU loading efficiency (in weight) of the HA-CDs@5-FU was determined to be approximately 4.3%. It must be
mentioned that CDs@5-FU exhibited negative charge value (—5.2 mV, Figure 2f) as calculated from zeta potential
measurement. After binding of negative HA with the prepared CDs@5-FU, the zeta potential value changed to —23.1
mV (Figure 2f), suggesting that the interaction is non-electrostatic. The FTIR spectrum of HA-CDs@5-FU was
showed in Figure S6. The peak at 3410 cm ' corresponds to the hydroxyl characteristic peak was shifted and
increased in HA-CDs@5-FU compared to CDs@5-FU, probably due to the hydrogen bonding between the hydroxyl
groups of HA-CDs@5-FU. This behavior was similar to other HA coated nanomaterials.***** To investigate the
in vitro drug release profile of the prepared nanomaterials, CDs@5-FU and HA-CDs@5-FU were selected as carrier
models and exhibited similar release trends in phosphate buffer solution (pH 6.8). As illustrated in Figure S7,
approximately 60% of 5-FU was released from CDs@5-FU and HA-CDs@5-FU within 240 min due to the
migration of loosely attached drugs from the surface into the release medium,?' followed by a sustained release
of 90% until 36 h. The in vitro release profile of the free 5-FU solution, CDs@5-FU and HA-CDs@5-FU was also
examined in phosphate buffer solution (PH 7.4) and presented in Figure S8. The result clearly showed approxi-
mately 90% of 5-FU was available in the PBS buffer within the first 2 h, suggesting that 5-FU does not aggregate
and can trespass the dialysis bag membrane. Moreover, within the first 2h, the burst release of 5-FU from
CDs@5-FU and HA-CDs@5-FU was approximately 47% and 48%, respectively. Therefore, both CDs@5-FU and
HA-CDs@5-FU displayed good sustained-release behaviors.

Cytotoxicity Study in vitro

We further explored the combinatorial synergistic effects of CDs@5-FU and HA-CDs@J5-FU against cancer cells in vitro
by MTT assay. LLC-1, HT-29, and HCT 116 cells were exposed to various concentrations of 5-FU, CDs@5-FU, and HA-
CDs@5-FU (each having an equivalent amount of 5-FU). As illustrated in Figure 3a—c, both CDs@5-FU and HA-CDs
@5-FU displayed dose-responsive cytotoxicity with enhanced inhibitory effects for LLC-1, HT-29, and HCT 116 cells.
Moreover, the calculated ICso values (available in Table S1, supplementary information) of CDs@5-FU and HA-CDs
@5-FU were obvious lower than that of free 5-FU, implying they had a synergistic cytotoxic effect on cancer cells.
Furthermore, the HA-CDs@5-FU treatment showed the most prominent inhibitory effect compared to free 5-FU and
CDs@5-FU treatments, which could be ascribed to the presence of HA, with a specific binding affinity for CD44

receptors,*'*?

thereby realizing targeted tumor recognition.

To investigate the cytotoxicity of nanomaterials against normal cells, LO2 cells were subjected to various concentra-
tions of 5-FU, CDs@5-FU, and HA-CDs@5-FU (each having an equivalent quantity of 5-FU) for 48 h. The results
(Figure 3d) demonstrated that all groups exerted similar inhibitory effect on the growth of LO2 cells, indicating that

CDs@5-FU and HA-CDs@5-FU would not increase the drug toxicity to normal cells.

Nanomaterials Lead to the Perturbation of RNs and dRNs Pools

For gaining detail insight into the complex intracellular metabolic changes triggered by DNA damage, we employed
the targeted LC/MS-MS method***® to analyze the alterations in these metabolomics profiles of CDs@5-FU and
HA-CDs@5-FU treated cells. Treatment with 5-FU resulted in an expected increase in ATP and dATP levels, which
was similar to the literature published before'*'? (Table S2, Table S3). 5-FU could incorporate into RNA synthesis
or interference with DNA synthesis (Figure S9), which may be responsible for the accumulation of ATP and
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Figure 3 Cell viability of (@) HCT 116 for 48 h, (b) HT-29 cells for 72 h, (c) LLC-1 cells for 48 h, and (d) LO2 cells for 48 h treated 5-FU, CDs@5-FU, and HA-CDs@5-FU
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and **p < 0.001.
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dATP."*'3 Compared to single 5-FU treatment, the combination therapies of CDs@5-FU and HA-CDs@5-FU
resulted in obvious increases in ATP and dATP levels, with dATP levels rising from 2 to 8 or even 15 folds. It
suggested that the perturbations of ATP and dATP were more sensitive after the combinational administration,
potentially exacerbating the nucleotide imbalance and significantly inhibiting DNA and RNA synthesis, leading to
enhanced 5-FU efficiency.

5-FU as a DNA synthesis inhibitor and its active metabolite 5-fluoro-2'-deoxyuridine-5'-monophosphate (FAUMP)
could inhibit thymidylate synthase (TS), which methylates dUMP to TMP. Interrupting the action of this enzyme would
lead to the inhibition of TMP synthesis, accumulation of dUMP, depletion of deoxythymidine metabolites, and ultimately
affecting DNA synthesis'? (Figure S9). As expected, 5-FU treatment showed an expected elevation in dUMP levels
(Figure 3e) but presented the contrary tendency in TTP, TDP, and TMP (Figure 3f-h), revealing that 5-FU induced DNA
damage on LLC-1 cells. Upon exposure to CDs@5-FU treatment, dUMP level was notably higher than that under single
5-FU treatment, whereas TTP, TDP, and TMP were lower. These findings indicated that combinational treatment might
induce more profound DNA damage compared to single 5-FU treatment. Taken together, CDs@5-FU could increase
DNA damage, and the enhanced DNA damage might be associated with the aggravated imbalance of ATP, dATP, TMP,
and dUMP. Furthermore, HA-CDs@5-FU treatment exhibited the most drastic imbalance in RNs and dRNs, suggesting
that HA-CDs@5-FU could potentially cause the most severe DNA damage, which corroborated the results obtained from
in vitro MTT experiments.

Inhibition of Wnt/B-Catenin-Related Gene Expression

Since 5-FU cause DNA damage during the DNA replication process, we measured the y-H2AX level (a marker of
DNA DSB) in LLC-1 cells via Western blot analysis.'* The results (displayed in Figure 4a and b) indicated that
treatment with CDs@5-FU and HA-CDs@5-FU could significantly increase the y-H2AX level compared to free
5-FU, demonstrating the enhanced DNA damage to nanomaterials. These findings suggested the synergistic effects
of CDs@5-FU and HA-CDs@5-FU were relative with DNA damage, which was consistent with RNs and dRNs
content changes.

It is well known that the Wnt/S-catenin is an important oncogenic signal pathway in relation to tumor proliferation,
which is activated in Lewis lung cancer.*”** To further understand the synergistic mechanism of nanomaterials, we
aimed to investigate whether the enhanced antitumor effects of the CDs@5-FU and HA-CDs@5-FU were associated
with the Wnt/f-catenin pathway. Western blot analysis (Figure 4a, ¢ and d) demonstrated that LLC-1 cells exposed to
A-CDs for 24 h experienced a notable reduction in protein levels of f-catenin and its associated target genes Cyclin D1,
implying A-CDs might inhibit the Wnt/S-catenin pathway in LLC-1 cells. Moreover, treatment with CDs@5-FU and
HA-CDs@5-FU effectively reduced fS-catenin and Cyclin D1 levels compared to the single 5-FU treatment, suggesting
that the synergistic effect of CDs@5-FU and HA-CDs@5-FU is partly mediated by the suppression of Wnt/$-catenin,
which may be ascribed to the existence of A-CDs.

Antitumor Activity in Vivo

In order to evaluate the therapeutic effect of CDs@5-FU and HA-CDs@5-FU in vivo, four experimental groups of LLC-
1 tumor-bearing mice model were given a dose of 12.5 mg 5-FU equivalent/kg body weight or PBS every three days
(Figure 5a). The body weights of all groups showed a normal range and displayed a slight rising trend without significant
differences (Figure 5b), indicating that CDs@5-FU and HA-CDs@5-FU did not cause serious side effects during the
treatment period. Tumor volume was shown in Figure 5c, mice treated with PBS and 5-FU presented an obvious rapid
tumor growth, while those treated with nanomaterials were more slowly, which was ascribed to intrinsic Wnt/f-catenin
inhibition of A-CDs, leading to a more effective antitumor effect. Additionally, the mice treated with HA-CDs@5-FU
exhibited the most pronounced tumor inhibition, which could be attributed to the cancer-targeting property of HA that
enables HA-CDs@5-FU to enter cells more effectively. As shown in Figure 5d and e, tumor weight and morphology of
each group directly demonstrated a superior therapeutic efficacy of HA-CDs@5-FU group, followed by CDs@5-FU
treated group.
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Figure 4 (a) Western blotting analysis showing the expression levels of (b) y-H2AX, (c) f-catenin, and (d) cyclin-D1 in LLC-1 cells after 24 h incubation (n = 4). *p < 0.05,
*p < 0.01, and *¥*p < 0.001.

To further verify the antitumor mechanism of nanomaterials on tumors, the expression of y-H2AX, f-catenin and
cyclin-D1 were evaluated through Western blotting in the PBS, 5-FU, CDs@5-FU, and HA-CDs@5-FU experimental
groups (Figure 5f—g). The lower expression levels of f-catenin and cyclin-D1 were observed in CDs@5-FU and HA-CDs
@5-FU groups compared to free 5-FU group, suggesting that nanomaterials could effectively inhibit Wnt/#-catenin
in vivo. In addition, the highest y-H2AX level was observed in the HA-CDs@5-FU-treated group, followed by
CDs@5-FU-treated group, indicating CDs@5-FU and HA-CDs@J5-FU could induce the more severe DNA compared
to single 5-FU treatment. These results were consistent with the corresponding tumor inhibition effect, confirming that
the synergistic effect of nanomaterials was related to the enhanced DNA damage in vivo. Collectively, these results
indicated that CDs@5-FU and HA-CDs@5-FU augmented Wnt/f-catenin inhibition and DNA damage in animal model,
achieving a synergistic effect.

The tumor tissues were also sectioned into slices for H&E staining. As illustrated in Figure 5h, the more extensive
apoptotic cells were observed in CDs@5-FU and HA-CDs@5-FU treated tumor tissues, revealing the remarkable
synergistic therapeutic efficacy of nanomaterials. For the toxicity evaluation in vivo, the major organs of the treated
mice were also subjected to H&E staining (Figure S10), which showed no significant cytoarchitectural alterations or
inflammatory lesions in the detected organs, further demonstrating the reliable safety of CDs@5-FU and HA-
CDs@5-FU.
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Figure 5 Antitumor effect of nanomaterials in mice. (a) Schematic illustration in vivo therapy; (b) The body weight changes, (c) relative tumor growth curves, and (d) tumor
weight after different treatments in mice (n = 6); (e) The tumor photographs after the administration. (f and g) Western blotting analysis showing the levels of y-H2AX, -
catenin, and cyclin-D1 in tumors with PBS, 5-FU, CDs@J5-FU, and HA-CD@J5-FU treatments (n = 4); (h) Representative H&E staining images of tumors excised from LLC-|
bearing mice after 25 days of treatments (Scale bars: 10 pm). *p < 0.05, and **p < 0.01, and ***p < 0.001.

Conclusion

A combination chemotherapy strategy based on Wnt/f-catenin inhibition involving nucleotide metabolism was designed in
the study. The novel A-CDs were designed by a facile hydrothermal treatment of aloe vera, which displayed intrinsic Wnt/f3-
catenin inhibition, favorable biocompatibility and good cell imaging ability. More importantly, a functional CD-based drug
delivery system (CDs@5-FU) with intrinsic Wnt/f-catenin inhibition ability was developed for synergistic therapy, which
could possibly improve 5-FU sensitivity by accelerating the nucleotide imbalances of dATP, ATP, dUMP, and TMP, leading to
enhanced DNA damage. This 5-FU delivery system (CDs@5-FU) highlights the unique advantages of Wnt/f-catenin self-
inhibition in synergistic therapy and makes up for the drawback that reported 5-FU nanocarriers have no therapeutic efficacy.
Furthermore, HA was conjugated with CDs@5-FU to create a targeted anticancer nano-platform. The established HA-CDs
@5-FU demonstrated excellent anti-tumor effect and favorable biocompatibility, with no apparent tissue toxicity observed
in vivo. Therefore, these findings highlight that A-CDs hold great potential as a multifunctional nanocarrier for Wnt/f-catenin
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inhibition and synergistic therapy. The explanation of intracellular nucleoside metabolism could also provide new ideas for
effective combination treatments.
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