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Nanofibrous materials represent a very promising form of advanced carrier systems that can be used industrially,

especially in regenerative medicine as highly functional bandages, or advanced wound dressings. By incorporation of

antimicrobial additives directly into the structure of the nanofiber carrier, the functionality of the layer is upgraded,

depending on the final requirement—bactericidal, bacteriostatic, antiseptic, or a generally antimicrobial effect. Such highly

functional nanofibrous layers can be prepared mostly by electrospinning technology from both synthetic and natural

polymers. The presence of a natural polymer in the composition is very advantageous. Especially in medical applications

where, due to the presence of the material close to the human body, the healing process is more efficient and without the

occurrence of an unwanted inflammatory response.
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1. Introduction

Nanofibrous materials have experienced a significant evolution in the past decade, eliciting considerable interest from

various research institutions and technology companies, where they are processed into final products. Primarily prepared

from polymers, these materials hold significant potential, especially within the textile, healthcare, and food industries.

These materials consist of fibers with a diameter smaller than 1 µm, which create a porous network in the form of

nonwoven textile. The electrospinning method is prevalent in the production of nanofibrous layers. Two factors contribute

to this fact: learning the principles of electrospinning is relatively simple, and the electrospinning process could be

upgraded to allow mass production. Using this technology, it is possible to prepare homogeneous nanofibrous layers with

sufficient weight, which could be further processed or modified for specific applications .

Nanofibers can be prepared from a wide range of polymeric materials, provided they satisfy certain requirements pivotal

to creating fibers with a defect-free morphology. The parameters of polymer composition are chosen based on the

intended characteristics of the polymer solution, including an appropriate molecular weight and the associated viscosity of

the solution, high solubility in the solvent system (ideally resulting in the creation of a “true solution”), and a surface

tension conducive to the formation of the Taylor cone and stability of the fiber-forming jet. Electrospinning is suitable for

use with both natural and synthetic polymers, with synthetic polymers displaying generally better spinnability (the polymer

chains are more homogeneous). Often, a combination of both polymer types is preferred, with the synthetic material

acting as a “fiber-forming polymer” . This synergistic approach frequently results in enhanced mechanical properties

attributed to the synthetic component, while the natural component promotes biocompatibility, non-toxicity, and improves

overall biodegradability or resorption capacity. The fiber-forming polymer can also protect natural materials that are labile

in high-voltage environments.

The transformation of polymer materials into (nano)fibrous meshes is the solution of the future. Current research and

development in the field of polymer materials focus mostly on easily degradable materials based on natural polymers,

which are produced with technologies and processes that do not burden the environment and whose decomposition does

not result in the formation of toxic degradation products. Another benefit of natural polymer materials is that they could

inherently possess other beneficial properties as well, e.g., antimicrobial activity, antioxidant, and anti-inflammatory

properties, and they can induce hemostasis and support wound healing, cell adhesion, and proliferation . At the same

time, the nanofibrous structure mimics the extracellular matrix, with the small pore size facilitating gas exchange while

impeding the passage of bacteria and viruses. Thus, nanofibrous materials based on natural polymers exhibit significant

potential, particularly in biomedical applications (tissue engineering and wound healing), and their properties may far

surpass those of conventional materials .
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Antimicrobial activity is an especially important property of nanofibrous materials applied in the medical and even food

sectors, where these materials face environments that are highly conducive to the development of microbial growth and

the contraction of unwanted infections. A nanofibrous structure that does not have an antimicrobial effect by itself can be

modified by adding an antimicrobial agent. There are many ways of incorporating an antimicrobial agent into a

nanofibrous network—the simplest one is to add an antimicrobial additive to a spinning polymer solution. The other,

increasingly complex methods consist of spraying an antimicrobial additive solution onto an already spun fibrous network,

adsorbing the additive to the surface of the nanofibers by soaking the layer in a solution containing the additive, and

preparing structurally more complex core–shell fiber structures, in which the antimicrobial additive is part of either the core

or the shell. The incorporation of antimicrobials and other additives, which can be partially degraded by high voltage,

could be potentially problematic. However, their degradation can be prevented, for example, by using the core–shell

technology or polymeric and non-polymeric nanoparticles as a secondary transport drug delivery system for such labile

components. Core–shell technology produces fibers in which the additive is protected by a polymer shell. In the latter

case, the antimicrobial additive is incorporated into the nanofibrous structure together with the nanoparticle.

Antimicrobial agents themselves can be of both organic and inorganic origin. Their nature does not affect their

effectiveness. They can be divided into groups according to the microorganisms they primarily act against—antibiotics

(bacteria), antifungals (fungi, yeast), antivirals, and antiparasitics. Based on the specific type of antimicrobial effect,

antimicrobial agents can be divided into microbiostatic agents, which inhibit the growth of microorganisms and

microbicidal agents that can kill the microbes . The nomenclature further differentiates disinfectants, which kill microbes

on non-living surfaces, antiseptics, which are applied to living tissue (e.g., healthcare personnel handwashes, surgical

scrubs, and irrigation solutions), and antibiotics, which are usually taken orally as drugs, but could also be administered

topically. In practice, a wide range of antimicrobial agents are used. As each group has its own mechanism of action,

specific types are carefully selected. The choice is influenced, among other things, by the intended application of the

product, depending on which the product may be required to have either a broad-spectrum effect, in which case

antimicrobial substances that are effective against the widest possible spectrum of microorganisms are chosen (e.g.,

broad-spectrum antibiotics), or, on the contrary, a highly specific effect, in which case one reagent is preferred.

The most widely used inorganic antimicrobial agents are undoubtedly nanoparticles (NPs) , with silver

nanoparticles (Ag NPs) being the most common , but there are also studies that report using reduced graphene

oxide  or modified clay minerals . To incorporate reduced graphene oxide or carriers based on clay minerals into

nanofibrous mats, the additive is mixed into the electrospinning solution, which is then often sonicated prior to

electrospinning. One of three approaches is usually used to incorporate inorganic nanoparticles: (1) by blending the

prepared NPs into the spinning solution (blend)—NPs are dispersed by vigorous stirring  or ultrasound , (2) by

adding a precursor or precursors into the spinning solution—NP synthesis prior to or after electrospinning , and (3) by

using NP immobilization or in situ synthesis on the surface of the nanofibers during post-processing . Naturally,

each approach has certain advantages and disadvantages. Blend electrospinning is the easiest method for incorporating

NPs into nanofibrous mats. As stated above, mechanical stirring or sonication are used to achieve homogeneous

dispersion of NPs in the spinning solution; nevertheless, NPs can still agglomerate or aggregate due to van der Waals

interactions. A change in the viscosity and electrospinnability of the polymer solution can occur, resulting in a lower quality

of nanofibrous mats. Furthermore, antimicrobial efficiency can be reduced because NPs are anchored inside the polymer

fibers and enveloped by the polymer. This reduces their bioavailability and NPs, or metal ions might not be released to

interact with pathogenic microorganisms . In situ preparation of NPs in a spinning solution produces better

results in terms of NPs’ dispersion because components of the polymer solution can serve as stabilizing agents. However,

some reagent residues may be toxic . The spinning solution must be designed in such a way as to dissolve both the

polymers and the NP precursor as well as produce smooth defect-free nanofibers when electrospun. Most procedures

used for in situ synthesis of NPs on the surface of nanofibers during post-processing make use of the adsorption of

precursors or metal ions onto nanofibers prepared from a spinning solution. This approach is, therefore, unsuitable for

polymers that can dissolve or swell excessively in these solutions because the nanofibrous structure could be impaired.

2. Metal-Based Antimicrobial Agents

2.1. Silver Nanoparticles

As previously stated, the most commonly used antibacterial NPs are silver nanoparticles (Ag NPs). Silver vessels as well

as remedies containing silver were used for water and food storage and in the field of medicine (treatment of wounds and

ulcers, dental hygiene, surgical sutures, etc.) since the time of the Persian Empire until almost the middle of the 20th

century. The popularity of preparations containing silver declined as the use of antibiotics rose at the verge of the 20th

century. However, due to the continued increase in antimicrobial resistance in bacteria, silver is returning to prominence in
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the field of antimicrobial applications . It is generally known that materials in the form of nanoparticles often have

different physical and chemical properties from those they display in their bulk form. Ag NPs possess strong antimicrobial

properties, and at the same time, the risk of microbes developing resistance to their effects is low because the

antimicrobial action they produce involves several mechanisms. Ag NPs have the ability to penetrate bacterial cell walls,

change the structure of cell membranes, increase the permeability of cell membranes, produce reactive oxygen species

(ROS), and interrupt the replication of deoxyribonucleic acid by releasing silver ions . The toxicity of Ag NPs is still

being discussed. Some studies claim that Ag NPs have low toxicity for human cells. Nevertheless, their toxicity depends

on the manner of administration used, their size, shape, concentration, Ag  ions release, etc. .

Studies dealing with nanofibers with Ag NPs are summarized in Table 1. The studies are divided by the way Ag NPs were

incorporated into nanofibrous mats made from natural polymers or a combination of natural and synthetic polymers. The

NPs that have been reported the most in these studies are nanofibers made from cellulose acetate, which was in many

cases subsequently regenerated in the post-processing stage to cellulose by NaOH treatment . Synthetic

polymers include the commonly used polyvinylalcohol (PVA), polyvinylpyrrolidone (PVP), and polycaprolactone (PCL).

Synthetic polymers were added into the spinning solution to enhance its spinnability  or the mechanical properties of

the produced nanofibers .

Only a few of the studies report the use of blending for the incorporation of Ag NPs into nanofibrous mats. To incorporate

Ag NPs into nanofibrous mats made from hyaluronic acid (HA) and PVA, El-Aassar et al. (2020)  first reduced Ag NPs

using polygalacturonic acid (PGA), which also served as a stabilizing agent. Even though Ag NPs were dispersed in the

spinning solution merely by mechanical stirring, they were distributed homogeneously in the produced nanofibers. The

prepared nanofibrous mats produced a stronger antibacterial effect and induced faster wound closure compared both to

the control and a commercially available ointment. Similarly, Fereydouni et al. (2023)  prepared the Ag NPs with

chitosan (CHIT) as a stabilizing agent. For electrospinning, a solution of poly(ethylene oxide) (PEO) was added to the

mixture. Resulting nanofibers had good antimicrobial activity against both Gram-positive and Gram-negative bacteria. To

neutralize the possible toxicity of Ag NPs, Jatoi et al. (2019)  immobilized Ag NPs on the surface of TiO  NPs using a

polydopamine coating, which served simultaneously as an adhesive, reducing, and stabilizing agent. The Ag NPs/TiO

NPs nanocomposites were incorporated into the spinning solution by stirring and sonication and were, therefore, well

dispersed in the produced nanofibers. The prepared nanofibrous mats displayed antimicrobial activity against Escherichia
coli and Staphylococcus aureus for up to 72 h.

Another method, which was reported by only a handful of the reviewed studies, is the incorporation of Ag NPs into

nanofibers by reducing an Ag precursor to NPs in the spinning solution. Maharjan et al. (2017)  mixed a precursor

(AgNO ) in a zein/polyurethane solution in dimethylformamide (DMF), which served as the reducing agent. They were

able to control the size of the produced Ag NPs by adjusting reduction time—the longer the time, the bigger the NPs. Ag

NPs of 5–30 nm in size were uniformly distributed on the surface of the fibers. Eghbalifam et al. (2020)  dissolved

AgNO  in an aqueous solution of gum Arabic (GA), which was then added to a PVA/DMF solution and left overnight. Both

GA and DMF acted as reducing agents, and GA also acted as a stabilizer. The produced nanofibrous mats inhibited the

growth of bacteria but did not hinder the proliferation of fibroblasts, which makes them a promising material for the

treatment of the infected wounds.

The most reported method of preparation of Ag NPs-coated biopolymer nanofibers is the reduction of silver ions to Ag

NPs during post-processing. Nanofibrous mats that have been prepared in advance are immersed in an aqueous solution

of silver nitrate (AgNO ) for various periods of time (30 min to 24 h), and the reducing agents and procedures differ in

every study. The most frequently used reducing agent is an aqueous solution of sodium borohydrate (NaBH ). The NaBH

solution can be added directly to the AgNO  solution containing nanofibers  or nanofibrous mats can be immersed in the

NaBH  solution as a second step , with washing possibly included in between the two steps . Moreover, silver

ions can be reduced to Ag NPs by applying thermal treatment and using DMF as the reducing agent  or by using a

glycol solution of sodium hydroxide . Srivastava et al. (2019)  synthesized Ag NPs on the surface of tasar silk fibroin

nanofibers via the “green route” using the leaf extract of Tridax procumbens as the reducing agent.

Some collectives decided to combine Ag NPs with other additives. Depending on the nature of the substance used, these

combinations can produce a synergistic antibacterial effect, encourage wound healing, etc. For instance, Rather et al.

(2023)  investigated the combination of rosemary essential oil and Ag NPs, observing a synergistic effect on

antibacterial properties. Yang et al. (2020)  used side-by-side electrospinning and a special spinneret to simultaneously

spin blends of PVP/ciproflaxin (CIP) and ethyl cellulose/Ag NPs and produce Janus nanofibers that could be used in

wound healing. By using a combination of the two antibacterial agents, the authors created a material that has both a

strong initial antibacterial effect caused by the immediate release of CIP and a long-term antibacterial effect produced by
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Ag NPs. Strong antibacterial and anti-inflammatory effects were also observed by Chen et al. (2022) , who prepared 3D

nanofibrous sponges, decorated by a silver-metal organic framework (Ag-MOF) and curcumin. By incorporating

dimethyloxallyl glycine into cellulose acetate nanofibers and synthesizing Ag NPs on their surface, the researchers of 

produced a nanofibrous material that had antibacterial properties and promoted wound healing. Sofi et al. (2021) 

prepared a nanofibrous scaffold with incorporated particles of nano-hydroxyapatite that acted as nucleation sites inducing

apatite growth. The mineralization provided the physiological environment necessary for the adhesion, growth, and

proliferation of cells. To avoid microbial infections near the area of application of this scaffold, the surface was covered by

Ag NPs.

The presented studies claim that the prepared nanofibrous mats can be used in antibacterial applications in general or,

more specifically, in the field of medicine as wound dressings, drug delivery vehicles, or for tissue engineering. However,

only a few studies substantiated their claims by in vivo testing. In these studies, the prepared materials were tested on

full-thickness wounds in pigs , rats , or on infected full-thickness wounds on mice . The application of the new

nanofibrous materials led to faster re-epithelization compared to commercially available dressings or creams. The 3D

nanofibrous sponges made of gelatin/PCL with incorporated Ag-MOF and curcumin significantly promoted the healing of

wounds infected with S. aureus without any adverse effects (redness, swelling, or suppuration), in comparison to the

control.

Table 1. Nanofibrous materials with incorporated Ag NPs.

Polymers Additives Incorporation Antimicrobial
Activity Application References

Polygalacturonic
acid,

hyaluronic acid,
PVA

Ag NPs Blend E. coli, S. aureus,
B. subtilis Wound dressing El-Aassar et al.

(2020) 

Chitosan, PEO Ag NPs Blend
E. coli,

P. aeruginosa, S.
aureus, S. mutans

Wound healing Fereydouni et
al. (2023) 

Ethyl cellulose,
PVP

Ag NPs,
ciproflaxin Blend E. coli, S. aureus Wound dressing

Yang et al.
(2020) 

Cellulose acetate
Ag NPs

anchored on
TiO  NPs

Blend E. coli, S. aureus Antibacterial
applications

Jatoi et al.
(2019) 

Polyurethane,
zein Ag NPs

Precursor reduced
in the spinning

solution
E. coli, S. aureus Wound dressing Maharjan et al.

(2017) 

Gum Arabic, PVA,
PCL

(coating)
Ag NPs

Precursor reduced
in the spinning

solution

S. aureus, E. coli,
P. aeruginosa,

C. albicans

Wound dressing for
infectious wounds

Eghbalifam et
al. (2020) 

Cellulose acetate Ag NPs Post-process, in
situ reduction E. coli, S. aureus Antibacterial

applications
Kalwar et al.

(2018) 

Cellulose acetate Ag NPs Post-process, in
situ reduction E. coli, S. aureus Antibacterial

applications
Jatoi et al.
(2019) 

Cellulose acetate Ag NPs Post-process, in
situ reduction E. coli, S. aureus Tissue

engineering
Moon et al.
(2021) 

Jellyfish
biomass, PCL Ag NPs Post-process, in

situ reduction
E. coli, S. aureus,

B. subtilis Wound healing
Nudelman et al.

(2019) 

Tasar fibroin Ag NPs Post-process, in
situ reduction

E. coli, S. aureus,
P. aeruginosa,
S. epidermidis

Drug delivery
vehicle, tissue

engineering

Srivastava et
al. (2019) 

Cellulose
acetate,

polyurethane

Ag NPs,
rosemary EO

Post-process, in
situ reduction E. coli, S. aureus Wound dressing Rather et al.

(2023) 

Cellulose acetate Ag NPs,
hydroxyapatite

Post-process, in
situ reduction E. coli, S. aureus

Wound healing,
bone tissue
regeneration

Sofi et al.
(2021) 
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Polymers Additives Incorporation Antimicrobial
Activity Application References

Cellulose acetate
Ag NPs,

dimethyloxallyl
glycine

Post-process, in
situ reduction E. coli, B. subtilis Diabetic wound

healing
Li et al. (2022)

Gelatin, PCL Ag-MOF,
curcumin

Post-process, in
situ reduction E. coli, S. aureus Wound dressing Chen et al.

(2022) 

2.2. Zinc Oxide Nanoparticles

Zinc oxide nanoparticles (ZnO NPs) possess many attractive properties, which make them useful in many areas of human

activity. Similar to silver, zinc oxide has been known for its antibacterial properties throughout history. Historical records

show that ointments with ZnO were used to treat injuries and ulcers as early as 2000 BC. The exact mechanism behind

the antimicrobial action of ZnO NPs is not yet known, but it is believed that ZnO NPs induce the production of excess

reactive oxygen species, which can accumulate in the outer cell membrane or cytoplasm and release zinc ions. This

would cause bacterial cell membrane disintegration, membrane protein damage, and genomic instability, resulting in the

death of the affected bacterial cells. The antimicrobial activity of ZnO NPs is dependent on their size, shape, and

photocatalytic activity. ZnO NPs have been approved by the FDA as a food additive, and they are generally recognized as

safe and non-toxic in low concentrations. ZnO NPs can also absorb and block UV radiation and are, therefore, used as

additives both in skin creams/sunscreens and textiles resistant to UV-VIS light .

Three methods of incorporation of ZnO NPs into nanofibrous mats have been reported, namely blend electrospinning,

side-by-side electrospinning/electrospraying, and post-process immobilization of NPs on prepared fibers (Table 2). To

disperse ZnO NPs in blend electrospinning solution, various researchers used either stirring  or sonication

, but little to no attention was paid to the homogeneity of NP distribution in the nanofibrous mats. Chen et al.

(2019)  made use of the variability of the electrospinning process by using the side-by-side

electrospinning/electrospraying process, in which a gelatin solution was spun and, simultaneously, a dispersion of ZnO

NPs was sprayed. An image analysis of the produced nanofibers confirmed that NPs were present only on the surface of

the nanofibers and were uniformly distributed. The method of post-process immobilization uses NPs that have been

prepared in advance. Hasannasab et al. (2021)  first modified the surface of silk fibroin nanofibers by plasma treatment

and acrylic acid grafting. In another study, a colloidal solution of ZnO NPs was applied to a nanofibrous mat that had been

prepared earlier and left to dry . In none of the procedures was the sample washed to remove non-adsorbed

nanoparticles. However, a study focused on the release of Zn  ions showed that Zn  ions were gradually released over 5

days with no initial burst release.

Some researchers also incorporated secondary additives, such as essential oils (EO) , antimicrobial polymers ,

antibiotics , and enzymes , into the nanofibrous mats they used for the preparation of antimicrobial dressings.

Nanofibers with a combination of ZnO NPs and cinnamon EO displayed enhanced antibacterial effectiveness against S.
aureus and cytocompatibility with human dermal fibroblasts compared to nanofibers loaded only with ZnO NPs. Most

importantly, nanofibers loaded with a combination of additives proved to be more efficient than other nanofibrous solutions

in healing full-thickness incision wounds infected with S. aureus in rats in terms of bacterial inhibition following a single

application, healing speed, and the quality of skin structure recovery, which was verified by morphological, microbiological,

and histopathological studies . Ahmed et al. (2018)  and Ranjbar-Mohammadi et al. (2021)  chose two different

methods of integration of CHIT, which is known for its antibacterial properties. The first collective of researchers prepared

nanofibers from CHIT and PVA, while the second collective incorporated a nanofibrillated CHIT/ZnO NPs composite into

keratin/polylactic acid (PLA)/PVA nanofibers as an additive. In both cases, the combination of CHIT and ZnO NPs

produced an excellent antibacterial effect.

Most of the reported studies focused on preparing materials for wound healing, though some were intended for more

specific applications, such as the treatment of burns or diabetic wounds. For diabetic wound healing, nanofibrous mats

made from a combination of PVA/CHIT or PVA/CHIT/ZnO NPs were tested on incision wounds in diabetic rabbits and

compared with untreated controls. Both types of nanofibrous mats accelerated wound closure, but wounds treated with

the PVA/CHIT/ZnO NPs mats showed greater wound contraction and better quality of new tissue . When used for the

treatment of second-degree burns induced in mice and rats, silk fibroin/ZnO wound dressing materials decreased the

inflammatory response, enhanced skin regeneration, and stimulated the growth of hair follicles, the formation of

sebaceous glands, and the deposition of collagen to a greater degree than nanofibrous mats made solely from silk fibroin

and untreated controls . The positive effect of ZnO NPs on wound closure in vivo was also evident when the NPs

were incorporated in CHIT/PVA nanofibers. Wound healing was accelerated, with almost complete wound healing
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achieved in 12 days. The wound space was matured, filled with granular tissue, and relatively thick squamous epithelium

formed on the wound surface. Chitosan, which is degraded to N-acetylglucosamine during the wound healing period,

supported fibroblast proliferation, collagen formation, and hyaluronic acid deposition at the wound site .

Table 2. Nanofibrous materials containing ZnO NPs.

Polymers Additives Incorporation Antimicrobial
Activity Application References

Silk fibroin,
HA ZnO NPs Blend E. coli, S. aureus Burn wound healing

Hadisi et al.
(2020) 

Chitosan,
PVA ZnO NPs Blend E. coli, S. aureus Wound dressing,

tissue engineering
Rezaei et al.

(2023) 

HA, PVA,
PEO

ZnO NPs,
cinnamon EO Blend S. aureus Wound dressing

El-Aassar et al.
(2021) 

Chitosan,
PVA

ZnO NPs,
chitosan Blend

E. coli, S. aureus,
P. aeruginosa, B.

subtilis

Diabetic wound
healing

Ahmed et al.
(2018) 

PLA, PVA,
keratin

ZnO NPs,
chitosan Blend E. coli, S. aureus Tissue engineering

applications

Ranjbar
Mohammadi et
al. (2021) 

PCL, gelatin ZnO NPs,
amoxicilin Blend S. aureus Wound dressing

Jafari et al.
(2020) 

Sodium
alginate, PVA

ZnO NPs,
ciprofloxacin Blend E. coli, S. aureus Wound dressing

Sadeghi et al.
(2023) 

Soy protein
isolate,

Eudragit

ZnO-halloysite
nanotubes,

allantoin
Blend E. coli, S. aureus

Skin tissue-
engineered
constructs

Jaberifard et al.
(2023) 

Gelatin ZnO NPs Side-by-side
(spraying/spinning) E. coli, S. aureus Wound dressing

Chen et al.
(2019) 

Silk fibroin

ZnO NPs
(polydopamine

coated),
bromelain

Post-process
immobilization E. coli, S. aureus Burn wound healing Hasannasab et

al. (2021) 

Gum arabic,
PVA, PCL ZnO NPs Post-process

immobilization

E. coli, S. aureus,
P. aeruginosa,

C. albicans

Wound dressing,
antimicrobial and

antibiofilm coating

Harandi et al.
(2021) 

2.3. Other Nanoparticles

There are several other types of metal-based nanoparticles but their incorporation into natural polymer-based nanofibrous

mats is not commonly reported, such as in the case of Ag NPs and ZnO NPs. Thus, this section summarizes the literature

describing the use of other metal-based nanoparticles, namely Fe O  NPs, TiO  NPs, and Cu-based NPs, for

antimicrobial applications in the medical field (Table 3).

Similar to other presented types of NPs, the antimicrobial action of Cu-based NPs is attributed to the small size and high

specific surface area. The mechanism involves release of copper ions and their interaction with bacterial cell walls. The

ions are also able to adhere on and penetrate the cell wall, alter its permeability, or destroy it and cause leakage of

cytoplasm. Moreover, the production of ROS, damaging DNA, denaturation of proteins, and altering the enzyme function,

is involved . Cu-based NPs can find applications in medicine (reducing hospital infections, treatment of wounds,

and preventing colonization of medical devices) or for water purification. The advantage in comparison with widely used

Ag and Au NPs is their lower price . There are some examples of nanofibers/Cu-based NPs proposed for

medicinal use found in the literature. Haider et al. (2021)  prepared cellulose nanofibers, and the CuO NPs were

synthetized on their surface by reduction of the precursor. Nanofibrous mats showed good antibacterial efficacy against

both G− and G+ bacteria, cytocompatibility, antioxidant activity, and the moisture vapor transmission rate, thus being a

good candidate for wound healing applications. Lu et al. (2022)  developed chitosan nanofibers with CuS NPs and

fucoidan immobilized on their surface. The antibacterial action is unique to other reported studies—the bacteria is killed by

photothermal and photocatalytic bactericidal effects. CuS can convert near-infrared light into heat, and thus it produces

local hyperthermia for thermal ablation of bacteria. The release of fucoidan and Cu ions promoted alkaline phosphatase
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activity of osteoblast cells and capillary tube formation of endothelial cells, which is suitable for treating wound or bone

infections and for tissue regeneration, after further in vivo study. Elevated concentrations of Cu ions increase the risk of

toxicity because they can interfere with the homeostasis of other metals, damage DNA, and generate reactive oxygen

species. To avoid these possible toxic side effects of Cu ions caused by their high concentration, Zirak Hassan Kiadeh et

al. (2021)  incorporated Cu-based MOF with gradual release of Cu ions into pectin/PEO nanofibers. In addition, folic

acid for stabilizing the Cu-MOF and enhancing angiogenesis, fibroblast migration, and proliferation was incorporated. The

prepared nanofibers exhibited antibacterial activity while being biocompatible, indicating that the Cu ions’ release was in

the safe range.

The use for medicine (wound healing) applications was also described for Fe O  NPs. The nanoparticles were prepared

by green synthesis using bacteria Lactobacillus acidophilus and Lactobacillus plantarum and then coated onto the gum

Arabic/PVA/PCL nanofibers. The Fe O  NPs can penetrate the cell wall and cause cell membrane injury and cell death

due to the small size and high specific surface area. Probiotic Lactobacillus bacteria can, on top of that, produce inhibitory

compounds and reactive oxygen species; thus, these two agents act synergistically. The nanofibrous mats were able to

inhibit bacteria, fungi, as well as biofilm by adsorbing the microorganisms onto the nanofibers while maintaining excellent

cell viability .

Titanium dioxide nanoparticles (TiO  NPs) are among the most used nanoparticles in different industrial and consumer

products due to their catalytic and antimicrobial properties. TiO  NPs are also used in many areas—building engineering

(windows, tiles, wall paint, and coatings), agriculture (fertilizers and pesticides), environmental protection (water and

sewage treatment), pharmaceuticals, food products, and the cosmetics industry . The antimicrobial activity is related

to several mechanisms—interaction between NP and bacterial surface, release of ions, and production of ROS under UV

light . Blantocas et al. (2018)  prepared chitosan nanofibers consequently coated by TiO  NPs via the plasma-

enhanced chemical vapor process for wastewater remediation. The original idea was to blend photo-catalytic metal oxide

and chitosan with antimicrobial properties. However, pure chitosan nanofibers showed no inhibitory effect. On the other

hand, composite material showed clear inhibition zones in disc diffusion assay, with their size depending on the plasma

deposition time.

In a study by Shahverdi et al. (2023) , the use of cerium aluminate NPs (CeAlO  NPs) in potential nanofibrous wound

dressing was reported for the first time. NPs were dispersed in a solution of chitosan and PVA, together with cephalexin,

an antibiotic model. Composite nanofiber mats with PCL were prepared by side-by-side electrospinning. The incorporation

of NPs caused an increase in tensile strength and modulus. CeAlO -incorporated nanofibers did not affect nanofiber

biocompatibility, and fibroblast cells could better grow, differentiate, and cover the scaffold surface compared to the neat

fibers. The prepared nanofibers could be a promising wound dressing material prepared by electrospinning directly onto a

fabric dressing.

Table 3. Summary of various inorganic NPs incorporated in natural polymer-based nanofibrous mats.

Polymers Additives Incorporation Antimicrobial Actitivy Application References

Pectin, PEO Cu MOF, folic
acid Blend E. coli, S. aureus Drug delivery

system

Zirak Hassan
Kiadeh et al.

(2019) 

Cellulose CuO NPs Post-process in
situ synthesis E. coli, S. aureus Wound dressing Haider et al.

(2021) 

Chitosan CuS NPs,
fucoidan

Post-process
immobilization E. coli, S. aureus

Treating bone and
wound infections, tissue

regeneration

LuLu et al.
(2022) 

Gum arabic,
PVA; PCL

coated
Fe O  NPs Post-process

adsorption

E. coli, S. aureus, P.
aeruginosa, C.

albicans

Wound healing
applications

Harandi et al.
(2022) 

Chitosan TiO  NPs Post-process S. aureus Wastewater
remediation

Blantocas et
al. (2018) 

Chitosan, PVA,
PCL

CeAlO  NPs,
cephalexin Blend E. coli, S. aureus Wound dressing Shahverdi et

al. (2022) 
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3. Non-Metallic Inorganic Antimicrobial Agents

This section presents other inorganic nanomaterials, including graphene derivatives and clay minerals, which have been

used in recent years as fillers in nanofibrous mats based on natural polymers intended for antimicrobial applications

(summarized in Table 4). Graphene derivatives should possess inherent antimicrobial properties; in the case of clay

minerals, these only serve as carriers for other antimicrobial substances.

Graphene and its derivatives (graphene-based materials—GM) have great mechanical and conducting properties, and

they are usually used for preparation of nanofibrous nanocomposites with potential in tissue engineering or sensor

technologies . The reported antimicrobial activity of GM is attributed to the physicochemical interaction between GM

and bacteria and physical damage of the bacterial membranes, leading to the inactivation of bacteria due do leakage of

the intracellular matrix. The antimicrobial effect further includes various mechanisms, such as inducing oxidative and

membrane stress, deterioration of cellular components (protein, lipids, and nucleic acids), or interaction with RNA/DNA

hydrogen groups . In recent years, graphene oxide or reduced graphene oxide was incorporated into silk fibroin

nanofibers by blending the additive in the spinning solution. This method should suppress possible toxic effects of the

nanofillers. The prepared nanofibrous mats were found effective against both Gram-positive and Gram-negative bacteria

and biocompatible (in vitro) .

Inorganic nanoparticles based on clay minerals, such as halloysite nanotubes (halloysite NTs), montmorillonite, or

kaolinite, are often used as carriers for drugs or nanoparticles. Clay minerals are generally chemically inert with good

biocompatibility and low toxicity. Drug loading is influenced by many factors, including the surface area, cation exchange

capacity, charge density, and swelling degree of clay . Fatahi et al. (2021)  loaded levofloxacin, an antibiotic drug,

into halloysite NTs, which were incorporated into sodium alginate/PEO by blend electrospinning. Resulting nanofibrous

mats possessed biocompatible and good antimicrobial efficiency, which was slightly lowered in comparison to sodium

alginate/PEO/levofloxacin nanofibers. Most importantly, in vitro release analysis indicated that nanocomposite fibrous

mats have great potential for the sustained release of the antibiotic. Zou et al. (2020)  prepared chitosan/PCL

nanofibers blended with chlorogenic acid/halloysite NTs. Chlorogenic acid is a naturally occurring plant-derived bioactive

compound with antimicrobial and antioxidant properties. The composite nanofibrous mats showed improved hydrophilicity

and long-term sustained release of chlorogenic acid driven by Fickian diffusion. However, the material was meant for its

usage in the food industry, so no in vivo tests were performed.

Hydroxyapatite (HAp) is a bioceramic material with similar mineral components and crystal structure as mammalian

bones. HAp is biocompatible, bioactive, osteoconductive, and stable (both chemically and thermally), but it lacks other

certain important properties, such as mechanical strength or antimicrobial activity. However, HAp can be modified by

incorporation of a wide range of ions into the crystal lattice while the crystal remains stable, introducing additional

properties. The doping by naturally occurring elements (Mg, Zn, Mn, Cu, Sr, Ag, Ce, and Cu) with intrinsic antimicrobial

activity could be used to turn HAp into a drug carrier, preventing bacterial infections and promoting other biological

processes in tissue engineering . Antibacterial activity against S. aureus and E. coli grew simultaneously with higher

doping by Cu ions. At the same time, human fibroblast cells were cultivated on the scaffolds in vitro and were adhered to,

spread, and proliferated both on fibers’ surface and inside the scaffold . Similar results were reported by Kandasamy et

al. (2020) , when the zone of microorganism inhibition increased with the increase in concentration of Zn and Mn co-

dopants. Carboxymethyl cellulose/PVP/HAp were also found hemocompatible, non-toxic (supported the attachment and

proliferation of HOS cells), and performed biomineralization activity in vitro. The material was proposed for bone tissue

engineering applications after further in vivo studies.

Ramírez-Agudelo et al. (2018)  incorporated HAp nanoparticles and doxycycline into gelatin/PCL nanofibrous mats for

cancer therapy. Doxycycline is a well-known antibiotic with activity against cancer cells, and it was reported that even HAp

nanoparticles themselves inhibit the proliferation of several kinds of cancer cells while supporting the proliferation of

normal bone cells. The synergic dual-effect was confirmed by a higher cytotoxic effect on selected cancer cells and higher

bacteria inhibition performed by combinational nanofibrous mats compared to single-agent nanofibers. Moreover, HAp

nanoparticles might be used as drug carriers, similarly to nano-sized clay minerals. Wang et al. (2021)  adsorbed

tetracycline hydrochloride (TCH) on the surface of HAp nanoparticles and the composite was then blended with the

spinning solution and electrospun. The release of TCH from TCH/HAp/gelatin/chitosan nanofibers was significantly

prolonged in comparison to the release of TCH from TCH/gelatin/chitosan nanofibers, from 4 to 14 days. The antibacterial

activity was tested by the disc-diffusion method also on “pre-released” samples, meaning the samples were left in a

release medium for certain time and then the antibacterial tests were conducted. TCH/gelatin/chitosan nanofibers showed

prominent inhibitory zones after 1 and 4 days, and a small inhibition zone after 6 days of pre-release. In contrast,
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TCH/HAp/gelatin/chitosan nanofibers showed a distinctive inhibition zone even after 14 days of pre-release. The authors

propose the prepared material as an attractive candidate for applications in wound dressings and drug release systems.

Table 4. Summary of other inorganic materials incorporated in natural polymer-based nanofibrous mats.

Polymers Additives Incorporation Antimicrobial
Activity Application References

Silk fibroin Graphene oxide Blend E. coli, S.
aureus Wound dressing Wang et al. (2018)

Silk fibroin Reduced
graphene oxide Blend E. coli, S.

aureus Tissue engineering Zhang et al. (2021)

Silk fibroin Reduced graphene
oxide/TiO Blend S. aureus Tissue engineering Zhang et al. (2021)

Sodium alginate,
PEO

Halloysite NT,
levofloxacin Blend E. coli, S.

aureus
Drug carrier, wound

dressing
Fatahi et al. (2021)

Cellulose acetate HAp + Cu ions Blend E. coli, S.
aureus

Regeneration of
skin tissues

Elsayed et al. (2020)

Carboxymethyl
cellulose, PVP

HAp, doped by Zn
and Mn Blend

E. coli, S.
aureus,

C. albicans

Bone tissue
engineering

Kandasamy et al.
(2020) 

Gelatin, PCL HAp, doxycyclin Blend S. aureus,
P. gingivalis Drug delivery Ramírez-Agudelo et

al. (2018) 

Gelatin, chitosan HAp, tetracycline
hydrochloride Blend E. coli, S.

aureus
Antimicrobial

wound dressing
Wang et al. (2021)
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