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ARTICLE INFO ABSTRACT

Keywords: Luteolin is a potent anti-colorectal cancer chemical. However, its effectiveness is hindered by its
Metal'orga“i? framework poor solubility in water and fat, and it is easy to degrade by gastrointestinal enzymes. In this
Grap};‘_’“e oxide study, a nano-composite carrier, NH,-MIL-101(Fe)@GO (MG), based on aminated MIL-101(Fe)
;‘;:;I:: and graphene oxide (GO) was developed and evaluated. This carrier co-delivered luteolin and

matrine, while marine was used to balance the pH for the nano-preparation. The loading ca-
pacities for luteolin and matrine were approximately 9.8% and 14.1%, respectively. Luteolin’s
release at pH = 5 was significantly higher than at pH = 7.4, indicating it had an acidic pH
response release characteristic. Compared to MOF and GO alone, MG and NH2-MIL-101(Fe)
@GO@Drugs (MGD) enhanced anti-cancer activity by inhibiting tumor cell migration,
increasing ROS generation, and upregulating the expression of Caspase-3 and Caspase-9. In
conclusion, this study contributes new ideas and methods to the treatment strategy of multi-
component anti-colorectal cancer therapy. It also advances drug delivery systems and supports
the development of more effective and targeted treatment approaches for colorectal cancer.

Responsive release of acidic pH
Anti-colorectal cancer

1. Introduction

Colorectal cancer, a malignancy of the digestive system, is the third most common and second deadliest cancer globally [1].
Traditional treatment options include surgery, radiotherapy, immunotherapy, and chemotherapy [2]. However, these methods often
come with significant side effects and low survival rates [3-5]. Luteolin is an effective anti-colorectal cancer component [6,7].
However, luteolin’s poor water and fat solubility, along with susceptibility to degradation by gastrointestinal enzymes, limit its oral
bioavailability and clinical application [8,9]. To overcome these difficulties, modern nano preparation technology can be employed to
synthesize a carrier which can effectively deliver luteolin and be suitable for the complex tumor microenvironment.

Metal-organic frameworks (MOFs) are a class of porous mixed organic-inorganic materials with unique properties, including a large
specific surface area, adjustable pore size, easy synthesis, surface modifiability, and certain chemical instability [10,11]. MOFs have
become as a research hotspot in the field of drug delivery platforms for tumor therapy. However, it is crucial not to overlook the
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biocompatibility of MOFs, especially, the toxicity of metal ions and organic ligands within MOFs. Among the promising MOFs,
iron-based MOFs stand out for their low toxicity, as iron is an essential trace element in the human body. Numerous studies have
reported the utilization of iron-based MOFs like MIL-53, MIL-101, MIL-88, and MIL-100 for loading and delivering anticancer drugs,
including curcumin [12], doxorubicin hydrochloride [13], 5-fluorouracil [14], aspirin [15], and camptothecin [16].

Graphene oxide (GO), a two-dimensional sp2-carbon nanomaterial, possesses several advantages, such as a large specific surface
area, excellent electrical and thermal conductivity, and hydrophilicity [17]. The two-dimensional structure of GO provides numerous
active sites for reacting with other functional groups through conjugation reactions or various other mechanisms [18,19]. Conse-
quently, GO exhibits tremendous potential for biomedical applications, including drug delivery.

In this study, a novel drug delivery system consisting of MIL-101(Fe) @GO co-loaded with luteolin and matrine is built. The lamellar
structure of GO is expected to be the in-situ growth point of MOF particles. The combination of MOF and GO, both possessing lamellar
structures, not only enhances permeability and retention effects but also increases the uptake of drug. The system offers more effective
drug binding sites and improves the hydrophilicity of the composite material [20-25]. Furthermore, it inhibits the aggregation and
stacking of the two ingredients, resulting in a more uniform structure. Luteolin, a flavonoid compound, exhibits weak acidity, while the
iron-based MOF demonstrates acid degradation properties. Consequently, matrine, another active anti-colorectal cancer drug [26], is
selected to adjust the pH of the system, stabilize the carrier, and act as an excipient to enable the co-loading of both drugs.

2. Materials and methods
2.1. Reagents

N, N-dimethylformamide (DMF) and Luteolin were purchased from Aladdin Reagent Co., LTD (Shanghai, China). FeCls-6H20 was
obtained from Macklin Biochemical Technology Co., LTD (Shanghai, China). 2-amino-terephthalic acid was sourced from Sigma-
Aldrich Pty Ltd (Darmstadt, Germany). GO was provided by Nanjing Jicang Nano Technology Co., LTD (Nanjing, China). Matrine
was purchased from Nantong Feiyu Biotechnology Co., LTD (Nantong, China). RKO and FHC cells were provided by Jiangsu
Collaborative Innovation Center for Traditional Chinese Medicine Prevention and Treatment of Tumor.

2.2. Samples preparation

The final preparation method was determined based on the investigation of the several factors, including the amount of DMF, the
reaction materials ratio, the amount of GO, the reaction time, and temperature (Supplementary figs. 1-10; Supplementary tables 1-4).

NH,-MIL-101(Fe)@GO (MG): FeCls-6H20 (1.461 g), 2-amino-terephthalic acid (438.3 mg), GO (73.05 mg) was dispersed in DMF
(30 mL). After mixing and stirring for 30 min, the mixture was transferred to a Teflon reactor and reacted in an oven at 110 °C for 24 h.
After cooling, the obtained solution was centrifuged at 5000 rpm for 10 min, followed by 3 washes with DMF and ethanol. Finally, the
sediment was activated in the oven at 110 °C for 24 h to obtain the MG.

NH>-MIL-101(Fe) @GO@Luteolin@Matrine (MGD): Equal amounts of luteolin, matrine, and MG were dispersed in an appropriate
amount of anhydrous ethanol and stirred at room temperature for 6 h to achieve full contact between the drug and the carrier. The
solution was centrifuged at 5000 rpm for 10 min, and the precipitate was washed with anhydrous ethanol to remove the free drug. The
product was dried in a low-temperature oven to obtain MGD. HPLC was used to detect the loading capacity of the drug, calculated as
follows (the HPLC conditions was shown in supplementary materials):

Total amount of luteolin — Free amount of luteolin

Luteolin loading (%w) = Mass of - x 100
ass of carrier

. R Total amount of Matrine — Free amount of Matrine
Matrine loading (%w) = Mass of - x 100
ass of carrier

2.3. Structural characterization

A variety of structural characterizations were conducted, including scanning electron microscope (SEM) image, transmission
electron microscope (TEM) image, X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) test, X-ray photoelectron spectroscopy
(XPS) analysis, particle size (PS), surface zeta potential (SZP), and thermal gravity analysis (TGA). These were performed to confirm
the successful synthesis of the carrier materials and the effective loading of the drugs, as well as study their physicochemical properties.

SEM: The GeminiSEM300 field emission SEM (FE-SEM) (Zeiss, Germany) was used to examine the morphology and elemental
distribution.

TEM: A Tecnai F20 TEM (FEI, USA), operated at an accelerated voltage of 200 kV, was used to observe the particle structure at a
higher resolution.

XRD: XRD patterns were collected using a D8 Advance X-ray diffractometer (Bruker, Germany), with Cu Ka radiation (wavelength
1.5418 A), scanning in the range of 5-90° (scanning step size: 0.02°, scanning speed: 10°/min, working voltage: 40 kV, working
current: 30 mA).

BET: BET tests were carried out using an ASAP2420 automatic specific surface area and pore analyzer (Micromeritics, USA), with a
degassing temperature of 110 °C and a degassing time of 12 h. BET and Barrett-Joyner-Halenda (BJH) methods were used to calculate
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the BET specific surface area, pore volume, and pore diameter, respectively. Since the MGD system contained matrine with a low
melting point, BET detection was only performed on MG.

XPS: A Nexsa X-ray photoelectron spectrometer (Thermo Fisher, GBR) was used to study the composition and elemental binding
modes in the materials. The analysis chamber was maintained at a vacuum level of 5 x 10710 Pa, and Al Ka rays (hv = 1486.68 eV)
were used as the excitation source at a working voltage of 15 kV and a filament current of 10 mA. The signal was accumulated 5-10
times, and the energy standard for C1s = 284.80 eV was used for data calibration.

PS and SZP: PS and SZP were measured using a ZS90 nanoparticle size potential analyzer (Malvern, GBR). Fourier Transform
infrared spectroscopy (FT-IR) spectra were obtained using a Nicolet iS5 Fourier Transform infrared spectrometer (Thermo Fisher,
GBR), covering the spectral range of 500-4000 cm L.

TGA: A thermogravimetric analyzer (Mettler, Germany) was used to investigate the thermal stability of the materials in a tem-
perature range of 30-800 °C with a 30 °C/min heating rate.

2.4. Invitro drug release studies

The in vitro diffusion method was used to study the regularity of drug release. Specifically, MGD (30 mg) was introduced to 1%
Tween-80 PBS buffer solution (30 mL) at pH value of 5 and 7.4, with stirring at 37 °C using a magnetic stirrer. At specific time intervals
(025,0.5,1,2,3,4,5,6,7,8,9,10,11, 12, 24, 48, and 72 h), 1 mL of the solution was taken to determine the drug solubility, and 1 mL
of fresh buffer solution was added to maintain a constant volume. HPLC was utilized for evaluating the drug release. The subsequent
formulas were employed to calculate and plot the cumulative in vitro release curve (n = 3).

C.V, + Z GV;

w%:T"x 100

Cy/i (mg/mL) referred to the drug concentration at the n/i time point; V, (mL) denoted the total system volume (30 mL); V; (mL)
stand for the sample volume at the i-time point; M (mg) represented the total mass of drug; and W denoted the percentage of cu-
mulative release.

2.5. Cytotoxicity assay

Cell viability was measured using the CCK-8 method. RKO and FHC cells were seeded into 96-well plates and incubated at 37 °C in
5% carbon dioxide for 12 h. The cells were then treated with NH,-MIL-101(Fe), GO, MG, and MGD at varying concentrations (0, 3.125,
6.25, 12.5, 25, 50, 100, 200 pg/mL) for 24 h. The supernatant was discarded, and the cells were washed with PBS to remove unab-
sorbed drugs. A solution containing 10% CCK-8 reagent (100 pL) was added to each well and incubated for 2-3 h. Cell survival rate was
calculated based on the absorbance at 450 nm.

2.6. Wound healing assay

RKO cells were inoculated into a six-well plate and incubated for 12 h. The back of the plate was marked to divide each well into
three sections. After washing each well 3 times with PBS to remove detached cells, the initial scratch was recorded using an inverted
microscope (Zeiss, Germany). MG and MGD (100 pg/mL) were added to the wells, and photographs were captured at 24 h and 48 h
post-treatment to document the scratch status at the same position.

2.7. ROS releasing assay

RKO cells were seeded into 6-well plates and incubated for 12 h. The cells were then treated with MG and MGD (100 pg/mL) for 24
h. After washing the cells three times with PBS to remove free drugs, the cells were digested and collected using pancreatic enzymes.
DCFH-DA (10 pM) was added to the cells and incubated for 20 min, with the mixture being inverted and mixed every 5 min to ensure
full probe-cell contact. The cells were then washed three times with FBS-free cell culture solution to remove any DCFH-DA that did not
enter the cells. Fluorescence intensity was measured using a fluorescent enzyme labeling instrument (Tecan, Swiss). The above steps
were without cell digestion, allowing the probe to directly contact the adherent cells. The ROS fluorescence intensity was directly
observed using an inverted fluorescence microscope (Nikon, Japan).

2.8. Effects on protein expression of caspase-3 and caspase-9

The cell culture procedure was repeated until the RKO cells reached the appropriate state. The cells were then treated with 100 pg/
mL of MG and MGD for 24 h. After collection, the cells were lysed to extract intracellular proteins. Western blotting was performed to
detect changes in the expression of caspase-3 and caspase-9.
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Fig. 1. Synthesis and characterization. A, SEM images of MG; B, SEM images of MGD; C, TEM images of MG; D, TEM images of MGD; E, XRD pattern
of MIL-101(Fe) and GO; F, XRD pattern of MG and MGD.
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Fig. 2. Characteristics. A, Elemental proportion; B, SZP and PZ; C, Nitrogen adsorption and desorption isotherms of MG; D, Pore size distribution of
MG; E, FT-IR; F, TGA.

3. Results and discussion
3.1. Synthesis and characterization of MG and MGD

MG was synthesized using a solvothermal method. In this process, GO with two-dimensional lamellae served as the in-situ growth
point for MOF particles, which included the metal center, organic ligand, and solvent. Under high temperature, the MOF particles were
synthesized and uniformly dispersed on the surface of GO, resulting in the formation of the MG.

To load the drug, luteolin, matrine and carrier materials were stirred together. As shown in Fig. 1A and C, the iron-based MOFs
exhibited an octahedral pyramid morphology dispersed on the surface of the GO lamellae. However, after drug loading, the MOF
structure transformed into an irregular polyhedral form, and the GO lamellae thickened (Fig. 1B and D). Obvious absorption peaks
were observed around 9.84°, 16.36°, 20.4°, and 24.6° (Fig. 1F), consistent with reference [27]. In addition, compared to MOF and GO
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Fig. 3. XPS diagrams of MG and MGD.

alone (Fig. 1E), the positions of characteristic peaks corresponded to each other, indicating the successful synthesis of MG. However,
the addition of GO and drugs led to a reduction in characteristic peak intensity, likely attributed to X-ray diffraction reduction.

The BET test results revealed that the specific surface area of MG was approximately 90.36 cm®/g, and the pore size was around
2.38 nm, indicating its classification as a mesoporous material (Fig. 2C and D). It was evident that MG and MGD predominantly consist
of four elements: C, O, Fe, and N (Supplementary figs. 11A-D). Upon drug loading, there were changes in the element proportions, with
an increased proportion of C and N elements and a decreased proportion of O and Fe elements (Fig. 2A). The SZP and PS of MG and
MGD were also measured, showing an increase in PS from 378.9 nm to 394.6 nm and a decrease in SZP from 19.7 mV to 12.7 mV after
drug loading (Fig. 2B).

To further confirm the drug loading, FT-IR measurements were performed. The results illustrated wide absorption bands in the
range of 3200-3600 cm’l, attributed to stretching vibrations of hydroxyl (-OH) and amino (-NH3) groups (Fig. 2E). The characteristic
peak observed at 1613 cm ™! corresponds to the stretching vibration of the C=0 bond in the carboxyl group [28]. The peak at 1578
cm ! represented stretching vibrations of the C=C unsaturated bond in the carbon skeleton. The two peaks 1437 and 1350 cm ™! were
attributed to the stretching vibration bonds for the C-N bonds in amide moieties [29]. The peaks near 1250 and 770 cm™! corre-
sponded to the stretching vibrations of -CH and C-C, respectively. Notably, the absorption peak strength of the wide absorption band
near 3200-3600 cm ! slightly weakened after loading luteolin, potentially due to the formation of complex bonds between the hy-
droxyl groups of luteolin and the central iron of the MOF. This weakening could result in decreased resonance strength of hydroxyl and
amino groups on the composite carrier’s surface. Moreover, the strength of the characteristic peak at 1613 cm ™! corresponding to the
C=0O0 bond significantly decreased after drug loading, possibly due to hydrogen bonding between luteolin and the oxygen-containing
functional groups on the GO surface.

TGA demonstrated both MG and MGD had an excellent thermal stability (Fig. 2F). In the Cl1s spectrum of MG, three peaks were
observed at 284.5, 286.3, and 287.7 eV, corresponding to C-C, C-O, and C=0, respectively [30]. The O1s spectrum exhibited peaks at
532 and 533 eV, representing the ~OH and Fe-O bonds in the sample, while peaks around 531.5 eV could be attributed to oxygen
absorption [31]. In the N1s spectrum, the three main peaks observed at 398.2, 400.5, and 401.9 eV corresponded to pyridine-N,
pyrrole-N, and graphite-N, respectively. The proportion of nitrogen in the system was relatively low, possibly due to the high reac-
tion temperature leading to the partial destruction of C-N bonds [32]. In the Fe2p spectrum, the two main peaks at 711 and 725.1 eV
corresponded to Fe2p3/2 and Fe2p1/2, respectively, indicating the presence of both Fe2* and Fe®*' in the composite [33].

After drug loading, there were significant changes in the proportions of binding modes for each element (Fig. 3A-D). The pro-
portion of C—=0 and Fe-O decreased from 18.31% to 11.97%, and from 35.81% to 24.32%, possibly due to the successful loading of
luteolin. While, the changes in the N1s spectrum could be attributed to the addition of matrine.
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Fig. 5. Effects of different drugs on RKO cell viability. A, Effect of NH2-MIL-101(Fe) on RKO cell viability; B, Effect of GO on RKO cell viability; C,
Effect of MG on RKO cell viability; D, Effect of MG and MGD on RKO cell viability; E, Blank RKO cells morphology; F, Morphology of RKO cells at 0 h
of administration (MGD); G, Morphology of RKO cells at 24 h of administration (MGD).

The characterizations not only offered physical parameters of MG and MGD but also confirmed the successful synthesis of the
carrier and provided evidence of the success for drug loading.

3.2. Drug loading and release

Luteolin and matrine, which belonged to flavonoids and alkaloids respectively, were loaded onto the carrier using the following
mechanism: the o-phenol hydroxyl group of luteolin could form a complex with iron ion in the metal center, and this complex bond
could be broken under the influence of acidic H'. Moreover, the presence of H' leaded to the gradual collapse of the MOF skeleton,
facilitating drug release [16,34]. Additionally, due to the inclusion of GO, the numerous oxygen-containing functional groups on its
surface could interact with the phenolic hydroxyl group of luteolin through hydrogen bonding. The n-n stacking between benzene rings
also contributed to the loading of luteolin. On the other hand, matrine, being positively charged, could be electrostatically attracted to
the negatively charged GO surface, resulting in successful drug loading.

The theoretical loading capacity of the two drugs were determined by HPLC, which was about 9.8% and 14.1% for luteolin and
matrine, respectively. The drug release experiment of MGD was conducted by an in vitro diffusion method. Under acidic conditions (pH
=5), the release of luteolin was significantly higher than that under neutral conditions(pH = 7.4), while the release of matrine showed
no correlation with pH conditions. Both drugs exhibited an initial sudden release, followed by gradual slow release. At the end of the
72-h experiment, the combined drug loading system released approximately 54.8% of luteolin and 60.8% of matrine at pH 5, whereas
only 17.8% of luteolin and 58.3% of matrine were released at pH 7.4 (Fig. 4A and B), suggesting that MGD had the potential to release
luteolin under acidic conditions.
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Fig. 6. Effects of MG and MGD on RKO cells migration. A-D, MG group; E-H, MGD group. (A,C,E, and G are blank RKO cells without drug effect).

3.3. Efficacy evaluation in vitro

3.3.1. Cell cytotoxicity assay

The PS results of MGD suggested its potential to increase accumulation at the tumor site by enhancing the permeability and
retention effect (EPR) [35]. Additionally, the positive charge on the surface of MGD allowed it to better interact with the negatively
charged surface of tumor cells, enhancing its potential to enter the interior of cells.

Normal RKO cells exhibited irregular spindle-shaped morphology (Fig. 5E). At 0 h, evident MGD particles were observed (Fig. 5F),
while at 24 h, significant drug adsorption around RKO cells was visible, coinciding with a noticeable reduction in the number of RKO
cells (Fig. 5G). Subsequently, the CCK-8 method was used to investigate the effects of NH2-MIL-101(Fe), GO, MG, and MGD on RKO
activity in colorectal cancer cells (Fig. 5A-D). NH2-MIL-101(Fe) did not significantly inhibit RKO cell viability at various concen-
trations, while the effect of GO on RKO cell viability was concentration-dependent. Overall, as the concentration increased, the
inhibitory effect slightly strengthened. MG exhibited significantly inhibitory effects on RKO cells, particularly at medium and high
concentrations (25-200 pg/mL), where the inhibitory effect was notably higher than that of either component alone at the same
concentration. Furthermore, MGD with luteolin and matrine demonstrated further enhancement in comparison to the blank composite
carrier. These results indicated that the composite vector held a considerable advantage over MOF and GO alone, and combining the
vector with the drugs could further amplify this advantage. In addition, the effects of MGD on the viability of RKO and FHC cells were
also conducted to preliminarily evaluate the in vivo safety of MGD. The results showed that MGD did not affect the normal proliferation
of FHC cells at low to medium concentration, but had a weak inhibitory effect at high concentration, which may be related to the
increase of GO content (Supplementary fig. 12).

3.3.2. Cell migration assay

Both luteolin and matrine have been reported to exhibit inhibitory effects on tumor cell migration [36-39] Thus, the effects of MG
and MGD on RKO cell migration were investigated (Fig. 6). In the control group, RKO cells migrated towards the center after 24 h
(Fig. 6A and E), and nearly all RKO cells occupied the middle blank area after 48 h(Fig. 6C and G). At 24 h and 48 h after MG
administration, there was also a substantial increase in scratch center cells, indicating that MG did not significantly inhibit RKO cell
migration(Fig. 6B and D). However, after 24 h of MGD administration, RKO cells exhibited minimal migration(Fig. 6F), and there was
no significant migration even after 48 h(Fig. 6H). Hence, MGD demonstrated a significant inhibitory effect on the migration of RKO
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Fig. 7. Effects of MG and MGD on ROS and apoptosis factor. A, ROS; B, Caspase-3; C, Caspase-9.
cells when compared with MG.

3.3.3. ROS and apoptosis factor detection

Numerous studies have validated the anti-tumor role of iron-based MOF through the Fenton reaction [40,41]. Upon uptake by
tumor cells, nanomaterials containing iron-based MOF release iron ions within intracellular lysosomes, which could induce tumor cell
apoptosis by promoting ROS generation. Additionally, the Caspase family proteases played a crucial role in apoptotic pathways
[42-45]. Consequently, the changes in ROS, Caspase-3, and Caspase-9 contents in RKO cells were concurrently assessed after treat-
ment with MG and MGD. The results indicated that, compared to MG, MGD could further enhance ROS production in cells and
up-regulate the expression of Caspase-3, and Caspase-9 (Fig. 7A-C).

4. Conclusion

This study successfully synthesized a complex carrier based on NH2-MIL-101(Fe) and GO with uniform particle size and a stable
structure. The carrier efficiently loaded both luteolin and matrine, resulting in a complex drug delivery system capable of releasing
luteolin in response to acidic pH. In vitro pharmacodynamic experiments demonstrated a synergistic effect between NH2-MIL-101(Fe)
and GO. GO could enhance the composite vector’s anti-colorectal cancer effect. This system effectively inhibited the proliferation and
migration of RKO cells by increasing ROS release and up-regulating of Caspase-3, and Caspase-9. This work exhibited the advantages of
combining MOF and GO, demonstrating the potential of MOF@GO drug delivery systems in drug loading and anti-tumor applications.
This approach provides new ideas and methods for the treatment strategy of colorectal cancer by multi-component.
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