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Abstract

In this research, a natural bioactive glabridin (Glab) flavonoid compound was encapsulated in zeolitic
imidazolate framework-8 (ZIF-8) via one-pot technique at room temperature. Herein, ~98.7% of drug was
encapsulated into ZIF-8 coreshell, which depicted 28.44% drug encapsulation productivity of ZIF-8.
Fourier transform infrared (FTIR), UV—Vis spectroscopy and X-ray crystallography (XRD) confirmed the
drug encapsulation. Next, the newly constructed nanomaterials were greatly studied with, dynamic light
scattering (DLS), scanning electron microscope (SEM), energy-dispersive X-ray (EDX) analysis,
transmission electron microscope (TEM) and thermo gravimetric analysis (TGA) technologies. SEM and
TEM showed hexagonal morphology of Glab@ZIF-8 and an increased particle size to that of ZIF-8 i.e.,
138.6215.4 nm and 91.69+6.2 nm, respectively. TGA depicted 32.14% Glab@ZIF-8 material’'s
decomposition at 644 °C. The antibacterial efficacy of Glab@ZIF-8 was found superior against S. aureus
than E. coliand Bacillus subtilis, resulting 26+0.01 mm, 23+0.02 mm and 11£0.07 mm inhibition zones
and MIC values 31.2 ug, 62.5 pug and 125 ug, separately. Though, the Glab@ZIF-8 kept in an acidic
medium (pH 5) for 72 h showed highest drug release 89.76% as compared to the pH 5.5 (81.23%) and
pH 7.4 (24.78%). In conclusion, ZIF-8 remained a potential drug delivery system and Glab@ZIF-8
nanocomposite can be accredited for broader biomedical applications to cure infection diseases and
malignant cells.

1. Introduction

Human life has been affected by infectious diseases since prehistoric times. Alexander Fleming, who
discovered penicillin in 1923, promised the eradication of infectious diseases. However, since then, the
overuse and uncontrolled use of antibiotics have led to an increase in the incidence of bacteria resistant
to these drugs [1]. Therefore, the development of antibiotic resistance in bacteria represents a serious
health threat. The world may soon experience a "postantibiotic” scenario, according to a universal
antimicrobial resistance map released by the World Health Organization (WHO) [2]. Furthermore, a global
health catastrophe has resulted from the extraordinary increase in the prevalence of antibiotic-resistant
bacteria; an estimate indicates that by 2050, up to 10 million people could die annually. In addition to the
virulence of pathogens, which can cause illness and death, antibiotic resistance is thought to be one of
the most important possible variables in patients with severe infections. It is believed that both gram-
positive and gram-negative bacteria are resistant to antibiotics [3]. Wide-spectrum medications may help
prolong the resistance cycle insofar as the overuse of antibiotics has resulted in adaptational resistance
[4, 5]. However, gram-negative microbes require substantial attention because they have developed
resistance to multiple drugs. Because this issue keeps worsening, it is necessary to look for alternate
microbiological medication. In the present era, for the improvement of public health, especially in the
case of infectious diseases, new antimicrobial compounds originating from terrestrial or aquatic sources
with a broader spectrum of activities must be applied and improved via the help of nanotechnology to
minimize the drug resistance of bacteria [6].
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A meaningful flavonoid called glabridin (Glab) is chiefly isolated from the roots of the traditional herb
Glycyrrhiza glabra (Licorice) [7]. Its systematic name is (4-[(3R)-8,8-dimethyl-3,4-dihydro-2 H-pyrano[2,3-
fichromen-3-yllbenzene-1,3-diol, CooH,(0,4). The literature addressing its chemical and biological
characteristics has multiplied rapidly since its initial isolation and characterization in 1976. It has
significantly impacted many industries, such as food, cosmetics, dietary supplements, and medications.
According to previous reports, glabridin's pharmacological actions reduce metabolic irregularities, which
ultimately reduces the risk of obesity, cardiovascular disease and diabetes [8, 9]; protect the nervous
system; help to prevent abnormalities; act as an estrogen substitute [9]; prevent Staphylococcus,
Candida, Helicobacter pylori and other bacterial infections [10, 11]; and act as a safe anticancer agent
[12], anti-inflammatory agent [13], antiosteoporosis agent [14], etc. However, glabridin, despite its clinical
significance and future broader pharmacological bioapplications, is not free from certain restrictions,
such as structural stability, which can be greatly influenced by temperature, radiation, pH, humidity, and
the nature of the solvent [15], leading to limited applications. Furthermore, glabridin has been shown in
earlier investigations to degrade at room temperature in the presence of natural light [15, 16], which
shortens its shelf life. However, its storage requires special efforts, such as in a dark, dry and oxygen-free
environment [15]. Additionally, its hydrophobicity (not soluble in water) decreased its absorption in vivo,
resulting in low bioavailability and thus limiting its clinical application [15]. On the other hand, it is
incompatible with physiological pH; for example, it remains unstable under basic conditions (pH > 7), the
structures of its degradation products are yet unknown [15], and it remains stable only at neutral pH [15];
moreover, its further pharmacological value is lacking [17]. However, such limitations to glabridin could
be handled through encapsulation technology [17-20], as it is widely considered a leading alternative for
protecting, stabilizing and delivering bioactive drugs with the aid of pH-responsive media [18].
Furthermore, the shelf life of bioactive natural drugs can be improved at normal temperatures, and their
decomposition by environmental factors can be limited if they can be loaded into advanced
nanomaterials, i.e., metal-organic frameworks [21], by adopting novel nanotechnology strategies.

Nanotechnology involves the synthesis of nanomaterials (seized between 1 and 1000 nm) for various
applications, such as biomedicines, catalysis, food technology, electrochemistry and pharmaceutics.
[22]. Due to their chemical, optical and biological efficacy, nanomaterials have gained unique attention in
biomedical studies [23]. Among the numerous reported nanomaterials, metal-organic frameworks
(MOFs) [24], owing to their versatile structures, well-defined pores, tunable components and high surface
areas [25], are widely considered promising drug transporters, catalysts, sensors, and
separation/adsorbing agents. On the other hand, the zeolitic imidazolate framework-8 (ZIF-8) MOF, which
belongs to the well-known ZIF family, is highly famous among researchers who work on drug delivery
systems. Seel and coworkers synthesized ZIF-8 (a Zn and 2-methylimidazolate) for the first time in 1980
[26, 27]. ZIF-8 has a high surface area, large (11.6 A) pore size [27], elevated chemical and thermal
stabilities, and robust porosity [25]. Additionally, the structural components of ZIF-8, i.e., Zn?* and an
organic linker (2-methyl imidazolate), are bioconsumable materials. In biological systems, zinc is the
subsequent very typical transition element, and the imidazole group is a crucial component of the amino
acid histidine [28]. ZIF-8 is documented to be an effective drug delivery vehicle [18-20, 27], as it has a
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large encapsulating capacity, and its tiny pore size (3.4 A) prevents early drug release [29]. Furthermore,
ZIF-8 has strong dispersibility, while it undergoes deprotonation between pH 5 and 6; hence, it could be
used for the controlled release of drugs at the targeted site[29-32]. Considering recent studies, ZIF-8
was the most suitable drug delivery system for diseased cells where the microenvironment was acidic
(pH 5.0—-6.8) compared to healthy tissues and blood circulation [33]. ZIF-8, in view of the above qualities,
has been widely studied as a potentially useful material for the encapsulation and pH-responsive
shipment of various medicines [18], nucleic acids, fluorescein [34], photothermal agents [35, 36] and
active proteins [37] owing to its certain shortcomings. Furthermore, several previous recent studies have
reported the encapsulation of curcumin [20], physcion [18] and gentiopicroside [19] into ZIF-8 to improve
drug stability and pharmacokinetics and to observe enhanced antibacterial activity.

In this study, a greener approach was adopted to encapsulate the natural flavonoid glabridin into ZIF-8.
Therefore, based on the dry weight of the materials used, a 38.5% yield of the Glab@ZIF-8 nanomaterial
(138.62 + 5.4 nm) was obtained. Moreover, the drug loading capacity of ZIF-8 was 28.44%, and the drug
encapsulation capacity was ~ 98.7%. High drug release (89.76%) was achieved in an acidic medium
compared to that in a physiological medium in an in vitro experiment, revealing the prominent ability of
ZIF-8 to deliver certain drugs into diseased cells. These findings could also be referenced while
designing in vivo studies in the future. Moreover, in the antibacterial study, Glab@ZIF-8 had a greater
growth inhibition zone (26 + 0.01 nm) for S. aureus bacteria than for E. coli (23 £+ 0.02 mm), for which the
MIC was 31.2 ug or 62.5 pg. Consequently, newly prepared Glab@ZIF-8 nanocomposite can be broadly
accepted for biomedical applications to combat drug-resistent microbes and malignant cells.

2. Materials and methods
2.1. Chemicals

Zinc nitrate hexahydrate (Zn(NO3),-6H,0) 98% pure and 2-methylimidazole (purity 99%) were purchased
from Aladdin Ltd. (Shanghai, China). Glabridin (98% pure) was procured from Jiamu Biotechnology
(Hunan, China). Hydrochloric acid (HCI), ethanol, phosphate-buffered saline (PBS), tween-80 and other
chemical reagents of analytical quality were obtained from Beijing Chemical Works, Beijing, China.

2.2. Synthesis of Glab@ZIF-8 and ZIF-8 nanomaterial

The Glab@ZIF-8 was synthesized through the one-pot method [18, 19]. In detail, 1 g of Zn(NO;),-6H,0
and 2.5 g of 2-methylimidazole were dissolved in 20 mL of Milli-Q water, separately, and were stirred at
room temperature for 30 minutes to obtain a clear solutions. Likewise, 10 mg of glabridin was skillfully
dissolved in 10 mL of ethanol. Thereafter, the 2-methylimidazole solution was stirred using a magnetic
stirrer and preheated at 27°C and 800 rpm; subsequently, zinc nitrate and glabridin solutions were
gradually added. The reaction mixture hue was altered from a transparent solution to a milky turbid
solution in approximately 10-15 seconds, indicating the synthesis of the Glab@ZIF-8 framework
nanomaterial. In parallel, a ZIF-8 framework nanomaterial, which is a drug-encapsulating nanocarrier,
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was also synthesized for comparative analysis through the same protocol except for the addition of a
glabridin solution. The resultant nanomaterial was further allowed to react for 30 minutes under
predefined conditions. Consequently, both nanomaterial solutions were centrifuged through a
refrigerated (4°C) centrifuge (H1750R, Xiangyi/Cennia) at 10000 rpm for 12 minutes. The precipitates of
the nanomaterials were washed with water and ethanol three times to remove unreacted chemicals.
Finally, powdered material was obtained through lyophilization (Alpha 1-2 LDplus, Christ/Sigma) under
vacuum conditions at —55°C for 12 hours.

The drug loading encapsulation (DLE) and drug loading capacity (DLC) [18—20] of the ZIF-8 framework
were estimated by dissolving a suitable amount of Glab@ZIF-8 in 1 M HCL (200 pL) and subsequently
diluting the mixture to 2 mL with ethanol. The supernatant was studied spectrophotometrically at 282
nm [38] to determine the absorbance of glabridin. The concentration of free drug was calculated using
the standard calibration curve of glabridin plotted against different concentrations, i.e., 12.5 pg to 1000
ug (Figure S1), which was calculated via the regression analysis equation y = 0.003x + 0.3176 (R2 =
0.9955). The following formulas were applied:

DLE (%) (amounto floadeddrug) 100
(amountof feededdrug)
DLC (%) - (amounto floadeddrug) 100

(amountofdrugloaded N Ps)
2.3. Characterization of the synthesized materials

UV—Vis spectra of Glab@ZIF-8 and ZIF-8 aqueous and glabridin-ethanol solutions were obtained with a
UV-2450 spectrophotometer (Shimadzu, Kyoto, Japan). The zeta potential and dynamic light scattering
(DLS) density of Glab@ZIF-8 and ZIF-8 were measured through a Malvern Zetasizer (Nano ZS). FTIR
spectra of all the materials were recorded with a Nicolet 6700 FT-IR spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) with a DLaTGS detector in the range of 4000 ~ 500 cm™! through the KBr
tablet press method. Powder X-ray diffraction (XRD) analysis of the materials was performed using a
Bruker D8 Advance powder X-ray diffractometer (Germany), and the copper target X-ray tube was run
with Cu Ka radiation at 40 kV and 40 mA. Scanning of the samples ended at a scan frequency of 10°/min
in the 26 range (from 5° — 60° with a 0.02° step size). The morphology of the synthesized materials was
assessed by scanning electron microscopy (SEM) (HITACHI S-4700, Japan) at 0.5 ~ 30 kV and
transmission electron microscopy (TEM) (HITACHI, HT7700, Japan) at 120 kV. For SEM analysis, the
sample material was suspended in deionized water; thus, one drop of diluted sample was added to the
carbon-coated double-sided adhesive tape, which was prefixed onto the brass stub sample holder.
Subsequently, the sample was allowed to dry (~ 8 h) and then sprayed with a reedy gold layer for
electrical conductivity. The EDX analysis was also performed through the SEM via EDAX software
analyzer. For the TEM analysis, one drop of material dispersed in deionized water was applied to a
copper mesh grid and subsequently dried overnight, after which the samples were analysed.
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2.4. Thermal stability of synthesized materials

Thermogravimetric analysis (TGA) of synthesized Glab@ZIF-8, ZIF-8 and glabridin was performed with a
thermal analysis system (Hitachi STA7300). The samples were placed in platinum pans. Thus, the
samples were heated between 34 and 800°C at 10°C/min with a nonstop supply of nitrogen gas (50.0
mL/min).

2.5. Antibacterial activity of synthesized materials

Bacterial strains, such as Staphylococcus (S) aureus, Bacillus subtilis (JCL16) and Escherichia coli (E.
coli. BW25113/F), were obtained from the College of Life Science and Technology, Beijing University of
Chemical Technology, Beijing, China. The antibacterial activity of the materials was assessed using
Luria—Bertani (LB) agar growth media [39] via the well diffusion method [18, 19]. In detail, the media
were prepared by dissolving 5 g of peptone, NaCl and yeast extract (2.5 g) in 0.5 L of ultrapure H,0. An
equal volume of media solution was poured into 5 conical flasks, and 2 g of agar was added to 4 flasks
while leaving one flask as LB broth media, which was used to grow the bacterial culture. The media was
autoclaved at 115°C for 20 minutes. Fresh bacterial cultures were prepared by adding 10 pL of strain
stock to 4 mL of LB broth media and incubating at 37°C with continuous shaking at 200 rpm for 8 hours.
For each corresponding bacteria, ~ 30 mL of LB agar growth media was drained into 60 mm sterilized
petri dishes under ambient conditions using a biosafety cabinet. The prepared plates were left to solidify
for 40-45 minutes. One hundred microliters of fresh bacterial culture was applied to each corresponding
plate, which was spread finely with a glass spreader and allowed to saturate/adsorb for 10 minutes.
Thereafter, the wells in the plates were made through a sterilized 6 mm metal cork borer. Stock solutions
of materials such as Glab@ZIF-8, glabridin, ZIF-8 and the known antibiotic ampicillin were prepared by
diluting 500 pg/mL in 50% dimethyl sulfoxide (DMSO) solution. For antibacterial testing, 50 pL of
Glab@ZIF-8 and ampicillin, whereas, 100 pL of glabridin and ZIF-8 stock solutions, were added to
prelabelled wells on agar media plates and subsequently incubated at 37°C for up to 24 hours. The
developed zones that restrict growth around each well were gauged in mm, the length of the hole was
measured (i.e., 6 mm), and the final results are presented as the means + SDs of triplicate samples. The
minimum inhibitory concentration (MIC) of Glab@ZIF-8 nanoparticles was done as reported somewhere
[40]. For this a 10 10 pL of fresh bacteria culture were added to 4 mL LB media in test tubes, thus, a
different concentartions (ug/mL) of Glab@ZIF-8 were loaded. MIC assays were incubated at 37°C for 24
hours with constant shaking at 200 rmp. Next, the MIC values were reported by observing visual turbidity
in each test tube.

2.6. In vitro pH-dependent drug release profile

Drug release i.e., glabridin from Glab@ZIF-8 was studied at pH 5, pH 5.5 and pH 7.4 for 1 hour to 72
hours. The analysis was performed according to previous methods [18, 19] with slight modifications. For
each pH, 5 mg of Glab@ZIF-8 material was poured into 50 mL centrifuge tubes, after which 30 mL (20
mM) of phosphate buffer saline (PBS) containing 10% ethanol and the surfactant tween-80 (0.5% v/v)
were added, after which the mixture was mixed well. The solutions were shaken (200 rpm) and preset at
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37°C. Subsequently, after each defined interval, a 1 mL aliquot of the mixture sample was pipetted for
centrifugation; hence, the same volume of pure PBS was added to the corresponding mixture. The
concentration of the released drug was studied spectrophotometrically at 282 nm, and the results are
expressed as the cumulative release percentage at each time interval.

2.7. Statistical analysis

Origin Pro software (version 2022) was used to assemble the data once the triplicate experimental
investigation was completed. The numerical data are expressed as the mean + standard deviation of
replication or as a percentage (%).

3. Results and discussion
3.1. Synthesis of nanomaterials

In this study, Glab@ZIF-8 and ZIF-8 materials were synthesized through a greener approach, the “one-pot
technique”, as illustrated in Fig. 1. In comparison to the other typical methods, the one-pot synthesis
method is more convenient for handling raw materials at a smaller scale and is feasible for obtaining the
resultant material at low cost, energy and time [41]. In addition, the one-pot strategy significantly reduces
the number of reactions [41]. In the case of environmentally friendly ZIF-8, this method requires only zinc
metal ions and 2-methylimidazole (as an organic linker) solutions in deionized water. During the mixing
of these two solutions at room temperature (27°C) and at the specified times, porous structures with
hollow cavities are generated [41]. For Glab@ZIF-8, the drug solution was made into ethanol, which was
subsequently added to the ZIF-8 solution system. This approach allows guest molecules to be trapped in
cavities of ZIF-8 core shells, which may cause stretching and an increase in the size of the core shell
structure of the composite (Glab@ZIF-8) compared to that of pure ZIF-8 [41]. In this study, ZIF-8 or
Glab@ZIF-8 nanocomposite synthesis was observed within a few seconds (~ 15), as the transparent
solutions were immediately turned into milky solutions [18, 19]. The yield of Glab@ZIF-8 based on dry
weight was 38.5%. However, in the single-step synthesis of Glab@ZIF-8, a 28.44% loading efficiency was
found for glabridin, and the drug loading encapsulation efficiency was ~ 98.7%. The high drug loading of
glabridin into ZIF-8 frameworks could be attributed to the large pore size [27], robust porosity [25] of ZIF-
8 and robust contact between the guest (glabridin drug) and host (ZIF-8) [42].

3.2. Characterization of ZIF-8 and Glab@ZIF-8
nanomaterials

The encapsulation of glabridin within the ZIF-8 i.e., Glab@ZIF-8 nanomaterial was confirmed through
UV-Vis spectroscopy and FTIR spectroscopy. Figure 2 (a) shows that glabridin exhibited a maximum
UV-Vis absorption peak at 283 nm, which is consistent with the findings of previous studies [38, 43].
ZIF-8 had a maximum UV—Vis absorption peak at a wavelength of 211 nm [44, 45]. Compared with that
of ZIF-8, the UV—Vis absorption peak of Glab@ZIF-8 was redshifted at 222 nm, and the characteristic
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absorption peak of glabridin was masked. This confirmed the encapsulation of the drug (glabridin) into
the ZIF-8 framework [18-20, 46]. The entrapment and interaction between the drug and ZIF-8 are
subjected to various forces, such as electrostatic interactions, m-1t interactions or strong hydrogen bonds
between guest (glabridin) and host (ZIF-8) molecules [18, 19, 42]. FTIR analysis of pure glabridin (Fig. 2b)
revealed O - H stretching in the IR spectrum, with a maximum absorption peak at 3390 cm™' [38]. The
peak at 2974 - 2922 cm™ ! represents the CH; group [38]. The peak at 1744 - 1463 cm™ ! might be

attributed to the C—C stretching vibration of the aromatic ring [38]. The peak at 1370 - 1329 cm™ 1is due
to deformation vibration, and the peak at 1215 - 1152 cm™ ! is attributed to C-O-C stretching. It has also
been reported that the peak at 1080 - 945 cm™ ' corresponds to C-O stretching vibrations and that the
peak at 851 - 706 cm™ ' may correspond to O-H bending [38]. The ZIF-8 IR spectrum, as presented in
Fig. 2 (b), depicted N-H stretching and C-H aromatic stretching at absorption peaks from 3431 - 3099
cm™ ' [47] and C—H stretching [18] within 2916-2922 cm™ '. However, a peak at 2844 cm™ " is assigned
to the vibrational stretch of the methyl group contained in 2-methylimidazole [19]. Moreover,
representative peaks at 1744 cm™', 1679 - 1656 cm™ " and 1562 - 1428 cm™ ! attributed to ZIF-8 were
attributed to the C-C and C—N stretching of imidazole and entire ring stretching, respectively [18, 19, 47].
The peak at 1386 - 681 cm™ ' is also attributed to the 2-MIM ring [47, 48]. The Glab@ZIF-8 composite
material exhibited similar peaks to those of ZIF-8 (Fig. 2b). However, compared with those of the pure
ZIF-8 peak, the broad peak at 3503 - 3410 cm - 1 is blueshifted (3746 cm - 1,3431cm-1),and a
redshift can be observed compared to the broad absorption peak at 3390 cm™'. Consequently, this
pattern showed the encapsulation of glabridin in ZIF-8 frameworks [18, 38, 49]. Furthermore, other
distinctive peaks of pure glabridin were obscured by the Glab@ZIF-8 material [38].

The DLS study showed that the mean hydrodynamic diameter sizes of ZIF-8 and Glab@ZIF-8 were
103.19 nm and 146.03 nm, respectively (Fig. 2c, d). The diminished dimensions of nanoparticles (NPs)
confer significant advantages in biomedical applications, particularly due to their enhanced suitability
and efficacy [50]. On the other hand, the increase in the size of the Glab@ZIF-8 material to that of ZIF-8
[29] also confirmed drug encapsulation. Furthermore, ZIF-8 exhibited a + 35.17 mV zeta potential (), and
Glab@ZIF-8 also exhibited a + 41.9 mV zeta potential (Fig. 2e). Therefore, the absence of any electrical
charge and a slightly increased zeta potential also indicate the encapsulation of glabridin in ZIF-8 [46].
High zeta potential values indicate that these nanoparticles are well dispersed and stable in water and
PBS (pH 7.4) [46]. Additionally, it has been reported that Z-potentials of NPs within + 30 to + 40 mV
indicate moderate electrostatic stability, although ¢-potentials above + 40 mV reveal strong electrostatic
stability [51]. Subsequently, in the present study, Glab@ZIF-8 NPs were prepared with increased stability
and could also be stored in suspension at room temperature [51]. Moreover, TEM analysis based
nanoparticle size of ZIF-8 was 91.69 + 6.2 nm (Fig. 2f). However, Glab@ZIF-8 had an average size of
138.62 + 5.4 nm (Fig. 2f). An increase in size results from the loading of drug molecules into MOF
cavities.

The morphology of the prepared materials was studied through TEM and SEM. The nanosized ZIF-8
structure as developed by TEM and SEM is homogeneous, uniform and hexagonal as shown in Fig. 3 (a,
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c). Similarly, the morphology of Glab@ZIF-8 as depicted in Fig. 3 (b, d) is analogous to that of ZIF-8.
Furthermore, the TEM image of Gla@ZIF-8 revealed that the material has sharp edges, which are highly
favorable for certain antibacterial applications [52—54]. The elemental composition of ZIF-8 and
Glab@ZIF-8 nanomaterials was analyzed EDX via SEM technique using EDAX software. It can be seen in
Fig. 4 (a) that ZIF-8 has an elemental composition of 21.95 % zinc(Zn), 34.82 % carbn (C), 17.37 %
nitrgen (N) and 19.01 % oxygn (O). In contrast, Glab@ZIF-8 as shown in Fig. 4 (b) has 19.09 % Zn, 9.61 %
C,1.27 % N an 14.24 % O inrespect of elemental composition. It is supposed that after loading of
glabridin into ZIF-8 frameworks (Glab@ZIF-8), the weight % of Zn was reduced, while, the weight % of C
was increased to that of ZIF-8. Yet the weight % of O and N was also oscillated. This phenonmenon also
demonstrated the loading of drug into ZIF-8 nanoparticles [55, 56].

The loading of glabridin into ZIF-8 was also explored by comparing the powdered XRD pattern of the pure
materials with that of the synthesized material (Fig. 5). XRD is widely applied as an absolute technique
for observing the crystal structure of certain materials [57]. The XRD pattern of ZIF-8 showed 26 clear
sharp characteristic peaks at 7,9, 10, 11,11.6, 12.4, 13, 16, 17, 18, and 18.6 diffraction angles, which are
similar to reported works [18, 58] and are inconsistent with the planes indices 110, 200, 112, 022, 013
and 222, respectively [18, 19]. Other 26 peaks in ZIF-8 were observed at 20, 22, 22.7, 23.3, 24.6, 25.9, 27,
27.7,28,29.3, 30, 32, 33, 34, 35, 36.6, 38, and 40 cm™ ! diffraction angles. Thus, the material ZIF-8 is in its
pure phase and crystalline [18]. Here, the XRD pattern of pure glabridin was consistent with that of
previously reported studies [38]. The characteristic 26 peak values were observed at 8.5 10, 12, and 18
[38], where diffraction angles appeared. However, other 26 peaks at 43.28 and 44.4° were also noted.
Moreover, similar 26 peaks were observed for Glab@ZIF-8, although the 26 peaks at 8.5 10, 12, and 18
cm were masked by the Glab@ZIF-8 composite. This could result from the loading of drugs into the
cavities of ZIF-8 frameworks [20, 42, 59]. Likewise, the XRD pattern of Glab@ZIF-8 was consistent with
that of pure ZIF-8; henceforth, the composite material had a crystalline structure and was found to be a
pure phase [18, 60].

3.3. Thermal stability of ZIF-8 and Glab@ZIF-8
nanomaterials

The Fig. 6 illustrates the thermal stability of Glab@ZIF-8, ZIF-8, and glabridin. Glab@ZIF-8 exhibited a
1.43% initial weight loss at 145°C, which was due to the removal of any solvent [18, 19, 61]. Afterwards,
an 8.86% (at 214°C) weight loss was attributed to the primary decomposition of the MOF ring structure
[18, 19, 61]. Moreover, Glab@ZIF-8 degraded 12.03%, 18.65% and 32.14% at 251°C, 450°C and 644°C,
respectively. Henceforth, 67.86% of the Glab@ZIF-8 particles were estimated to remain stable even at
the highest temperature. It is assumed that at high temperatures, 2-methylimidazolate is completely
burned; therefore, the decomposition of ZIF-8 occurs. In contrast, glabridin gradually degraded at 50°C,
92°C and 293°C, as indicated by weight loss values of 1.87%, 4.96% and 5.85%, respectively. Complete
degradation of glabridin was considered up to = 365°C, as the weight loss was 79.12%. In contrast, ZIF-8
remained stable between 76°C and 260°C, so minimal weight losses of 1.84% and 10.71%, respectively,
were observed. However, gradual degradation of ZIF-8 occurred at 286°C (23.53%), 466°C (28.36%) and
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598°C (30.57%). In conclusion, the encapsulation of biomaterials in ZIF-8 frameworks could be
considered to modify and improve their thermal stability, and their shelf life could also be extended for a
longer time at room temperature.

3.4. Study of antibacterial activity

Humans are easily infected by many pathogenic organisms in communal settings and via the
consumption of contaminated food. Among human pathogens, Bacillus cereus and Escherichia coli
cause gastroenteritis, Staphylococcus aureus is responsible for skin and soft tissue infections, and
Pseudomonas aeruginosa causes infections in burn patients. It has been documented that these
bacteria may produce resistant biofilms; colonize wounds, implants, and medical equipment; and
frequently cause morbidity and death [62]. The overprescription and excessive use of antibiotics have led
to multidrug resistance among bacteria. Henceforth, the ongoing development of substitute antibacterial
agents for traditional antibiotics is a major task. Natural antibacterial agents obtained from animals,
plants, algae, fungi and bacteria are of great interest as substitutes for typical antibiotics [63].
Additionally, natural bioactive compounds are “generally acknowledged as secure” and have a “greener”
impact on consumers. Plant-originated antimicrobial agents have long-term value in the healthcare
market because they satisfy customers' growing need for environmentally friendly products, hence
enhancing the importance of researching new, promising biopharmaceutical products [63]. For example,
glabridin is a crystalline compound enriched in numerous biological applications, including antibacterial
potential [64]. The suboptimal pharmacokinetic characteristics and inadequate stability of glabridin
restrict its potential therapeutic applications. Consequently, in response to advancements in
nanotechnology, medicinal and synthetic chemists have embraced the strategy of developing drug-based
metal-organic frameworks (MOFs) to address the limitations associated with naturally occurring
bioactive compounds. Previous research has documented the effectiveness of natural drug-based
nanomaterials in combating drug-resistant bacteria [18, 19].

The antibacterial activity of the tested materials is given in Fig. 7 (a, b, ¢). The findings of this study
illustrate that 25 pg/50 pL of Glab@ZIF-8 had additional comprehensible growth inhibition effects on S.
aureus, followed by E. coli and Bacillus subtilis, with growth inhibition zones of 26 £ 0.01 mm, 23 £ 0.02
mm and 11 + 0.01 mm, respectively. However, compared with Glab@ZIF-8, glabridin and ZIF-8 (50 ug/100
uL) exhibited almost half the restriction on the growth of S. aureus, E. coliand Bacillus subtilis (table S1).
Subsequently, growth inhibition zones of 15+ 0.03 mmand 17+ 0.01 mm, 12+ 0.01 mm and 13 + 0.03
mm and 7 £0.01 mm and 7.9 + 0.01 mm were noted for glabridin and ZIF-8, respectively. Nevertheless,
25 pg/50 pL of ampicillin suspension had 27 £ 0.03 mm, 23 £ 0.03 mm and 20 + 0.07 mm growth
inhibition zones for S. aureus, E. coli(BW25113/F), and Bacillus subtilis (JCL16), respectively. In
conclusion, the improved antibacterial efficacy of Glab@ZIF-8 compared to that of the natural
compounds glabridin and pure ZIF-8 is attributed to the synergistic mechanism of action. Furthermore,
encapsulation of similar drugs in MOFs could be used to formulate new alternative antibacterial
materials, and this strategy would be highly helpful for reducing the prevalence of MDR bacteria.
Nevertheless, an important benefit would be that microbes should not be as likely to become resistant to
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these newly synthesized nanomaterials, as they might harbor more than one bactericidal target [63]. The
MIC values for S. aureus and E. coliwere 31.2 ug (Fig. 7d) and 62.5 ug (Fig. 7e), respectively. However,
125 ug was the MIC against Bacillus subtilis (Fig. 7). The MIC assay results are in agreement with the
antibacterial growth inhibition assay results. The results of this study revealed that Glab@ZIF-8, ZIF-8
and glabridin were more effective against gram-positive S. aureus bacteria than against gram-negative E.
colibacteria. As far as Bacillus subtilis, which is reported to be a highly drug-resistant bacterium [65],
high doses of the tested materials were effective compared to those of S. aureus and E. coli.

Somewhere, it was stated that glabridin exhibited antimicrobial activity against Helicobacter pylori and
methicillin-resistant Staphylococcus aureus [64]. Furthermore, 29.16 g (1 mL) showed antitubercular
activity against Mycobacterium [64]. Glabridin was also more effective against gram-positive microbes
than against gram-negative microbes [64]. These findings support and authenticate the results of the
present study. Moreover, glabridin contains two free phenolic hydroxyl groups at the 1,3-position, which
may strengthen its antibacterial potential [64]. On the other hand, ZIF-8 contains Zn?* and 2-
methylimidazole, so Zn?* may penetrate bacterial cell walls easily [66, 67] or 2. Methylimidazole can
attach to the cell wall, causing the membrane to tear, distort, and release cytoplasmic substances [18,
19]. However, in the case of MOF interactions with the cell matrix, Zn?*, drugs and 2-methylimidazole
released from MOFs could intermingle with bacterial enzymes and may inhibit respiratory reactions [18,
19]. Additionally, 2-methylimidazole can attach to protein-SH groups, which can cause bacterial cell
death [18, 19]. Currently, Zn?* composites containing imidazole linker derivatives have gained
considerable recognition for their antibacterial properties [18, 19]. On the other hand, metallic
nanomaterials may cause pits or holes in the bacterial cell wall, which in turn permits the entry of NPs
into the cell matrix or the rupture of the cell membrane, allowing integral material to leak and cause cell
death. In recent years, nanoantimicrobials have been shown to have different mechanisms of action for
both types of bacteria. Researchers have documented low drug resistance in S. aureus following
infection with E. colidue to the cell wall composition [68]. S. aureus has only a single layer of
cytoplasmic membrane attached to peptidoglycan sheets, which exhibit chains of linear polysaccharides
divided by brief peptides, where lipoteichoic acids adhere. The difference in cell walls could also be
attributed to differences in antibacterial activity [69]. As a result, cell membranes become anionic and
amphiphilic. Henceforth, metal ions and bioactive compounds can easily bind to the cell membrane or
enter the cytoplasm and can produce reactive oxygen species or bind to SH- groups of genetic material,
ultimately resulting in cell death [19, 69]. Considering these findings, S. aureus is considerably less drug
resistant than is E. coli, whereas the E. coli peptidoglycan layer between the cell wall and cytoplasm
contains lipopolysaccharides, which hinder the entry of certain chemicals [19, 68], and the additional
periplasmic space between layers contains few enzymes that may also breakdown extracellular
substances [68, 70]. E. colihas a high level of drug resistance because different outflow pumps in cell
membranes effectively lower the concentration of such medicines within the cell [68]. In addition, it is
accepted that smaller metallic nanoparticles provide better interactions between NPs and bacterial cell
walls, thus allowing them to rupture membranes and develop the highest antibacterial efficacy [71]. In
this study, the nanosized prepared material (as shown in Fig. 5) exhibited distinct sharp edges attributed
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to the presence of zinc metal. Consequently, it is postulated that this particular morphology holds the
greatest potential for exerting antibacterial activity. Mechanically, as bacteria interact with materials,
sharp edges will destroy cell walls [52-54]. In conclusion, Glab@ZIF-8 demonstrated the highest level of
antibacterial activity against microorganisms, suggesting that this medication may be useful for treating
illnesses related to microbial infections and may be helpful in biomedical applications based on
nanomaterials.

3.5. In vitro pH-dependent drug release profile

This study investigated the release profile of the drug glabridin from Glab@ZIF-8 in different pH
environments and in tween-80 solutions (Fig. 8). The results showed that the highest drug release
(89.76%) occurred at pH 5 after 72 hours, followed by 81.23% at pH 5.5 and 24.78% at pH 7.4. This high
drug release under acidic conditions is attributed to the protonation of the imidazolate ring of ZIF-8 [18,
19, 32], which breaks the coordination of the metal framework and allows the drug to be released [18]. In
contrast, under basic conditions, ZIF-8 remains stable, resulting in slower drug release [18, 19, 32]. The
drug release process is also time dependent, further confirming the stability of the MOF. The study also
revealed minimal drug release at pH 5 and pH 5.5 during the first hour, while no drug was released at
physiological pH 7.4 after 4 hours, indicating that long-term exposure to ZIF-8 at alkaline pH can lead to
gradual release of the loaded material [24, 72, 73]. It was concluded that ZIF-8 shows promise as a
material for drug protection and delivery, and encapsulated ZIF-8 materials can be stored in normal or
physiological media for a specified time.

4. Conclusion

The results obtained from this investigation provide evidence that Gla@ZIF-8 can be successfully
synthesized using a one-pot method at ambient temperature while requiring minimal energy input. This
signifies the practicality of incorporating hydrophobic, less stable, and pH/temperature-sensitive organic
compounds within the ZIF-8 framework. These findings have significant implications for the
development of advanced nanomedicine designs in the future. ZIF-8 exhibited a significant drug loading
capacity of approximately 98.7% for glabridin, indicating its potential as a promising drug delivery
system. The synthesis of Glab@ZIF-8 was confirmed through the utilization of various analytical
techniques, including UV—Vis and FTIR spectroscopy, XRD, SEM, and TEM. Additionally, TGA analysis
demonstrated that only 32.14% of the composite degraded before it reached a temperature of 644°C.
Furthermore, a substantial drug release of 89.76% from Glab@ZIF-8 was observed within a 72-hour
timeframe in an acidic medium, surpassing the release observed in physiological medium at a pH of 7.4.
Therefore, because of its faster drug release at lower pH, the composite material can also be tested in in
vitro clinical studies, as designed for low-pH diseased cells. With respect to antibacterial potential, 25
pg/50 pL Glab@ZIF-8 had greater antibacterial activity against gram-positive S. aureus bacteria than
against E. coli, and the MIC values were 31.2 ug and 62.5 ug, respectively. Significantly, Glab@ZIF-8
exhibited notable antibacterial efficacy, suggesting its potential as a viable alternative to current
antibiotics for mitigating drug resistance among bacterial species. This finding highlights the possibility
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of considering similar materials in future research endeavors aimed at combating antibiotic resistance.
Furthermore, these results indicated that the encapsulation of Glab in ZIF-8 (a MOF) was important and
could be advantageous for the preparation of new drugs for biomedical applications, e.g., drug delivery
systems.
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Figure 1

Schematic representation of synthesis of (a) Glab@ZIF-8 and (b) ZIF-8 nanoparticles
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Shows the; (a) UV—vis analysis, (b) FTIR analysis; Hydrodynamic diameter size distributions of particles
(c) ZIF-8, (d) Glab@ZIF-8; (e) Zeta potential (mV) and (f) Particle size (nm)
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Figure 3

TEM and SEM images of the (a, c) ZIF-8 and (b, d) Glab@ZIF-8 nanoparticles
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Figure 4

EDX elemental mapping of (a) ZIF-8 and (b) Glab@ZIF-8 nanoparticles
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Figure 5

X-ray diffraction analysis of glabridin, ZIF-8 and Glab@ZIF-8 materials
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Figure 6

Thermogravimetric analysis of glabridin, ZIF-8 and Glab@ZIF-8 materials
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Glab@ZI1F-8 FALE ] Glab Am picillin
Bacteria 25 pg/50 plL 50 pg/00 p. | 50 pg/100 pl 25 pg/50 pL
Strains
Inhibition Zones (mm)
5. aurens 26+0.01 170101 15+0.03 274003
E. eoli .
(BW25113/F) 23+0.02 130,03 12+0.01 234003
Bacillus subrilis : i "
(JCL16) 112001 7.9+0.01 7+0.01 20001
Figure 7

Antibacterial activity of the glabridin, ZIF-8 and Glab@ZIF-8 materials
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Figure 8
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Drug (Glab) release profile from the Glab@ZIF-8 nanoparticles
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