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Abstract: Improvement of curative herbal extracts effectiveness through novel drug delivery systems is a field of study for
the researches nowadays. Zirconium-based metal-organic frameworks (Zr-MOFs) are one of the most capable porous
nanocarriers that need a biocompatible template to be used in biomedical applications. In this work, Zr-MOF was synthesized
into the wool fabric through in-situ one-pot method with different molar ratios. The final fabrics were characterized
thoroughly using various techniques and the effect of components on monodispersity and nucleation tendency of Zr-MOF
onto the surface of wool were explained. The resultant fabric stablished absolute wash durability, increased air-permeability
up to twice and reasonable hydrophilicity. Tensile strength and young modulus decreased 30 and 1244 % and strain increased
66 %. Salvia Officinalis (SO) and Calendula Officinalis (CO) extracts were loaded onto the modified fabrics with 1154 and
1842 % increased absorption capacity. The release profiles showed domination of diffusion mechanism. The wool-MOF-SO
and CO displayed both 100 % antibacterial activity against Escherichia coli and 60.95 and 64.64 % against Staphylococcus
aureus because of diverse antibacterial components. Calendula Officinalis proved biocompatibility with human skin however
Salvia Officinalis exhibited high toxicity.

Keywords: Zirconium-based metal-organic framework (Zr-MOF), Antibacterial wool fabric, Herbal extracts, Release kinetic,
In-situ synthesis

Introduction

In recent decade, increase of drug effectiveness and

decrease of side effects of high concentration drugs scattered

on body cells have drawn lots of attention. Hence, local drug

delivery, targeted drug delivery, drug release rate control,

enhanced cell penetration and internalization have been the

subject of numerous researches [1-11]. Diverse nanocarriers

were used to achieve the mentioned goal such as metal-

organic frameworks (MOFs) as the most tunable nanocarriers

with tailored size of pores and functional groups and the

uniform structure [12-16]. In particular, zirconium-based

MOFs attracted great deal of attention for the high structural

and thermal stabilities [17-19].

MOFs are usually synthesized on a template to increase

their efficiency and possess favorable properties [20].

Textiles are the most used template for MOFs with desirable

mechanical properties [21]. Different types of MOFs can

introduce diverse properties including UV protection,

photocatalytic and high absorption capacity [22-25].

Medicinal herbs have been used from prehistoric times to

the present. About 35000 species, two third of herbs, showed

medicinal properties also 7000 herbs indexed in modern

pharmacopoeia [26]. However, most of them have low

solubility in biological environments led to the drastic

influences on their effectiveness. Modern drug delivery

methods increase their absorption, bioavailability and

structural stability also limit burst release, lowering

cytotoxicity and enhance prolonged release to the targeted

tissues. This consequently can revive utilization of medicinal

herbs in modern medicine [27].

Among medicinal herbs, Salvia Officinalis has been

widely used for centuries. It has very strong antioxidant,

antibacterial and radical scavenging activities and functions

as nerve stimulator, anti-Alzheimer, carminative, soothing

and anticancer agent [28-30]. Another medicinal herb,

Calendula Officinalis, is extensively used clinically for

dermatological disorders and periodontitis. Recent researches

have revealed its effect on stimulation proliferation and

migration of fibroblasts. Furthermore, it has antibacterial,

antioxidant, antifungal, anti-inflammatory, nerve stimulation

and disinfectant properties [31-35]. The extract of both

mentioned herbs is mainly constituted of oxygenated

monoterpenes, monoterpene hydrocarbons, sesquiterpene

hydrocarbons and oxygenated sesquiterpenes [36]. Very

recent researches interestingly demonstrate that both of these

extracts make a stable complex with COVID-19 (SARS-

CoV-II) main protease and papain like protease consequently

hinder replication which can arise interest as anti-COVID-

19 drugs [37,38].

To our knowledge, there is no report on the synthesis of

any type of Zr-MOFs onto the surface of wool. In this

research Zr-MOF was synthesized in single-step onto the

surface of wool, a natural biocompatible substrate, then

characterized thoroughly by various methods and hypothetical

interaction mechanism was postulated. Based on mentioned

healing properties of Salvia Officinalis and Calendula

Officinalis, they were loaded on the wound-dressing fabric*Corresponding author: tex5mm@aut.ac.ir 
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then the release rate, antibacterial activity and cytotoxicity

were investigated. Also, relation between chemical composition

of herbal extracts and their attributes were described.

Experimental

Materials

Wool fabric was purchased from Iran Merinos Co. and

zirconium oxide chloride octahydrate, terephthalic acid,

dimethylformamide (DMF), sodium hydroxide, acetic acid

and phosphate-buffered saline (PBS) tablets were purchased

from Merck Co. Germany.

Methods

Pre-treatment

Raw wool fabric was subjected to different environments

during fabrication that should be cleared by washing. Raw

wool fabric was washed with 2 g/l nonionic detergent at

40 °C for 20 min.

Synthesis of Zr-MOF and In-situ Synthesis of Zr-MOF

onto Wool Fabric

Typical synthesis conditions of Zr-MOF may damage

wool structure also Zr-MOF should nucleate on the surface

of wool to establish durability and stability; accordingly,

different moderate synthesis conditions and acids including

acetic acid, citric acid and hydrochloric acid were investigated.

Molar ratio of zirconium oxychloride to terephthalic acid

was set 1:1.5 to improve dispersity of Zr-MOF. Two samples

were selected with molar ratio of Zr salt:ligand:modulator at

1:1.5:2.5 labeled as wool-MOF and 1:1.5:25 defined as

wool-MOF0.1 for investigating the acid ratio effect. Figure 1

elucidates the synthesis route as Zr-MOF synthesized on the

wool fabric based on in-situ one-pot synthesis method. The

same route was also used to synthesize Zr-MOF powder. To

synthesize wool-MOF, initially 0.4 g wool fabric was immersed

in a sealed container consisting of 0.241 g terephthalic acid

dispersed in 12 ml DMF and heated at 70 °C for 3 h.

Afterwards, 0.322 g zirconium oxychloride and 0.15 ml

acetic acid were added (pH=4) at ambient temperature and

stirred for 24 h. Lastly, the sample was washed several times

with deionized water. Wool-MOF0.1 was prepared using

0.0241 g terephthalic acid and 0.0322 g zirconyl chloride

while amount of other chemicals, conditions and processing

remained the same.

Characterization and Measurements

Characterization

To study the success of reactions, Fourier transform

infrared spectroscopy (FTIR) was utilized in the range of

400-4000 cm
-1 with KBr pellets by Nexus 6700, PerkinElmer,

Germany. The morphology of prepared samples was observed

by means of field emission scanning electron microscopy

(FESEM) VEGA2-TESCAN, TESCAN, Czech Republic.

FESEM was coupled with elemental mapping and energy

dispersive X-ray (EDX) analysis to investigate the elemental

analysis of samples and distribution evenness. X-ray diffraction

analysis (XRD) was performed by EQUINOX 3000, INEL,

France to study the crystalline structure of samples.

Structural Simulation

Structural simulation of Zr-MOF based on quantum

mechanics theory was accomplished with Gaussian 09

program and corresponding FTIR absorptions were elicited.

Optimization of all atom positions was achieved based on

ground state of density functional theory (DFT) with either

B3LYP or LanL2MP functionals coupled with 6-311++G

(d,p) basis set.

Ultraviolet-visible (UV-vis) Spectroscopy

For each test, about 3 ml of solution was dripped in quartz

cuvette with 1 cm path length and spectrum from 200 to

800 nm was scanned. Baseline was set based on solvent

spectrum and each test was three times repeated.

Mechanical Properties

Samples were cut uniformly into 5 cm×15 cm and the

mechanical properties of fabrics were determined using

Instron 5566 according to British standard for woven fabrics

(BS 2576:1967). The initial steep of resultant stress-strain

curve was used to determine the Young's modulus of fabrics.

Each test was three times repeated and the average was

calculated.

Fabric Air-permeability

The air-permeability properties of samples were determined

on DL M021S air-permeability tester supporting from

Figure 1. Synthesis route of Zr-MOF onto the surface of wool fabric. 
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78.040 to 0.020 mls-1cm-2 values at 100 Pa according to

ASTM D737 standard. The samples were cut square 5 cm×

5 cm and air-permeability was measured under 100 Pa.

Water Absorbency Rate

Samples were placed flat and creases were smoothed then

water drops were dripped on fabric from 1 cm height and the

time of complete absorption was measured according to

AATCC 79 standard. Each sample was five times tested and

average was calculated.

Herbal Extraction

40 g of dried herb was added to 300 ml water and heated at

70 °C to evaporate the water then herb was crushed and

200 ml preheated water was added to the crushed herb and

heated at 70 °C to form a concentrated liquid. After filtering,

it was boiled for 10 min to produce highly concentrated

extract.

Loading and Release of Herbal Extracts on Wool

Samples were immersed in 20 ml/l extract solution for

24 h and then washed thoroughly with distilled water. The

samples were subsequently immersed in phosphate-buffered

saline (PBS) solution and release rates were calculated based

on UV-vis absorption intensity and corresponding calibration

curve. The entrapment efficiency was calculated based on

ratio of actual extract loading to theoretical extract loading.

Antimicrobial Activity

Antibacterial activity of samples containing Zr-MOF and

herbal extracts were conducted by colony counting method

according to AATCC test method 100 against Escherichia

coli as Gram negative and Staphylococcus aureus as Gram

positive bacteria. For this purpose, samples were cut in

circles with 4.8 cm diameter and sterilized under UV light

for 2 h. The grown bacteria in 10 ml nutrient broth were

shifted to sterile nutrient agar and incubated for 24 h. 1 ml

bacterial suspension (1-2×10
5 CFU/ml) were dripped in each

sample then suspension incubated at 37 °C for 24 h. Finally,

the colonies on the plate were counted and the antibacterial

activity calculated based on ratio of the reduced colony

number after incubation to colony number before incubation.

Cell Viability

Briefly, to investigate samples cytotoxicity, 100 ml solution

containing 90 ml Dulbecco's modified Eagle medium

(DMEM) and glutamine and 10 ml fetal calf serum was

prepared. The fibroblasts were separated through trypsinization

and counted. Then cells were placed in 96 well plate and

incubated at 37 °C for 48 h with 5 % CO2. After that, MTT

solution 0.5 mg/ml in PBS was added to each well then

incubated at 37 °C for 64 h with 5 % CO2. Afterwards, the

medium was removed and 0.2 ml DMSO was added to each

well and incubated for 10 min at 37 °C. The absorption

intensity at 570 nm wavelength was recorded and cell

viability was calculated based on ratio of sample absorption

to control absorption. Each sample was 5 times tested and

average was considered.

Results and Discussion

Hypothetical Interaction Mechanism of Zr-MOF and

Wool Fabric

Wool has diverse functional groups including carboxyl,

hydroxyl, amine and amide which can interact with zirconium

oxide clusters and terephthalic acid [39]. Zirconium ions can

make coordination and electrostatic interactions. Terephthalic

acid molecules can make acid-base interaction with amine

and amide groups, deprotonating agents, and simultaneously

coordinate with zirconium ions from the other head and act

as the nucleation sites for secondary building units (SBUs)

production onto the surface of wool [40].

Fourier Transform Infrared Spectroscopy

Figure 2 presents FTIR spectrum of synthesized Zr-MOF

reveals the absorption peaks related to C=O-O symmetric

and asymmetric stretching vibrations of carboxylate groups

of terephthalic acid at 1400 and 1580 cm-1, OH stretching

vibrations wide band at 3400 cm
-1 corresponded to closely

absorbed water molecules and could be originated from

zirconium oxychloride octahydrate [41]. Also, O-Zr-O

stretching vibrations multiple peaks from 400 to 800 cm
-1

indicates formation of octahedral zirconium oxide cluster

and Zr-O-C stretching vibrations at 550 cm-1 demonstrates

the bridge between the carboxylate groups of terephthalic

acid with zirconium oxide cluster [41-43]. These results are

in accordance with previous reports also all peaks in the

simulated FTIR of Zr-MOF present in the FTIR spectrum of

synthesized Zr-MOF confirm the successful synthesis of Zr-

MOF [44,45]. Furthermore, there are no peaks in simulated

FTIR as the characteristic peaks of DMF. However, CH3

stretching vibrations at 2990 and 2777 cm-1, C=O stretching

Figure 2. FTIR spectra of simulated Zr-MOF, synthesized Zr-

MOF, raw wool and wool-MOF samples. 
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vibrations at 1650 cm-1 and C-N stretching vibrations at

1022 cm-1 appear in FTIR spectrum of synthesized Zr-MOF

suggesting the possible entrapment of DMF inside the MOF

structure.

Wool-MOF comprises characteristic peaks of wool related

to the peptide bond including amide A at 3374 cm
-1 and

amide B at 3068 cm-1 ascribed to N-H stretching vibrations

along with amide I at 1650 cm-1, amide II at 1519 cm-1 and

amide III at 1238 cm
-1 [46,47]. All of these confirm the

nucleation of Zr-MOF onto the surface of wool.

X-ray Diffraction Analysis

Two broad peaks at 21.2 and 23.7 o ascribed to raw wool

in Figure 3 [39]. Zr-MOF has several sharp peaks at 7.56,

8.74 and 25.98
o representatively attributed to (111), (002)

and (006) planes, indicative of zirconium oxide clusters [48-

50]. The theoretical crystal size was estimated about 16 nm

by Scherrer equation. Zr-MOF main peaks are obviously

emerged in the XRD pattern of wool-MOF evidencing

preserved crystalline structure of Zr-MOF onto the surface

of wool in agreement with previous research results [39].

Zr-MOF Incorporation Efficiency onto Wool

The weight of samples increased after synthesis of Zr-

MOF due to the weight of incorporated Zr-MOF. The gain in

weight of wool-MOF and wool-MOF0.1 was 55 and 40 %

indicating that increasing molar ratio of acid decreased the

possibility of nucleation in solution due to the more possible

coordination with modulator than ligand. Therefore, more

Zr-MOF loaded on the surface of wool where can interact

with deprotonating groups of wool and nucleate rather than

solution. This provides wool-MOF with very low amount of

chemicals considerably lower than the typical route used to

synthesize Zr-MOF [51].

Washing Durability

Based on Figure 4, UV-vis spectrum of Zr-MOF shows a

band at 300 nm as typical peak of Zr-MOF [49,50]. The UV-

vis spectrum of remaining solution of immersed wool-MOF

in distilled water after seven days indicates two peaks at 215

and 240 nm related to DMF and terephthalic acid [52]. Also,

the dried wool-MOF sample was weighed and only 3 %

weight loss was recorded possibly due to removal of these

chemicals. Therefore, Zr-MOF had stronger interactions with

functional groups of wool than water molecules, consequently

very good washing durability indicated and only the

unreacted chemicals removed through washing.

Microscopic Studies

The Zr-MOF morphology in Figure 5 proves the

monodispersed particle size of about 40 nm which is higher

than the theoretically calculated crystal size as a result of

inter-growth of crystals that is finely controlled even when

they are nucleated onto the fibers [53]. Elemental mapping

in Figure 6 shows homogenous distribution of Zr-MOF

with no growth to build big crystals unevenly. In addition

to the Zr-MOF main elements, Figure 6h confirms the

presence of nitrogen and chlorine in Zr-MOF powder

indicating detention of DMF and zirconium oxychloride

inside Zr-MOF cavities. Figure 6i demonstrates 21.78 %

sulfur in wool.

Tensile Properties

Figure 7 demonstrates about 30 % lower tensile strength,

1244 % lower young modulus and 66 % higher strain for the

wool-MOF than wool fabric. Tensile strength and elasticity

of wool mainly depend on disulfide bonds which partially

break during the modification process and cause decrease in

young modulus and tensile strength and increase in strain

[54]. 

Figure 3. XRD of Zr-MOF powder, raw wool and wool-MOF

sample. 

Figure 4. UV-vis spectra of Zr-MOF and wool-MOF waste water.
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Physical Properties

Considering that oxygen plays a key role in skin tissue

regeneration and prevention of anaerobic bacteria growth,

appropriate air-permeation is crucial property for a wound

dressing [55]. Air permeability of wool fabric was measured

19 ml/s·cm
2 while increased up to twice for wool-MOF

reached to 40 ml/s·cm
2. According to FE-SEM images

(Figure 5), Zr-MOF particles detached wool fibers from

each other increased the inter-fiber pores caused the more air

to pass through.

While the raw wool fabric absorbs no water drop after 2 h,

wool-MOF readily absorb the water drop after 17±0.86 s.

During washing, the wool wax causing hydrophobicity was

dissolved triggering fast absorption of water molecules to

the fabric. Thus, presence of hydrophilic Zr-MOF and partly

eliminating of hydrophobic wool wax led to the more water

absorption.

Herbal Extracts Release

Table 1 shows drastically increase in entrapment efficiency

of extracts for samples containing Zr-MOF as a result of

high porosity of Zr-MOF making the possibility for extracts

to penetrate into Zr-MOF cavities. The entrapment efficiency

of two samples containing Zr-MOF has a linear relation with

the amounts of incorporated Zr-MOF revealing similar pore

size of wool-MOF and wool-MOF0.1 with no missing

ligand or node [39].

Figure 8 displays a similar behavior for all the release

profiles and samples containing Zr-MOF indicated a

controlled burst release for the entrapped extracts. The

samples almost released entire loaded extracts after 72 h. All

of the drug release models considering swelling or erosion

mechanism indicate very poor determined coefficients for

various samples substantiating domination of diffusion

mechanism for drug release as reported for mesoporous

materials [56]. Therefore, for better understanding of release

kinetic, Korsmeyer-Peppas model were used as a versatile

model for interpreting different drug release mechanisms

[57]. Table 2 shows n value of all samples much lower than

0.5 indicating no structural breakdown of Zr-MOF in

Figure 5. FE-SEM of Zr-MOF powder (a) and FE-SEM of wool-MOF (b-d). 
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presence of herbal extracts and the diffusion governs release

mechanism.

Figure 6. FE-SEM image (a) with 1000x and elemental mapping (b-g), EDX analysis of Zr-MOF powder (h) and wool-MOF (i). (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Figure 7. Stress-strain curve of wool fabric and wool-MOF. 

Table 1. Entrapment efficiency of Salvia Officinalis and Calendula

Officinalis extract in wool fabric, wool-MOF0.1 and wool-MOF 

Sample

Salvia Officinalis Calendula Officinalis

Loading 

(%)

Loaded 

sample

Loading 

(%)

Loaded 

sample

Wool 

fabric
5.75 3.09

Wool-

MOF0.1
51.02 41.66

Wool-MOF 66.40 56.92
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Antibacterial Activity and Cytotoxicity

Salvia Officinalis extract is mainly constituted of 1,8

cineole, α-Thujone, β-Thujone, camphor, viridiflorol also

some flavonoids, β-caryophyllene and α-humulene [58].

Calendula Officinalis extract largely comprises cadinene, α-

cadinol and some α-humulene and flavonoids [59]. 1,8

cineole and viridiflorol have antibacterial activity also β-

caryophyllene, α-humulene and all flavonoids specially

flavonols are toxic inducing cell death [60-63]. Zr-MOFs

indicate no antibacterial activity [64].

Figure 9 demonstrates antibacterial activity and cytotoxicity

Figure 8. Release profile from wool-SO, wool-MOF0.1-SO and wool-MOF1-SO (a) and wool-CO, wool-MOF0.1-CO and Wool-

MOF1-Co (b). 

Table 2. Korsmeyer-Peppas model parameters for extract release

from samples

Sample n R2

Wool-SO 0.07 51.17

Wool-MOF0.1-SO 0.08 88.33

Wool-MOF-SO 0.11 94.17

Wool-CO 0.11 92.50

Wool-MOF0.1-CO 0.14 78.98

Wool-MOF1-CO 0.16 90.57

Figure 9. Antibacterial activity and cytotoxicity of wool fabric, wool-MOF-SO and wool-MOF-CO. 
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of wool-MOF samples containing Salvia Officinalis (wool-

MOF-SO) and Calendula Officinalis (wool-MOF-CO). Both

wool-MOF-SO and CO indicated 100 % antibacterial

activity against Gram negative and Gram positive model

bacteria 60.95 and 64.64 %, respectively due to the high

amounts of antibacterial components.

Effect of biomaterials on cell viability is an important

parameter for biomedical applications. According to ISO

10993-5 standard more than 70 % cell viability indicates

biocompatibility. Therefore, results prove that wool-MOF-

CO is not toxic showing 82.01 % cell viability as a

confidently biocompatible material. However, wool-MOF-

SO indicates 33.61 % cell viability with high potency for

inducing death to cancer cells [65]. The toxic components of

Salvia Officinalis extract are twice as Calendula Officinalis

extract which can justify the obtained results [30].

Conclusion

In this work, Zr-MOF was synthesized onto the wool

fabric through in-situ one-pot method. Through diverse

methods the successful monodisperse nucleation of Zr-MOF

onto the wool fabric was proved. It was demonstrated that

while concentration of acid remains unchanged with

increasing acid molar ratio, the tendency of nucleation onto

surface of wool increases. The wool-MOF air-permeability

increased up to twice and the hydrophobic surface of wool

fabric changed to hydrophilic because of presence of

hydrophilic Zr-MOF and removal of hydrophobic wool wax.

The fabric tensile strength and young modulus decreased

and strain increased due to partial breakage of disulfide

bonds. The release profile of Salvia Officinalis and

Calendula Officinalis extracts was similar and the release

mechanism was governed by diffusion. Both wool-MOF-SO

and or absolute antibacterial activity 100 % showed

antibacterial activity against Escherichia coli, Gram

negative model bacterium, and 60.95 and 64.64 % against

Staphylococcus aureus, Gram positive model bacterium.

Wool-MOF-CO was a biocompatible material however

wool-MOF-SO exhibited high toxicity due to high toxic

components. The results of this research, pave the way for

further researches on improvement of wound healing and

anticancer properties of the herbal extracts using Zr-MOFs

onto the textile surface.
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