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Antibiotic-resistant bacteria (ARB) is a growing global health threat, leading to the search for alternative strategies to

combat bacterial infections. Phytochemicals, which are naturally occurring compounds found in plants, have shown

potential as antimicrobial agents. The use of nanotechnology combined with antibacterial phytochemicals could help

achieve greater antibacterial capacity against ARB by providing improved mechanical, physicochemical,

biopharmaceutical, bioavailability, morphological or release properties.
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1. Introduction

Bacterial infections pose a major threat to human health worldwide, especially when resistant to conventional antibiotics.

In 2019, over 4.95 million fatalities worldwide were associated with antimicrobial resistance (AMR) illnesses, among which

1.27 million were directly linked by them, i.e., fatalities that could have been prevented if the infections had been

susceptible to antibiotics, thereby becoming a leading cause of death worldwide in low-resource environments . Due to

the alarming appearance of antibiotic-resistant bacteria (ARB) on multiple antibiotics, their rapid spread, and the slow

discovery of new antibiotics, conventional therapies are gradually losing effectiveness . There are several factors

contributing to the development of ARB, including: (i) the overuse and the misuse of antibiotics , often as a consequence

of a lack of new ones , (ii) poor infection control measures , (iii) genetic factors, and (iv) environmental factors .

Alternative and complementary treatments to antibiotics have been steadily pursued in the last few decades to address

this issue . In this sense, it is predicted that natural sources still harbor a huge number of bioactive molecules that are

yet to be discovered, particularly within plants (kingdom Plantae) . Plant extracts can contain a wide variety of

phytochemicals such as polyphenols, alkaloids, and terpenoids with proven antibacterial capacity, even against ARB .

Phytochemicals are usually less potent than traditional antibiotics, although often endowed with therapeutically interesting

properties such as molecular promiscuity or AMR-modifying capacities. Not in vain, plant extracts have been used by

human communities since ancient times, when scientific knowledge was practically nil and only reduced to trial-and-error

screenings . Nowadays, the development of modern technology can help to optimize the use of these phytochemicals

and to enhance their benefits for human health, as is the case for nanotechnology.

In recent years, the use of nanotechnology in biomedical applications has been increasing rapidly, observing a

pronounced upward trend in the number of scientific articles published in this regard. Nanomaterials such as nanofibers

(NFs) and nanoparticles (NPs) can tackle limitations related to traditional approaches  and provide beneficial

morphologies and surface features to fight bacteria . In addition, the characteristics of these nanomaterials, i.e., size,

shape, constituents, and surface, can adjust their mechanical, biological, and physicochemical properties to match the

required needs . The polymeric matrices of nanomaterials can result in desirable characteristics, such as small size

and high surface-to-volume ratio. These properties can enhance the permeability and solubility of drugs encapsulated

within them, making them ideal for drug delivery. Phytochemicals could potentially utilize these features to exert their

antimicrobial effects . These features can also improve the biopharmaceutical properties of the final products, with a

special interest on low bioavailable compounds .

2. Antimicrobial Capacity of Phytochemicals

As briefly mentioned above, poultices and infusions have been prepared from local plants for medicinal purposes since

ancient times, including curing bacterial infections . Since the discovery and implementation of antibiotics in the middle

of the 20th century, the use of plants as antimicrobials has been drastically reduced. However, the rise of ARB has pushed

researchers to search for new antimicrobial compounds from various sources, thus revisiting the plant world as it

represents a large reservoir of bioactive molecules with therapeutic potential yet to be explored in depth .
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One of the main advantages of the use of phytochemicals for antimicrobial purposes is their multifactorial capacity or

molecular promiscuity. While traditional antibiotics usually act on a specific bacterial molecular target with great efficacy,

phytochemicals can bind to several, but generally with less affinity than that of antibiotics. Such promiscuity or multitarget

affinity potentially hinders the generation of possible resistance mechanisms in the bacteria . As it is schematized in

Figure 1, the different bacterial molecules targeted by phytochemicals include cell wall  and the cell membrane

components  as well as proteins with diverse locations and functions , and thus with the ability of even interfering in

the nutrient metabolism and motility . In addition to these pharmacological direct activities, it has been shown that there

are phytochemicals, such as certain polyphenols, that are capable of sensitizing ARB by reversing their resistance

mechanisms and making them more susceptible to traditional drugs .

Figure 1. Main bacterial molecular targets of phytochemicals with antibacterial activity.

Phytochemicals may also act in synergy with antibiotics, such as antibiotic adjuvants , enhancing their antimicrobial

activity and potentially reducing the amount of antibiotic needed to treat an infection . This combination may help to

slow the development of AMR, as well as to minimize their adverse effects and environmental impact . Additionally,

phytochemicals may help to boost the immune system and improve the overall health of an individual, conferring

protection to infection .

To date, the literature on AMR to phytochemicals is limited. One example is a study linking genetic changes in Lysteria
monocytogenes (deletion of the sigB gene) with increased resistance to carvacrol, thereby showing that it is feasible for

bacteria to develop resistance to specific polyphenols with unique or few molecular targets . Another example of AMR

to botanicals is the presence of “tannin-resistant” Gram-positive bacteria (Streptococcus sp.) at sites of high exposure to

these polyphenols, such as goat, sheep, and deer rumens . This type of bacteria is thought to protect ruminants from

possible tannin anti-nutritional dietary influences . Mechanisms by which bacteria overcome the inhibitory effects of

tannins on growth include substrate modification, dissociation of tannin-substrate complexes, formation of extracellular

polysaccharides, cell membrane modification, and metal ion chelation . Importantly, bacteria prevalent in ruminant

gastrointestinal tannin media may not themselves be resistant. This resistance may be more related to improve the

nutrient accessibility of bacteria in the special microenvironment of the ruminant stomach . However, drug resistance

seems unlikely to develop when complex mixtures of polyphenols affecting multiple molecular targets on bacterial cells

are used , and so it occurs for plant extracts that contain an amalgam of phytochemicals .

One of the main limitations for the use of phytochemicals as antibacterial agents is the low availability and poor

pharmacokinetic properties. Widely studied phytochemicals such as quercetin  and curcumin  present these

limitations. The use of drug delivery systems, such as nanomaterials, could help to overcome these limitations . In the

following sections, the combinations of phytochemicals and different types of nanomaterials will be described.

3. Nanofibers

NFs are one-dimensional nanomaterials whose properties make them suitable for a wide range of applications, including

drug delivery , tissue engineering , water/air filtration , energy storage , protective clothing , sensors or

photocatalytics , among others . One of the key features of NFs is their large surface area to volume ratio, which

allows them to interact with their surroundings in ways that are not possible with larger fibers . This can make them

more effective at adsorbing or filtering small molecules or particles .
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NFs can be prepared from natural or synthetic polymers, metals, ceramics, semiconducting, composite, and carbon-

based materials . Synthetic and natural polymers are particularly used in the synthesis of NFs for biomedical

applications due to their biocompatibility, biodegradability, and processability . Synthetic polymers include

polyethilene glycol (PEG), a water-soluble biocompatible polymer with good drug-carrying capacity ; polyvinyl alcohol

(PVA), a water-soluble biocompatible polymer ; polyvinylpyrrolidone (PVP), a water-soluble polymer with high

biocompatibility ; polycaprolactone (PCL), a biocompatible and biodegradable polymer ; polylactic acid (PLA), a

biocompatible, biodegradable polymer that is often used in drug delivery applications ; or polyethyleneimine (PEI), a

cationic polymer with good drug-carrying capacity and ability to evade the immune system . The most widely used

natural polymers for the synthesis of NFs in drug delivery applications are chitosan (CS), a biocompatible, biodegradable

polymer derived from chitin ; gelatin, a protein derived from collagen, which is a natural polymer found in connective

tissue ; alginate, a natural polymer derived from brown seaweed, brown algae (Ochrophyta, Phaeophyceae) and

bacteria (Azotobacter vinelandii and Pseudomonas species) ; hyaluronic acid, a natural polymer found in connective

tissue ; or dextran, a natural polymer derived from glucose . Natural polymers are biocompatible and have good

drug-carrying capacity, making them useful in drug delivery and tissue engineering applications . Overall, the choice of

polymer for NF synthesis for drug delivery applications depends on the specific requirements of the application, including

the desired drug-carrying capacity, biocompatibility, and other factors. As for other nanomaterials, it is also important to

consider the intended route of administration and the stability of the drug in the polymer matrix .

3.1. Synthesis of Polymeric NFs

Polymeric NFs can be synthesized using different technologies, such as electrospinning, self-assembly, template-based

synthesis, polymerization or sonochemical synthesis . Among the different methods that exist to produce them,

electrospinning is the most used because it is simple, cheap, versatile, reproducible, and scalable . Recently, the term

“green electrospinning” has emerged as a method for synthesizing NFs using environmentally-friendly and sustainable

materials and processes. It involves the use of biodegradable, biocompatible, and renewable materials, as well as energy-

efficient and low-waste production methods. It is based on the use of natural or biosynthetic biodegradable polymers and

the use of non-toxic solvents .

Electrospinning allows NFs to be created by loading and expelling a polymer solution through a needle subjected to a

high-voltage electric field. The solution with the desired polymer is drawn into a syringe attached to a needle and pumped

at low speeds until a drop forms at the tip of the needle. Subsequently, the solution is subjected to a high electrical charge

produced by a high voltage source. As the voltage increases, the drop at the tip of the needle begins to deform until it

begins to exert a magnitude of force, such as the surface tension of the solution itself. At this time, a cone shape with

convex sides and a rounded tip, known as Taylor cone, begins to form . When a certain voltage threshold is reached, a

jet of liquid begins to be emitted. During the movement of the jet between the needle and the collector, the solvent

evaporates and a solid polymer fiber is collected. The collector is also connected to the high voltage source and is usually

made of conductive metal .

Drug encapsulation in NFs can be performed by electrospinning using methods such as blend electrospinning, coaxial

electrospinning, and emulsion electrospinning (Figure 2). In blend electrospinning, the drug is mixed with the polymeric

solution before the electrospinning process. Therefore, the drug is expected to be dispersed in the polymeric matrix and

uniformly distributed in the NFs . Coaxial electrospinning is based on the co-spinning of two solutions using two

needles located coaxially, one with the polymeric solution and the other with the therapeutic solution. Core-shell fibers are

obtained, where normally the polymeric matrix is found in the outer core and the therapeutic agent is incorporated in the

inner core . Emulsion electrospinning solutions are based on two or more immiscible liquid phases that will be

electrospun together using the same set up as blend electrospinning . The distribution of the compounds in the NFs

depends on their molecular weight. It has been observed that high molecular weight compounds tend to form core-shell

structures, while low molecular weight compounds are distributed throughout the NFs .
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Figure 2. Diagram of electrospinning process for the manufacturing of NFs loaded with plant extracts.

3.2. Antibacterial Properties of Polymeric NFs

NFs can exert their antibacterial activity per se through a variety of mechanisms depending on the specific properties of

the NFs, polymers used, and the type of bacteria being targeted. NFs with a small pore size or high surface area can

physically entrap bacteria, preventing them from growing or spreading . The surface chemistry of NFs can also affect

their ability to interact with bacteria. For example, NFs with a positive charge may be able to attract and kill negatively

charged bacteria, while those with a hydrophobic surface may be able to inhibit the growth of hydrophilic bacteria . NFs

can be designed to release antimicrobial agents, which can kill or inhibit the growth of bacteria . NFs can also stimulate

the immune system, helping to fight off bacterial infections . In addition, by utilizing a polymer with antimicrobial

capabilities, such as CS, NFs can exhibit their antibacterial activity. The antibacterial activity of CS can be attributed to its

adsorptive characteristics to bacterial cells due to electrostatic interactions between the polycationic structure of CS and

the anionic groups found on the bacterial cell surface . This causes permeabilization of the cell membrane and the loss

of essential constituents as enzymes, nucleotides, ions, and death of the bacterial cell.
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