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Abstract

In this study, polycaprolactone (PCL), algal-derived polysaccharides, and HKUST-1 were
used to fabricate fibrous nanocomposites via electrospinning as a structural platform for
potential biomedical applications. Algal polysaccharides were extracted and purified from
Chlorella and Tetraselmis. HKUST-1 was prepared using a hydrothermal method, with
Cu(NO:s)2:3H20 and Cu(CHsCOO):-H20 as copper precursors. HKUST-1, showed a
uniform polyhedral morphology and average particle diameters of approximately 45-50
nm. BET analysis showed mesoporous structures with surface areas of 59.74 and 141.66
m?/g for the nitrate- and acetate-derived MOFs, respectively. PCL solutions with
concentrations of 10, 15, 20, and 35% (w/v) were prepared, along with HKUST-1/PCL
solutions containing 0.5, 1, 3, 4, and 5 wt% HKUST-1 relative to PCL. To fabricate the
nanocomposites, the PCL solutions were initially electrospun to form the fibrous
substrate. The three-layer PCL/algal polysaccharide/HKUST-1 nanocomposites were
subsequently fabricated by adding the algal polysaccharide of Chlorella and Tetraselmis
and HKUST-1 onto the PCL nanofibers. The average fiber diameters ranged from 70—
1000 nm. Key fabrication parameters, including solvent type and ratio, solution
concentration, and electrospinning conditions, were optimized to obtain uniform and
homogeneous nanofibrous structure. The results indicated that the synthesized nanofibers
exhibited nanoscale dimensions and a uniform morphology. Incorporating of
polysaccharides into the PCL nanofibers increased the surface contact angle from 118° to
130-134°, indicating enhanced surface hydrophobicity. This increase was attributed to
the compact molecular structure of the polysaccharides and their limited exposure at the
fiber surface during electrospinning. Antibacterial tests revealed that HKUST-1 exhibited
antibacterial activity against both E. coli and S. aureus, with minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) values of 3.75 and

7.5 mg/mL, respectively. The Tetraselmis-derived polysaccharide exhibited bacteriostatic
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activity against S. aureus, with an MIC of 25 mg/mL. None of the tested samples exhibited
detectable DPPH radical-scavenging activity, which may have been obscured by color
interference from the samples at high concentration. This work presents the single-
platform nanocomposites combining PCL, Chlorella- and Tetraselmis-derived

polysaccharides, and HKUST-1 MOFs.

Keywords: Nanocomposite, HKUST-1, Polysaccharide, Chlorella, Tetraselmis, Wound
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1. Introduction

Skin, the first line of defense against various external pathogens, is an important part of
the immune system in the body. The external skin tissue is damaged due to burns, cuts,
and pathological wounds, and on the other hand, the process of wound repair in complex
[1-3]. When harmful microorganisms damage the skin surface, they cause infection and
inflammation, which results in delayed wound healing. Therefore, advanced wound
dressings need to be developed to protect the wound area from infection, contamination,
and harmful external factors [4, 5]. The ideal wound dressing for proper protection should
have characteristics like moisture retention, water vapor and oxygen permeability, non-
toxicity, non-allergenicity, high biocompatibility, and favorable mechanical properties [6,
7]. Nowadays, polymer-based wound dressings synthesized by electrospinning have
attracted much attention. Electrospinning is one of the common methods for fabricating
nanofibers that use natural and synthetic polymer solutions for this purpose [8]. These
fibers are characterized by high porosity, large specific surface area and a high degree of
similarity to the human body’s natural extracellular matrix [9]. Electrospun nanofibrous
dressings are able to absorb wound exudate and efficiently block the external
environment, therefore promoting wound healing [10, 11].

Natural polymers, like polysaccharides-including algal polysaccharides-and proteins,
when synthetized into nanofibrous dressings, improve wound healing due to their
antibacterial and hemostatic properties. These dressings are biocompatible, degradable,
and promote cell growth but lack mechanical strength [12-15]. Algal polysaccharides play
an important role in wound healing by having antioxidant, anti-inflammatory and
antimicrobial properties that are very effective for the wound healing process. These
polysaccharides provide suitable conditions for faster healing and can stimulate the

growth of new cells by creating a moist matrix at the wound site [16-19]. Chlorella and



Tetraselmis, two types of green algae, as sources of algal polysaccharides, improve the
wound healing process by having biocompatibility, biodegradability, antioxidant and
anti-inflammatory properties that help control the secretion of reactive oxygen species
and the release of antibacterial products [20-23]. Polysaccharides of Tetraselmis can also
induce angiogenesis, increase macrophage infiltration, and express TGFp, which is very
effective in accelerating the wound healing process [24].

Synthetic polymers are characterized by high mechanical strength and flexibility in
processing but they lack in wound healing efficacy because of relatively low
biodegradability and lack of cellular binding sites [25, 26]. Polycaprolactone (PCL) a
synthetic polymer, was first synthesized in the early 1930s, drawn much attention due to
biodegradability, cell growth stimulation, and viscoelastic properties but was not widely
used due to its slow degradation rate [27, 28]. Furthermore, electrospun PCL nanofibers
with core-shell structures have been studied for drug delivery, controlled drug release,
and wound dressings [29, 30].

Although both natural and synthetic polymers possess multiple excellent properties, their
ability to promote wound healing is restricted [31, 32]. To address this, polymeric
nanofibrous materials have been utilized as scaffolds for wound dressings, incorporated
with therapeutic agents, enabling them to fulfill their roles during different stages of
wound healing and improving wound repair outcomes [33]. Electrospun nanofiber
dressings loaded with drugs or antibacterial substances, such as metal-organic
frameworks (MOFs), indicate improved skin tissue repair and facilitating wound healing
[34]. Metal-organic frameworks have high specific surface area, easy surface
modification and tunable pore size, which make them suitable for drug loading, transport,
and controlled release. Some studies have shown the antibacterial properties of copper-
based metal-organic frameworks (such as Cu-MOF-74 and HKUST-1) which are the
result of gradual copper ion release. The metal centers are slowly and gradually released
as a result of the degradation of the metal-organic framework [35-38]. The instability of
metal-organic frameworks in physiological solutions greatly limits their direct use in
wound healing, and therefore, to exploit the properties of these materials, they should be
loaded onto polymer substrates, including nanofibers [39].

A summary of studies investigating the use of nanofibers loaded with natural polymers
such as algal-derived polymers, and nanoparticles for tissue regeneration and wound
healing is described in detail subsequently (Scheme. 1). The development of wound

dressing focused primarily on infection control and progressed to the design of bioactive



systems to accelerate tissue repair. This process began in 1865 with the use of carbolic
acid (phenol) by Joseph Lister for the disinfection of wounds, dressings, and surgical
equipment, and brought about a major revolution in the prevention of surgical infections
[40]. In 1962, George D. Winter established the scientific basis for advanced wound
dressings by demonstrating that wounds heal up to 50% faster in a moist environment
than in a dry environment [41]. Based on this finding, from the 1980s, traditional dry
dressings gradually gave way to advanced dressings with the ability to retain moisture
and stimulate tissue regeneration. With the advancement of electrospinning technology,
research was directed towards the development of bioactive nanofibers based on synthetic
and natural polymers [42]. In 2015, the PCL/Ulvan nanofibrous biocomposites were
synthesized as an advanced wound dressing [43]. Subsequently, nanofibers incorporating
Spirulina extract as well as Spirulina-alginate/PCL were developed to increase
antioxidant properties, retain moisture, and accelerate tissue regeneration [44, 45]. In
2018, dressings with suitable antimicrobial and biocompatible properties were produced

by adding quaternary ammonium salts to PCL/gelatin nanofibers [46].
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Scheme. 1. Key studies investigating the use of algae in healing applications



The use of biopolymers and polysaccharides such as collagen, starch and alginate along
with polycaprolactone and polyvinyl alcohol (PVA), led to the development of nanofibers
with favorable mechanical and regenerative properties [47-51]. In recent years, research
has focused on the loading of different nanoparticles, such as copper and zinc oxide
nanoparticles onto the nanofibers, along with incorporating of stem cells and microalgae
into fibrous nanocomposites [52-54]. To the best of our knowledge, the fabrication and
structural characterization of electrospun nanofibers incorporating polycaprolactone,
algal polysaccharides derived from Tetraselmis and Chlorella, and HKUST-1 have not
yet been reported. The main goal of this study was to fabricate algal polysaccharide-based
nanofibers with an optimized structural configuration. PCL was incorporated as a co-
polymer because the algal polysaccharide alone is incapable of electrospinning. In
addition, PCL was employed to further enhance the physicochemical properties of the
resulting nanofibers. The fabricated nanofibers were subsequently loaded with HKUST-

1 to import the desired functional properties.

2. Experimental work

2. 1. Materials

Polycaprolactone (Mw=80000 g-mol™?), Cu(NOs).:3H.0, Cu(CH3COO)2, 1,3,5-
benzenetricarboxylic acid (HsBTC) were purchased from Sigma-Aldrich Reagent Co. Ltd
(Steinheim, Germany). The solvents including formic acid, glacial acetic acid, and N,N-
dimethylformamide (DMF) were sourced from Merck (Darmstadt, Germany). Absolute
ethanol was prepared from Ghatran Shimi Co. (Ghazvin, Iran). Double distilled water was
applied in all experiments. In this study, the dried powder of green microalgae was used
for the preparation of the composites. Chlorella and Tetraselmis were prepared from
Iranian company Qeshm Micro Algae Biorefinery (QMAB). All chemicals were of

analytical grade and used without further purification.

2. 2. Instruments

Firstly, the samples were observed by optical microscope model Nikon eclipse E100
(Nikon Corporation, Tokyo, Japan). Fourier transform infrared (FTIR) and attenuated
total reflection (ATR) spectra were recorded by a Bruker, tensor 27 spectrometer (Bruker
Optik GmbH, Ettlingen, Germany). The morphologies of the prepared samples were
studied by scanning electron microscope (SEM) model TESCAN VEGA3 (Brno, Czech
Republic). The BET analyzer model TriStar II 3020 (Micrometrics Instrument



Corporation, Georgia, USA) was applied to study the surface area and porosity of the
samples. Jikan-CAG 20 SE device (Jikan Surface Nano-Engineering Co., Tehran, Iran)
was applied to measure the contact angle of water droplets with surface of the samples.
The electrospinning machine model Full Option Lab2 ESI-II (Fanavaran Equipment

Nanoazma Co., Tehran, Iran) was used in this study.

2. 3. Synthesis of HKUST-1

In this study, HKUST-1 was synthesized according to the reported method in references
[55, 56] with some modifications. Briefly, 0.071 g of Cu(NOs).:3H20 was dissolved in a
mixture of 10 mL of double distilled water and 8 mL of absolute ethanol. Furthermore,
0.043 g HsBTC was dissolved in the similar solvent mixture with equal volumes (10 mL
of double distilled water and 8 mL of absolute ethanol). In continuation, the copper
solution was added dropwise to the H:BTC solution under continuous stirring. The
resulting mixture was transferred into a teflon-lined stainless-steel autoclave and then was
placed in an oven at 120 °C for 24 h to form the blue crystals. Subsequently, the synthesis
was performed using 0.071 g Cu(CHsCOO): that was dissolved in a solvent mixture
consisting of 8 mL of double distilled water and 10 mL N,N-dimethylformamide.
Meanwhile, 0.043 g HsBTC was dissolved in the similar solvent mixture of double
distilled water and DMF in equal volumes. The synthesis was followed in the same way

as before and a blue precipitate was obtained.

2. 4. Extraction of algal polysaccharides

Polysaccharides were extracted from two different green algae species, Chlorella and
Tetraselmis, according to a two-step extraction method reported in previous studies [57,
58] with slight modifications. In brief, 50 mL absolute ethanol was added to 1 g of algal
dried powder with mild boiling to remove lipids, pigments and other impurities with low
molecular weight and was stirred for 20 min at 60 °C. The mixture was centrifuged at
8000 rpm for 5 min, and the residue was collected and dried at 50 °C for 12 h. In the next
step, absolute ethanol was added to the obtained residue (with a precipitate to absolute
ethanol ratio of 1:50 (w/v)) and the extraction was proceeded at 100 °C for 4 h. The
obtained mixture was centrifuged at 3800 rpm for 5 min and the extracted solution was
concentrated by heating at 60 °C to evaporate the excess ethanol. The polysaccharide
precipitate was washed three times with absolute ethanol, and then dried at room

temperature (Scheme. 2).
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Scheme. 2. Schematic illustration of the extraction of algal polysaccharides

2. 5. Fabrication of PCL fibers (PF; to PFe)

Specific amount of PCL was dissolved in a solvent mixture of acetic acid and formic acid
with different ratios according to the reported method with some modifications in
reference [59]. The mixture was subjected to vigorous stirring at 3 h to prepare a uniform
PCL solution. Then the solution was introduced into a 5 mL syringe with a needle of
internal diameter of 0.2 mm for electrospinning. The specifications of the PCL precursor
solution and the corresponding electrospinning conditions are presented in Table 1.
Among the formulation evaluated, the 20% (w/v) PCL solution prepared in a solvent
mixture of acetic acid and formic acid at a 9:1 (v:v) ratio exhibited the most favorable
electrospinning performance and was therefore selected as the optimal formulation (PF1).
For the optimum formulation, the flow rate was adjusted at 0.5 mL/h, and the applied
voltage was set to 10 kV. The tip-to-collector distance and drum collector of rotation speed

were fixed at 16.5 cm and 150 rpm, respectively.

Table 1. Electrospinning conditions for PCL fibers prepared at various concentrations

Sample PCL Acetic acid to formic Electrospinning conditions Optical microscope
Name solution acid ratio (v:v) image of the sample
wiv) % with 4x
magnification
PF," 20 9:1 Voltage: 10 kV

Flow rate: 0.5 mL/h

Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 16.5 cm

PF, 20 3:7 Voltage: 20 kV
Flow rate: 0.5 mL/h




Sample PCL Acetic acid to formic Electrospinning conditions Optical microscope

Name  solution acid ratio (v:v) image of the sample
wiv) % with 4x
magnification

Rotation speed of drum collector: 200 rpm

Tip-to-collector distance: 16.5 cm

Voltage: 15 kV
Flow rate: 0.5 mL/h
PF; 15 3:7
Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 16.5 cm

Voltage: 11 kV
Flow rate: 0.5 mL/h
PF, 35 3:7 )
Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 16.5 cm

Voltage: 8 Kv

Flow rate: 0.2 mL/h e
PFs 15 9:1 o
Rotation speed of drum collector: 150 rpm 7

Tip-to-collector distance: 16.5 cm

Voltage: 8.5 kV

Flow rate: 0.2 mL/h
PF6 10 9:1

Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 16.5 cm

*PF; was selected as the optimal sample among the fabricated fibers due to its homogenous morphology

2. 6. Fabrication of PCL fibers loaded with HKUST-1 (NF;-Cu to NF7-Cu)

0.2 g of PCL was dissolved in 1 mL of an acetic acid/formic acid solvent mixture at a 9:1
(v:v) ratio under vigorous stirring for 2 h to prepare a 20% (w/v) PCL solution. Then, a
specific amount of synthesized HKUST-1 was added to the PCL solution and the mixture
was vigorously stirred for 1 h. Then the solution was introduced into a 5 mL syringe with
a needle of internal diameter of 0.2 mm for electrospinning. In order to achieve a uniform
distribution of HKUST-1 on the fibers, a number of solutions were homogenized under
ultrasonication. According to the results summarized in Table 2, a HKUST-1 to PCL ratio

of 4% (w/w) was identified as the optimum sample (NF1-Cu).

Table 2. Electrospinning conditions for PCL fibers containing HKUST-1 at various concentrations

Sample = HKUST-1 to Ultrasonic for Electrospinning conditions Optical microscope
name PCL ratio HKUST-1 image of the sample
wiw) % distribution  in with 4x magnification
solvent
NF;-Cu” 4 Voltage: 8.5 kV

Flow rate: 0.1 mL/h
Rotation speed of drum collector: 100 rpm

Tip-to-collector distance: 15 cm




Sample HKUST-1 to Ultrasonic for Electrospinning conditions Optical microscope
name PCL ratio HKUST-1 image of the sample
(wiw) % distribution in with 4x magnification
solvent
NF,-Cu 5 £ Voltage: 8.5 kV

Flow rate: 0.1 mL/h
Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 16.5 cm

NF;-Cu 1 Voltage: 8-10 kV
Flow rate: 0.1 mL/h
Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 15 cm

NFs;-Cu 0.5 Voltage: 8.1-10 kV
Flow rate: 0.2 mL/h
Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 15 cm

NFs-Cu 0.5 4 Voltage: 10 kV
Flow rate: 0.1 mL/h
Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 15 cm

NFs-Cu 3 4] Voltage: 9 kV
Flow rate: 0.2 mL/h
Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 15 cm

NF7-Cu 4 | Voltage: 7-8 kV
Flow rate: 0.1 mL/h
Rotation speed of drum collector: 150 rpm

Tip-to-collector distance: 15 cm

*NF;-Cuwas selected as the optimal sample among the fabricated fibers due to its homogenous morphology

2. 7. Fabrication of PCL/Algal polysaccharide/HKUST-1 nanocomposites (TNC-Cu,
ChNC-Cu, ChNF, and TNF)

PCL and the extracted polysaccharide were separately dissolved in a solvent mixture of
acetic acid and formic acid at a 9:1 (v:v) ratio under vigorous stirring for 3 h. The
polysaccharide solution was then gradually added to the PCL solution under continuous
stirring to prepare the electrospinning precursor solution for the base layer of the
nanocomposite. In continuation, specific amounts of PCL and HKUST-1 were separately
dispersed in the aforementioned acidic solvent mixture. The HKUST-1 dispersion was
then slowly added to the PCL solution under continuous stirring for 3 h. The final
solutions were introduced into 5 mL syringes with a needle of internal diameter of 0.2

mm for electrospinning. The flow rate was adjusted to 0.5 mL/h, the applied voltage was



set at 10 kV, and the tip-to-collector distance and drum collector rotational speed were
fixed at 12 cm and 100 rpm, respectively. The PCL/polysaccharide solution was initially
electrospun to form the base layer of the composite, followed by electrospinning of the

PCL/HKUST-1 solution onto the preformed layer (Scheme. 3).
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Scheme. 3. Schematic illustration of the electrospinning process for PCL/Algal polysaccharide/HKUST-1
nanocomposite

In order to achieve the optimum sample, different PCL/polysaccharide solutions were

prepared and evaluated, and the corresponding results are summarized in Table 3.

Table 3. Electrospinning conditions for nanocomposites

Nanocomposite name Compositions Electrospinning conditions
Voltage: 10 kV
TNC-Cu” PCL/Tetraselmis Flow rate: 0.5 mL/h
(T=Tetraselmis) polysaccharide/HKUST-1 Rotation speed of drum collector: 100 rpm

Tip-to-collector distance: 12 cm

Voltage: 10 kV

ChNC-Cu PCL/Chlorella Flow rate: 0.2 mL/h

(Ch=Chlorella polysaccharide/HKUST-1 Rotation speed of drum collector: 100 rpm
Tip-to-collector distance: 12 cm

Voltage: 9 kV
Flow rate: 0.2 mL/h

ChNF PCL/Chiorella polysaccharide Rotation speed of drum collector: 100 rpm
Tip-to-collector distance: 15 cm
Voltage: 10 kV

TNF PCL/Tetraselmis polysaccharide Flow rate: 0.7 mL/h

Rotation speed of drum collector: 100 rpm
Tip-to-collector distance: 15 cm

*TNC-Cu was selected as the optimal sample among the fabricated fibers due to its homogenous
morphology



3. Results and discussions

3.1 Characterization of HKUST-1

3.1.1 FTIR spectra of HKUST-1

HKUST-1 MOFs were synthesized in this research using Cu(NOs):3H.O and
Cu(CHsCOO)2.H20 and the chemical structures of them were investigated by FTIR
spectra in the range of 400-4500 ¢cm™1, that can be seen in Figs. 1a & 1b.
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Fig. 1. FTIR spectra of HKUST-1 MOFs (a) synthesized with Cu(CH3COO),.H,0, and (b) synthesized
with Cu(NO3)2.3H20

For both samples, a broad absorption band observed at 3394 cm™! is attributed to the
stretching vibrations, which may be due to adsorbed residual water molecules in the
structure. The peaks at 2880 and 2812 cm ™1 are associated with stretching vibrations of
C-H and the stretching vibrations of the carbonyl (C=0) group appeared at 1645 cm™1.
The peaks observed at 1373 and 1445 cm™! correspond to the stretching vibrations of the
carboxylate (COO") of the ligand. The peaks at 1104 and 760 cm™?! are the result of
aromatic C-H and C-O in-plane bending vibrations, respectively [60, 61]. The band at 728
cm™! represented Cu-O stretching vibrations, suggesting the coordination between Cu

cations and carboxylic oxygen atoms of BTC ligand [60, 62].



3.1.2 XRD pattern of the synthesized HKUST-1

The XRD patterns of syntheisized HKUST-1 MOFs were presented in Figs. 2a & 2b. The
results show, that the X-ray diffraction patterns of HKUST-1 MOFs which were
synthesized using Cu(NO3)2.3H20 and Cu(CH3COO)2.H20 are identical. The prominent
peaks were appeared at 20 of 6.7, 9.6, 11.6, 13.5, 17.5, 19, 25.3, 29.3, 30.5, 35, 40, 43.1,
and 46.2°. The XRD patterns are in accordance with reported pattern in previous refrences
[63], confirming effective synthesis of both prepared samples. In continuation, the
crystallinity of the samples was calculated with Origin 2022 software. The crystallinity
of synthesized HKUST-1 prepared using of copper acetate was estimated as 60%, while
the crystallinity of HKUST-1 synthesized by copper nitrate was calculated about 26%.
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Fig. 2. XRD pattern of HKUST-1 (a) prepared by Cu(NO3),.3H,0 and (b) prepared by
Cu(CH;C00),.H,O

3.1.3 BET analysis of the synthesized HKUST-1

The Brunauer-Emmett-Teller (BET) analysis, is a typical method for determining the
specific surface area and porosity of porous samples. This technique relies on the
adsorption of gases onto the sample surface at low temperatures. The results of BET
analysis of HKUST-1 MOFs were displayed in Figs. 3(a-d). As can be seen in Figs. 3a &
3b, the N2 adsorption-desorption isotherms of the HKUST-1 are of type IV, which was
emphasized the mesoporous structure of the samples (with a pore size of 2 to 50 nm). At
high relative pressures, a hysteresis loop was observed, indicating the presence of

mesopores. This hysteresis loop is generally attributed to condensation within the pores.



According to the Figs. 3¢ & 3d, which present the BET surface area measurements, the
linearity of the initial portion of the adsorption isotherm at low relative pressure suggests
the occurrence of single-layer adsorption. The deviation from linearity at higher relative
pressures indicates the onset of multilayer adsorption. The BET surface areas and average
pore diameters of HKUST-1 synthesized using of copper acetate and copper nitrate were

determined to be 141.6569 m*/g, 45 A, and 59.74 m*/g, 52.63 A respectively.

—— Adsorption Isotherm —<— Desorption Adsorption Isotherm S— Desorption

}j ®)

/

~_
&
~

200 )ﬁ
100 Vel

- o

N
o

/]

N
o
N

Quantity Adsorbed (cm3/g STP)
Quantity Adsorbed (cm®/g STP)

b / b % - d ST
0_ TTTT TT 1T TTTT TT 17T TTTT TT 17T TT 1T TT 17T C LU LU UL LI LI LU LU UL LI LI
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
Relative Pressure (p/p°) Relative Pressure (p/p°)
BET Surface Area Plot BET Surface Area Plot
(c) OHKUST-1  + Not Fitted ( ) o0 HKUST-1 Not Fitted
T
1 04
10- | :
03 4
= = ’
s a +
& 2 s +
2 . N
0.1
N b
t
3 4 1+ . —
TR S s S S s s i M S 00O -G e t~
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
Relative Pressure (p/p°) Relative Pressure (p/p°®)

Fig. 3. N adsorption-desorption isotherms of HKUST-1 (a) prepared by Cu(NOs3),.3H,0, (b) prepared by
Cu(CH3COO),.H>0, BET surface area plots of HKUST-1 (c¢) prepared by Cu(NO3),.3H,0, and (d)
Cu(CH;CO00),.H,0

3.1.4 SEM images and particle size distribution of HKUST-1 MOFs

The SEM images, Gaussian size distributions, and corresponding average particle sizes
of HKUST-1 synthesized using Cu(NO3)2.3H20 as the precursor are presented in Figs.
4(a-d). It can be seen, HKUST-1 have a layered structure with a relatively smooth surface.
Using Image J and Origin 2022 software, the average particle diameter of HKUST-1 was

estimated to be approximately 47 nm, indicating that the synthesized MOFs are within




the nanoscale range. SEM images and particle size distributions of HKUST-1 synthesized
by Cu(CHsCOO):.H20, are displayed in Figs. 4(e-h). The results show that, polyhedral
nanoparticles with a crystalline structure, with a smooth surface and homogeneous
morphology were formed similar to the reference samples [64]. The average size of the
aforementioned HKUST-1, indicate a mean diameter of 45 nm, confirming the nanoscale
dimension of the MOFs. As a result, the HKUST-1 synthesized using of Cu(OAc)2.H20
has more uniform crystal structure compared to the sample prepared with

Cu(NO3)2.3H20.
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Fig. 4. SEM images and Gaussian size distributions and average particle sizes of HKUST-1 (a-d)
synthesized by Cu(NOs).3H,0, and (e-h) synthesized by Cu(CH>CO0).H,0

3.2 Characterization of PCL fibers (PF{), PCL nanofibers containing HKUST-1
(NF1-Cu), PCL/Chlorella polysaccharide nanofibers (ChNF), PCL/Chlorella
polysaccharide/HKUST-1 nanocomposite (ChNC-Cu), and PCL/Tetraselmis
polysaccharide/HKUST-1 nanocomposite (TNC-Cu)

3.2.1 FTIR-ATR spectra

The attenuated total reflectance (ATR) mode of Fourier transform infrared spectroscopy
is an advanced spectroscopic method used for the identification and analysis of materials
at the molecular scale. This technique integrates infrared spectroscopy with attenuated
total reflectance, making it appropriate for the analysis of solid, liquid, and semi-solid

materials. FTIR-ATR spectroscopy was used to determine the chemical structure of the


https://en.wikipedia.org/wiki/Copper

prepared samples including PCL fibers containing HKUST-1 (NF:-Cu), PCL/Tetraselmis
polysaccharide/HKUST-1 nanocomposite  (TNC-Cu), and  PCL/Chlorella
polysaccharide/HKUST-1 nanocomposite (ChNC-Cu), as shown in Figs. 5(a-c). The

observed peaks in the range of 2860 and 2940 ¢m™!

, 1llustrate the symmetric and
asymmetric stretching vibrations of the C-H bond. The peak in the range of 1720-1730
cm ™1 refers to the stretching vibrations of the carbonyl (C=0) group of polycaprolactone.
Additionally, the broad peak in the region of 3200-3600 cm™! indicates the stretching
vibrations of the hydroxyl group, while the 1600-1650 cm ™1 peak assigns to the carbonyl
group in polysaccharides. Also, a peak at around 728 ¢cm™!

vibrations of Cu-O in HKUST-1.
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Fig. 5. FTIR-ATR spectra of prepared samples (a) PCL fibers containing HKUST-1 (NF1-Cu), (b)
PCL/Tetraselmis polysaccharide/HKUST-1 nanocomposite (TNC-Cu), and (¢) PCL/Chlorella
polysaccharide/HKUST-1 nanocomposite (ChNC-Cu)

3.2.2 Surface morphology, size distribution, and SEM-EDS elemental mapping

The SEM image and Gaussian-fitted fiber diameter distribution of the prepared PCL
fibers (PF1) are presented in Fig. 6a. It can be seen in Fig. 6a, the PCL fibers exhibit a
well-aligned, bead-free, and interconnected morphology. The Gaussian distributions and
average fiber diameter were estimated by ImageJ and Origin 2022 software. Following
the aforementioned analytical approach, the average fiber diameter of PF: was estimated
to be approximately 1300 nm, as shown in Fig. 6a. The morphology of the PCL nanofibers
containing HKUST-1 (NFi-Cu) was characterized by SEM, as shown in Fig. 6b. The
nanofibers exhibited a well-aligned and smooth morphology, with HKUST-1
nanoparticles uniformly distributed throughout the nanofibrous matrix. Notabely, the

incorporation of HKUST-1 did not result in the formation of beads or other apparent



morphological defects. The results indicate that the incorporation of 4 wt% of HKUST-1
into the PCL solution led to a pronounced reduction in the average diametere of the
electrospun fibers (NFi-Cu), which decreased to 87.12 nm. As shown in the SEM-EDS
elemental mapping image of the PCL nanofibers containing HKUST-1 (NF:-Cu) (Fig.
6¢), the elements C, O and Cu were uniformly distributed throughout the nanofibers
matrix, indicating a homogeneous loading of HKUST-1 within the PCL fibers. The EDS
spectrum revealed that the nanofibers consisted of 66.38 wt% carbon, 30.28 wt% oxygen,

and 0.51 wt% copper.
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Fig. 6. Morphology analysis of the prepared fibers (a) SEM image and the Gaussian fiber diameter
distribution of PF, (b) SEM image and the Gaussian fiber diameter distribution of NF;-Cu and (¢) SEM-
EDS elemental mapping of NF;-Cu

In addition, the SEM image and Gaussian fiber diameter distribution of the PCL/Chlorella
polysaccharide nanofibers (ChNF) are reported in Fig. 7a. The results indicate that the
addition of Chlorella polysaccharides to the PCL solution resulted in the formation of
some beads along the fibers. The average diameter of the electrospun nanofibers was
estimated to be 65.43 nm. SEM-EDS elemental mapping indicated the presence and
distribution of carbon and oxygen on the nanofibers. The EDS analysis (Fig. 7b) revealed
that the nanofibers contained 66.19 wt% carbon and 33.81 wt% oxygen.
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Fig. 7. Morphology analysis of the prepared PCL/Chlorella polysaccharide nanofibers (ChNF) (a) SEM
image and the Gaussian fiber diameter distribution, and (b) SEM-EDS elemental mapping

The SEM images and Gaussian size distribution of the ChNC-Cu nanocomposites are
presented in Fig. 8a. By adding the 4 wt% of HKUST-1 into the PCL-Chlorella
polysaccharide solution, the mean dimater of the electrospun ChNC-Cu nanocomposite
fibers increased to 125.33 nm while ChNC-Cu composites were aligned and smooth. As
can be seen in SEM-EDS elemental mapping, the HKUST-1 nanoparticles were
uniformly loaded on the nanocomposite without any beads (Fig. 8b). SEM-EDS elemental
mapping results showed the presence of 3.96% copper by weight in the prepared
nanofibers (Fig. 8b).
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Fig. 8. Morphology analysis of prepared PCL/Chlorella polysaccharide/HKUST-1 nanocomposite
(ChNC-Cu) (a) SEM image and the Gaussian fiber diameter distribution, and (b) SEM-EDS elemental

mapping

In continuation, the SEM images of PCL/Tetraselmis polysaccharide nanofibers (TNF)
are presented in Fig. 9a. The nanofibers exhibited a relatively uniform morphology, with
the Tetraselmis polysaccharide particles distributed homogeneously throughout the PCL
fibers. The mean diameter of the TNF nanofibers was estimated to be approximately 75
nm. According to the SEM-EDS elemental mapping results (Fig. 9b), the prominent
carbon peak indicates a high carbon content in the sample, which is due to the presence
of polycaprolactone as the main component of the nanofiber composition. The presence
of oxygen, in addition to originating from polycaprolactone, may also be attributed to
hydroxyl groups and other oxygen-containing groups within the structure of the

Tetraselmis polysaccharide.
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Fig. 9. Morphology analysis of prepared PCL/Tetraselmis polysaccharide nanofibers (TNF) (a) SEM
image and the Gaussian distributions of TNF, and (b) SEM-EDS elemental mapping of TNF

Incorporating of 4 wt% of HKUST-1 into the the PCL/Tetraselmis polysaccharide
solution resulted in an increase in the mean nanocomposite diameter to nearly 130 nm,
with the composites exhibiting a smooth and aligned morphology (TNC-Cu) as can be
seen in Fig. 10a. Additionally, the HKUST-1 nanoparticles were evenly distributed
throughout the nanocomposite without forming any beads. SEM-EDS elemental mapping
analysis, indicated controlled incorporation of copper into the nanofiber structure with a

weight percentage of 2.71 (Fig. 10b).
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Fig. 10. Morphology analysis of prepared PCL/Tetraselmis polysaccharide/HKUST-1 nanocomposite
(TNC-Cu) (a) SEM image and the Gaussian distributions of TNC-Cu, and (b) SEM-EDS elemental
mapping of TNC-Cu

The results of adding HKUST-1 to the average diameters of the nanofibers are presented
in Table 4. According to the reporting data, incorporation of HKUST-1 into PCL fibers
drastically decreased the average diameter of the fibers. This behavior may be associated
with changes in the electrical properties of the spinning solution induced by the addition
of HKUST-1. In electrospinning process, an increase in the electrical conductivity of the
solution can enhance charge accumulation on the polymer jet, resulting in greater
electrostatic repulsion and enhanced jet stretching, which ultimately leads to the
formation of the fibers with smaller diameters. However, adding HKUST-1 into ChNF
and TNF nanofibers containing algal polysaccharides resulted in an increase in the
average fiber diameters. This bahavior may be attributed to the complex intractions
among PCL, HKUST-1, and algal polysaccharides. The addition of the polysaccharide
can change the rheological and electrical properties of the spinning solution. An increase
in viscosity can restrict jet deformation, thereby favoring the formation of fibers with
larger diametes, whereas increased conductivity generally promotes thinner fibers [65,

66].

Table 4. The average diameters of the electrospun fibers

Nanofiber/ . HKUST-1 to PCL ratio (wt/wt)%  Mean fiber/composite diameter (nm)
Nanocomposite names

PF, 0 1300

NF;-Cu 4 87.12

ChNF 0 65.43

ChNC-Cu 4 125.33

TNF 0 74.56

TNC-Cu 4 129.27

3.2.3 Contact angle analysis

The relative hydrophobicity of the PCL/Chlorella polysaccharide (ChNF) and
PCL/Tetraselmis polysaccharide (TNF) nanocomposites were determined by measuring
the water contact angle. A water droplet was deposited on the surface of each
nanocomposite, and the static water contact angle was measured within 1-2 seconds. Figs.
11 (a-f) show photographs of water droplets deposited on the surfaces of the electrospun

nanocomposites. Adding Chlorella and Tetraselmis polysaccharides to PCL nanofibers,



the contact angle increased from 118° to 130° and 134°, respectively. These results
indicate that the incorporation of the mentioned polysaccharides enhance the
hydrophobicity of the PCL fibers. This increase in the water contact angle could be due
to the low content of anionic or hydrophilic functional groups, such as sulfate and
carboxyl groups, within the polysaccharide structures. Furthermore, the high molecular
weight and compact structures of the polysaccharides may limit their effective exposure
at the nanofiber surface during electrospinning, thereby resulting in poor wettability. In
addition, the non-uniform dispersion of the polysaccharides could also result in a more

hydrophobic surface with an increased contact angle.

(a) (c)
T=2s T=2s T=4s

Fig. 11. Images of contact angle tests of (a) & (b) PCL fibers (PF1), (¢) & (d) PCL/Chlorella
polysaccharide nanocomposite (ChNF), and (e) & (f) PCL/Tetraselmis polysaccharide nanocomposite
(TNF)

3. 3 Evaluation of Antibacterial Properties

3. 3. 1 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The Minimum Inhibitory Concentration (MIC) is a test used to determine the lowest
concentration of an antimicrobial agent that is needed to inhibit visible in-vitro growth of
a challenge microorganism. The MBC refers to the minimum concentration of an
antimicrobial agent that reduces the viability of the initial microorganism inoculation by
>99.9%. The MIC test is often taken one step further to determine the Minimum
Bactericidal Concentration (MBC) of agents [67, 68]. In this study to evaluate the
antibacterial activity of the nanocomposites, MIC and MBC tests were performed against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). These tests were
performed with polysaccharide solutions from two algae; Chlorella, Tetraselmis, and a

solution of HKUST-1. As presented in Table 5, the only tested sample that indicated clear



antibacterial activity against both strains were the copper-based MOF (HKUST-1)
solution with MIC and MBC values of 3.75 and 7.5 mg/mL, respectively. The relatively
small gap between these two values suggests that HKUST-1 acts bactericidally rather than
merely bacteriostatically at slightly elevated concentrations. Algal polysaccharide
solutions from Chlorella and Tetraselmis showed no inhibitory or bactericidal effect

against E. coli at any tested concentration.

Table 5. MIC and MBC tests results of the samples on E. coli

Sample number Sample MBC (mg/ml) MIC (mg/ml)
1 HKUST-1 solution 7.5 3.75

2 Chlorella Polysaccharide solution - -

3 Tetraselmis Polysaccharide solution - -

As shown in Table 6, against S. aureus, Tetraselmis polysaccharide showed a MIC of 25
mg/mL, a value roughly six times higher than that of HKUST-1, while no MBC could be
determined within the tested range. No activity was recorded for Chlorella polysaccharide
against either strain [69]. Based on the results, HKUST-1 has both bacteriostatic and
bactericidal activities, and Tetraselmis polysaccharide shows selective bacteriostatic

activity against Gram-positive bacteria.

Table. 6. MIC and MBC tests results of the samples on S. aureus

Sample number Sample MBC (mg/ml) MIC (mg/ml)
1 HKUST-1 solution 7.5 3.75

2 Chlorella Polysaccharide solution - -

3 Tetraselmis Polysaccharide solution - 25

3.1 DPPH test

The DPPH radical scavenging method is a common method used to assay the antioxidant
activities of compounds from various sources. In this study to evaluate the antioxidant
activity of the samples, a 1 mM solution of DPPH was mixed with the test samples at a
ratio of 1:3 (v:v) and incubated in the dark at room temperature for 30 min. Subsequently,
the absorbance was measured at 517 nm. Antioxidant test samples were introduced in
syringes as solutions and considered at the highest concentration (x), which was diluted
for further testing [70, 71]. The antioxidant activity of DPPH free radical scavenging was
calculated by Eq (1) as follows:

Abs control-Abs sample

Inhibition of DPPH (%) =

x 100 Eq (1)

Abs control

Where Abs control is absorbance of the control and Abs sample is absorbance of the

sample. According to results reported in Table 7, None of the tested samples exhibited



appreciable DPPH radical scavenging activity. Several concentrated samples produced
absorbance values greater than the DPPH control, most likely due to interference from

the intrinsic color of the samples rather than increased radical formation.

Table 7. The results of the antioxidant activity test of the samples using the DPPH method
The absorbance at

Sample concentration X X/2 X/4 X/8 X/16
HKUST-1 ) 45 1.461 1.121 0.815 0.849
solution
Chiorella 14, 1.332 0.857 0.821 0.832
solution
Tetraselmis | o3, 1.245 0.821 0.815 0.849
solution

4. Conclusion

In this study, fibrous nanocomposites were fabricated via electrospinning using synthetic
PCL and natural algal polysaccharides extracted from Chlorella and Tetraselmis. Owing
to their poor chain entanglement, the algal polysaccharides alone were not readily
electrospinnable. The incorporation of PCL enhanced the mechanical strength and
solution viscosity, thereby enabling the formation of uniform nanofibers during
electrospinning. HKUST-1, at an optimized loading of 4 wt% relative to PCL, was
incorporated to improve antimicrobial properties of the nanocomposite. A three-layer
PCL/algal polysaccharide/HKUST-1 nanocomposite was successfully developed as a
structural platform with potential for biomedical applications. The choice of copper
precursor was found to be an important parameter in HKUST-1 synthesis. Under identical
synthetic conditions, the acetate-derived HKUST-1 exhibited higher crystallinity and a
greater BET surface area than the nitrate-derived counterpart, highlighting the significant
influence of the copper precursor on the structural properties of the resulting MOF.
HKUST-1 addition reduced the average fiber diameter, while polysaccharide
incorporation increased the fiber diameter to 125—130 nm in the final composites. Contact
angle measurements further demonstrated that polysaccharide incorporation increased
surface hydrophobicity, which was attributed to the compact molecular structure of the
polysaccharides and their limited exposure at the fiber surface during electrospinning.
Antibacterial evaluation of the HKUST-1 component demonstrated bactericidal activity
against both E. coli and S. aureus, with MIC and MBC values of 3.75 and 7.5 mg/mL,
respectively. In contrast, Tetraselmis polysaccharide exhibited selective bacteriostatic

activity against S. aureus. However, whether the antibacterial activity of HKUST-1 is



retained following its incorporation into the fiber matrix and how copper ion release

occurs under physiological conditions remain to be elucidated.
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	The XRD patterns of syntheisized HKUST-1 MOFs were presented in Figs. 2a & 2b. The results show, that the X-ray diffraction patterns of HKUST-1 MOFs which were synthesized using Cu(NO3)2.3H2O and Cu(CH3COO)2.H2O are identical. The prominent peaks were...
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