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ABSTRACT: Naringin, a natural product, can be used as a therapeutic agent due to its
low systemic toxicity and negligible adverse effect. However, due to its hydrophobic
nature and thereby low solubility, high-dose treatment is required when used for human

therapy. Herein, we demonstrate the employment of a metal—organic framework (MOF)

as a nontoxic loading carrier to encapsulate naringin, and the afforded nairngin@MOF

composite can serve as a multifunctional bioplatform capable of treating Gram-positive
bacteria and certain cancers by slowly and progressively releasing the encapsulated
naringin as well as improving and modulating immune system functions through synergy

between naringin and the MOF.

® &
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1. INTRODUCTION

Natural products utilized as therapeutic agents as described in
The Grand Compendium of Materia Medica have been
recognized since the ancient time due to their chemical
diversity and biochemical specificity.”” Despite the recent
rapid development of synthetic drugs, therapeutic agents
derived from natural products still contribute extensively to
medical treatments due to their inherent biocompatibility and
negligible adverse effects.” It is worth noting that natural
products can also be treated as adjuvants, which are capable of
improving and modulating the immune system function.”
Among these are flavonoids,” a bioactive group of the
secondary metabolites found in various edible fruits,
vegetables, and medicinal plants, which exhibit pharmaco-
logical activities as antioxidants’ and anti-inflammatory drugs.”
The flavonoid’s phenolic moiety allows it to kill bacteria” and
serve as an alternative food preservative. Naringin, a flavanone-
glycoside compound that is the source of a bitter taste in
grapefruit juice, has sparked a growing interest in treating
various diseases due to its wide bioavailability, pharmacological
versatility, and low cost.'"” However, the therapeutic efficacy of
naringin is limited because of its poor solubility in aqueous
media, susceptibility to pH, and ease of oxidation,'' presenting
a challenge for its use in further medical treatments. Thus,
protecting its oxidation and improving its solubility in aqueous
solutions via loading into nanocarriers could facilitate an
increase in its therapeutic efficiency.

Considerable attention has recently been focused on hybrid
porous solids known as metal—organic frameworks (MOFs),
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given their high surface areas, tunable structures, and
controllable porosities, which have been explored for a wide
variety of drug delivery applications."”™"> By judiciously
choosing the chemical compositions, sizes, structures, and
surface properties, MOFs can be rendered with biocompati-
bility and biosafety.'”'® Their amphiphilic internal micro-
environment caused by the coordination interaction between
the polar metal jons and the nonpolar organic ligands makes
them well suited to encapsulate both hydrophilic and
hydrophobic drugs.'®'” Therefore, MOFs could be suitable
carriers for loading naringin to increase its therapeutic
efficiency and avoid the possibility of naringin aggregation
upon intravenous administration.®

Enteric bacteria such as Bacillus subtilis (B. subtilis), a Gram-
positive bacterium, are the primary etiological agents of
epidemic diarrhea and are sporadic in adults and children.'”
However, due to the deep decline in antibiotic approval over
the last 30 years,”* natural products discovered as antibiotics to
treat such ailments have received enormous attention.
Naringin is widely used to treat bacteria due to it containing
a phenolic structure, which can disrupt the bacterial membrane
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Scheme 1. Ilustration of Loading Naringin into MIL-101 as a Multifunctional Bioplatform with Antibacterial, Cancer Cell
Killing, and Immune Cell Promoting Properties
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Figure 1. (a) Scanning electron microscopy image of MIL-101; (b) powder X-ray diffraction (PXRD) patterns of MIL-101 (black line) and
naringin@MIL-101 (blue line); (c) N,-sorption isotherms of MIL-101 (black line) and naringin@MIL-101 (blue line) (solid one: adsorption;
empty one: desorption); and (d) pore size distribution curves of MIL-101 (black line) and naringin@MIL-101 (blue line).

structures, resulting in the leakage of cellular components and, treatment is critical. Alternatively, using MOFs as carriers to
thereby, cell death.”’ However, it is generally more active encapsulate naringin could solve this issue and increase the
against Gram-negative than Gram-positive bacteria.® There- antibacterial effectiveness due to a coordination interaction
fore, using a carrier that can penetrate the Gram-positive within the peptidoglycan layer of Gram-positive microbes
bacteria peptidoglycan layer to release naringin for its where lipoteichoic acid can serve as a chelating agent to
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Figure 2. (a) Fourier transform infrared (FTIR) spectra of MIL-101 and naringin@MIL-101 compared with naringin; (b) Fe 2p, (c) C 1s, and (d)

O 1s XPS spectra of MIL-101 and naringin@MIL-101.

coordinate with the metal ion in the MOF structure, thus
possibly resulting in a membrane damage through lipid
peroxidation, leading to the inactivation of Gram-positive
microbes like B. subtilis.”>**

Bacteria, as an antigen, can trigger an immune response in an
effort to defend themselves. As a natural antibiotic, naringin
can confer protection against bacteria and be used as an
immune adjuvant to modulate the immune system.”** MOFs
as naringin delivery vehicles could also be used as potential
immune activators due to their intrinsic immunogenicity
behavior.”

Recent epidemiological studies have shown that high dietary
consumption of vegetables and fruits reduces the risks of
certain types of cancer.”® Therefore, the naringin-loaded MOF
has the potential to establish natural product therapeutic
modes for combinational therapy, providing antibacterial and
antitumor treatment along with boosting the immune system.
Multifunctional theranostic systems coordinated with individ-
ual functions can optimize therapeutic efficiency, therefore
providing more opportunities for on-demand therapy, as well
as paving the road toward precision medicine. To the best of
our knowledge, the naringin-loaded MOF used for multifunc-
tional treatment has not yet been reported.

In this work, a nontoxic iron (III)-based MOF, MIL-
101(Fe) (denoted as MIL-101),"” was chosen as the platform
to load naringin due to its large loading ca.pacity,27 high
porosity, biodegradability caused by the labile metal—ligand
bonds, and its hydrophobic and hydrophilic properties. These
attributes combine to make it an ideal candidate as a naringin
delivery vehicle to achieve multifunctional therapy.”® The
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structure of MIL-101"""° features two mesocages with two
windows that are ideally sized to allow naringin to easily diffuse
into the pores and reside within the mesocages. Moreover, the
hydrophobic interaction between naringin and the MOF
structure enables sustained release to reduce the total dose of
naringin medication required. We speculate that the naringin-
loaded MOF composite can synergize in killing B. subtilis,
which can be measured by antibacterial activity. The viability
of immune and cancer cells is also tested to further explore the
naringin-loaded MOF as a promising target for multifunctional
therapy (Scheme 1).

2. RESULTS AND DISCUSSION

MIL-101 was synthesized by a hydrothermal method and
isolated by centrifugation. As shown in Figure la scanning
electron microscopy image, as-synthesized MIL-101 nano-
particles have an octahedral shape with a side length of about 1
pum. According to Figure 1b, the powder X-ray diffraction
(PXRD) pattern of synthesized MIL-101 matches well with the
calculated one. Naringin@MIL-101 composites were prepared
through a stepwise method: First, MIL-101 was activated
under vacuum after immersing the as-synthesized samples in
acetone to exchange the nonvolatile solvent (IN,N-dimethyl-
formamide (DMF)). Subsequently, the activated MIL-101
powder was added to the naringin solution as shown in Figure
S2. After stirring the solution for 1 h, the final composite
powder, naringin@MIL-101, was centrifuged and washed with
the corresponding solution to remove the excess naringin on
the exterior surface of MIL-101. Due to naringin’s hydrophobic
properties, various ratios of aqueous and ethanol solutions
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were used as loading solutions to dissolve naringin. The
loading concentration of naringin was fixed to 1 mg mL™". The
loading efficiency and capacity of naringin within MIL-101
were determined by ultraviolet—visible (UV—vis) spectrosco-
py-

The naringin@MIL-101 composite structure was digested
by a 40% hydrofluoric acid aqueous solution. Subsequently,
methanol was added to the acid solution to dissolve the sample
since the ligand (terephthalic acid, denoted as BDC) is not
soluble in methanol but naringin is. In this regard, the
undissolved BDC ligand can be removed by the syringe filter.
The content of naringin in methanol can be measured by UV—
vis spectroscopy. When more water was introduced to the
naringin-dissolved solution, more naringin was observed to be
encapsulated into the MOF structure likely due to the
hydrophobic interaction between naringin and the MIL-101
structure. As shown in Table S1, the mixed solution with a
ratio of 1:2.2 (ethanol/water) used for naringin loading was
found to be the optimal ratio since the loading capacity is the
highest as compared to the others, which is ~12 wt % (Figure
S1 and Table S1). PXRD of MIL-101 immersing into the
mixed solution was taken to show the integrity of the MOF
structure (Figure S3), suggesting that the mixed solution did
not cause any damage to the MOF structure.

Since the ratio of 1:2.2 (ethanol/water) is the optimal ratio
to load naringin into MIL-101, the naringin@MIL-101
composites produced under this condition are the main
research object for the below characterization and drug loading
with their antibacterial, anticancer, and immune applications.
To further characterize the structure of naringin@MIL-101
composites, PXRD patterns (Figure 1b) were measured to
prove that it is consistent with those of the synthesized and
calculated MIL-101, revealing that the MOF structure
remained intact after loading naringin. Nitrogen sorption
isotherms were collected at 77 K, and the Brunauer—Emmett—
Teller surface area (Sppy) for naringin@MIL-101 was
calculated to be 2927 m’/g, showing a drop compared to
the pristine MIL-101 with a surface area of 3124 m*/g (Figure
1c) due to the naringin loading. As evident from pore size
distribution, the pore volume was decreased from 1.51 to 1.39
cm?/g, indicating that naringin occupied the pores, thereby
reducing the pore volume and Spgr (Figure 1d). The TGA
profile (Figure S4) of the naringin@MIL-101 composite
suggested around 12 wt % loss compared with MIL-101 due
to the presence of naringin, which is consistent with the
loading percentage monitored by UV—vis. As shown in Table
S2, there is an increase in carbon and hydrogen wt % of
naringin@MIL-101 compared with MIL-101. Furthermore, an
X-ray photoelectron spectroscopy (XPS) survey showed that
Fe atomic % is decreased when naringin is loaded inside MIL-
101 (Figure SSb), suggesting that naringin was loaded inside of
the MOF structure.

The combination of naringin and MIL-101 was confirmed
by Fourier transform infrared (FTIR) spectra. As shown in
Figure 2a, a band around 1044 cm™), associated with the
naringin C—O strong vibration, was observed in naringin@
MIL-101 composites but not in MIL-101. Figure S5a showed
that the C—O vibration spectra of naringin@MIL-101 was
shifted to a higher wavenumber than naringin, indicating an
interaction between naringin and MIL-101. X-ray photo-
electron spectroscopy (XPS) spectra of MIL-101 and
naringin@MIL-101 were used to verify the interaction between
naringin and MIL-101 further. As shown in Figure 2b—d, the
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Fe 2p,/, peak, C 1s peak, and O 1s peak of naringin@MIL-101
were shifted around 0.75 eV toward lower binding energy
compared to MIL-101, indicating an electron transfer from
MIL-101 to naringin. This shows that the MOF, as an electron
donor, provides more electrons to naringin, which may be the
leading cause of the naringin@MIL-101 composites’ syner-
gistic antibacterial effect.

Figure 3 displays a time-course measurement of naringin
delivery to an aqueous solution in a dialysis bag at room

12

/./././'
»

10

o

i
|
|

Naringin release %

o

150 200 250 300
Time (h)

0 50 100

Figure 3. In vitro naringin release profile from naringin@MIL-101.

temperature with continuous stirring. The released amount of
naringin was quantified via UV—vis spectroscopy by taking out
the released solution at a certain time interval. Only 7.8 wt %
of naringin was released after 26 h. The sustained release was
observed with only 11 wt % of naringin releasing after 13 days.
This slow release satisfies the daily need for naringin uptake to
avoid multidose side effects. The release of naringin from
naringin@MIL-101 composites was analyzed by the mathe-
matical models of Sahlin—Peppas, Ritger—Peppas, and Higuchi
equations described in the Supporting Information.”’ The
nonlinear fitted curves with three models are shown in Figure
S6. The correlation coeficient (R?) and the fitting parameters,
as shown in Table 1, were used to determine the fit's quality

Table 1. Result of Fitting the Drug Release Model

RZ

kinetic model k, k, m n
Sahlin—Peppas 0.967 3.08 -0.23 0.34
Ritger—Peppas 0.923 3.45 0.21
Higuchi 0.237 0.85

and predict the drug release profile. These results indicate that
the released mathematical model of the drug from naringin@
MIL-101 composites was fit for the Sahlin—Peppas model,
which is controlled by the combination of Fickian diffusion
and Case-II relaxation. Fickian diffusion is controlled by the
concentration difference. Even though the MOF is biodegrad-
able, its structure is robust. Thus, Case-II relaxation would
happen in this situation since the drug diffusion is rapid
compared to the relaxation of MOF carriers.>”

The antibacterial activity of naringin@MIL-101 was tested
against B. subtilis, a Gram-positive bacterium, as shown in
Table 2. Minimal inhibitory concentrations (MICs) were
determined by the microdilution method using clinical strains
of B. subtilis. Naringin@MIL-101 showed a significantly
decreased MIC value (0.93 + 0.33 mg/mL) as compared to
pure naringin (5 mg/mL) and MIL-101 (1.88 + 0.62 mg/mL).

https://doi.org/10.1021/acsami.2c19904
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Table 2. Antibacterial Activities of Naringin@MIL-101
Compared with Naringin and MIL-101 against B. subtilis

material minimum inhibitory concentration value [mg/mL]
MIL-101 1.88 + 0.62
naringin S
naringin@MIL-101 0.93 + 0.33

The dyes 4',6-diamidino-2-phenylindole (DAPI, blue fluo-
rescence) and propidium iodide (PI, red fluorescence) were
applied to stain B. subtilis to conduct a fluorescence
microscopy assay. Only blue fluorescence was observed when
B. subtilis was not treated with naringin@MIL-101 composites.
By contrast, blue and red fluorescences were both observed
when the bacteria strains were treated with naringin@MIL-101
composites, indicating that the naringin@MIL-101 composites
have an antibacterial effect (Figure 4). The high MIC value of
naringin is required to kill Gram-positive bacteria® compared
to the other two samples (Table 2) because of naringin’s acidic
properties, which make it more difficult to penetrate B. subtilis
peptidoglycan layer. Even though hydroxyl groups are present
in the naringin structure, they still do not promote the level of
antibacterial effectiveness needed for the treatment of Gram-
positive bacteria.” In this regard, MIL-101 increased the chance
of killing B. subtilis since lipoteichoic acid in the peptidoglycan
layer of Gram-positive microbes could serve as a chelating
agent to coordinate with the metal ion in the MIL-101
structure, thus resulting in membrane damage through lipid
peroxidation to inactivate Gram-positive microbes.”> Further-
more, the flavonoid group in naringin could promote bacterial
death after membrane damage along with naringin release.
This coordination effect, in conjunction with the delivery of
the flavonoid containing naringin via MIL-101 has the
capability to offer a two-pronged attack promoting B. subtilis
death.

As shown in the XPS data in Figure 2b—d, it is observed that
MIL-101 transferred electrons to naringin, which may account
for naringin@MIL-101 composites killing more B. subtilis. It is
also confirmed by the band gap monitored by solid UV—vis, as
shown in Figure S7. This band gap of naringin@MIL-101 was
2.68 eV, showing a decrease compared with pure naringin
(3.17 eV), which suggested that MIL-101 transferred electrons
to naringin. This finding indicates that high kinetic activity
impedes free radicals’ scavenging thus improving the
composite’s antioxidant properties,”” which is a potential

mechanism for killing cancer cells. The evidence is provided in
the results below. As shown in Figure Sa, the cell viability of
H1299 mouse lung cells treated with naringin@MIL-101 was
decreased compared with naringin and MIL-101, demonstrat-
ing naringin loading into MIL-101 can increase the chance of
killing cancer cells.

To explore the immune function of naringin@MIL-101,
naringin and naringin@MIL-101 were used to treat EL4 T
cells (Figure Sb). The viability study revealed higher cell
viability for the naringin@MIL-101 group than for the
naringin-only group. Also, we did not see significant viability
drops at the concentration range of 0—200 pg/mL, indicating
naringin@MIL-101 composites are relatively safe for immune
cells. To evaluate the immune cells’ activation, the released
cytokines from EL4 T cells were investigated via coincubation.
Briefly, EL4 T cells were treated with three materials (naringin,
MIL-101 and naringin@MIL-101) for 24 h. After that, the
upper supernatants were extracted, and enzyme-linked
immunosobent assay (ELISA) kits were used to test the
activities of interleukin-2 (IL-2) and tumor necrosis factor-a
(TNFa). As shown in Figure Sc, TNFaq, a proinflammatory
growth factor, has a lower activity for naringin@MIL-101
compared with naringin and MIL-101. In contrast, IL-2, an
anti-inflammatory T-cell growth factor, has the highest activity
for naringin@MIL-101 compared to the MIL-101 and
naringin. It is worth mentioning that IL-2 produced by EL4
cells can activate the function of several immune cells such as
natural killer cells and helper T-cells. This implies that
naringin@MIL-101 could promote the IL-2 activity, thus
stimulating proliferation and enhancing the function of T cells.
Therefore, naringin@MIL-101 could affect the activation of
the immune system. As primary effector cells of the innate
immune response, T cells, a type of natural killer cell, possess
the function of eliminating pathogens.”* Thus, naringin@MIL-
101 could affect T-cell proliferation by promoting the anti-
inflammatory effect and inhibiting the inflammatory response.
We believe by further increasing the incubation time, cell
confluency, or material concentrations, we can readily promote
cytokine releases from naringin@MIL-101 composites, thereby
inducing an increase in the immune response against EL4 T
cells.

3. CONCLUSIONS

In summary, we show that naringin can be successfully loaded
into the mesocage of MIL-101 in a short period of time
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Figure 4. Confocal fluorescence images of B. subtilis treated with naringin@MIL-101 at two times MICs. The scale bar indicates a length of 50 ym.

681

https://doi.org/10.1021/acsami.2c19904
ACS Appl. Mater. Interfaces 2023, 15, 677—683


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19904/suppl_file/am2c19904_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19904?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c19904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

d

I Naringin [ MIL-101 [l Naringin@MIL-101
100

[$)] ~
o [&]
L L

Cell viability %

N
(4]
1

o
}

3.125 100
Concentration (ug/ml)
C TNFo Release
16 I Naringin@MIL-101 [ Naringin [Il MIL-101

=124
£
[o)]
£
S 8
8
<
8
c 44
)
(&

0-

100 200
Concentration (ug/mL)

b

I Naringin Naringin@MIL-10T
90+

60 -

Cell viability %

3125 625 125 25 50 100 200
Concentration (ug/mL)

Q

IL-2 Release
I Naringin@MIL-101 [ Naringin [l MIL-101

N
o

- -
o] N o
1 L 1

Concentration (pg/mL)

IS
1

o
|

0 100 200
Concentration (ug/mL)

Figure 5. (a) H1299 cell cytotoxicity treated with naringin, MIL-101, and naringin@MIL-101; (b) EL4 T-cell viability treated with naringin and
naringin@MIL-101; (c) TNFa and (d) IL-2 activities in EL4 T cells treated with naringin, MIL-101, and naringin@MIL-101.

through hydrophobic interactions. The composite, naringin@
MIL-101, is capable of slow release, which lends itself to
substantially reducing the chance of high dosage and side
effects including minimal luminal naringin accumulation and
symmetric arterial naringin deposition.35 Naringin@MIL-101
composites show a better antibacterial effect toward Gram-
positive bacteria than MIL-101 and naringin due to the
coordination interaction between the MOF structure and the
bacterial peptidoglycan layer, resulting in the death of the
bacteria. Moreover, naringin@MIL-101 composites promote
the growth of T cells by stimulating the proliferation of the IL-
2 growth factor and can also be used to kill cancer cells. These
antibacterial, anticancer, and immune-boosting properties
make naringin@MIL-101 an excellent multifunctional bioplat-
form to achieve multitherapeutic effects.
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